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Critical Current Density and Trapped Field Properties-of Ho-Ba—Cu-O Bulk Superconductors

_leonobu Tanakal?*, Shinya Nanl«n2 Naomlch1 Sakau2 ‘Masato Murakaml2 3
Izumi Hirabayashi? and Takeo Takizawal

LDepartment of Physics, College of Humamtzes and Sczences Nzhon Unwerszty Tokyo 156—8550
.ZSuperconducthty Research Laboratm:y Intematzonal Superconducthty Technology Center, Tokyo 105—0023
3Shibaura Institute of Technology “Tokyo 108~ 8548

) We have fabricated “melt-textured Ho-Ba-Cu-0 ‘bulk superconductors with a composmon “of HoBa;Cuz0,(Ho123) +
.0.4Ho,BaCu05(Ho211) in air. Several kinds of precursor ‘compounds having Ho211 starting powders with different sizes are pre-
pared by calcinining H0203, Ba0; and CuQ at 1173~1273 K. The diameter of H0211 secondary particles; dlspersed in the Ho123
phase is reduced with decreasing the particle size of the ‘Ho211 starting’ powder, resulting in the- improvement in J; properties.

The maximum J, value is 7.2 X108 A/m? at 77 K in self~field. The Ag added large smgle—domam bulk of 32 mm in dlameter isalso

fabricated. The trapped-field of 1.2 T has been achieved at 77 K for this bulk sample.

(Received March 19, 2004, Accepted May 19, 2004)
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_Fig. 1. SEM photographs of cdlcined Ho211 powder: Ho211-
-A and Ho211-C listed in. Table 1.

Fig. 2 Photograph of the top view of Ho123 bulk sample fabri-
cated from the employment of Ho211-A starting powder.
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Fig. 3 SEM photographs for the polished surfaces of '(100)
cross section of Ho123 bulk samples: The samples were fabri-
cated using different Ho211 starting powders; (a) Ho211-A,
(b) Ho211-B, (c) Ho211-C'in Table 1.
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‘Fig. 6 Top view'of large single grain H0123 bﬂlk‘sarnpleé;_ (a)
25 mm in diameter, and (b) 32 mm in diameter with Ag addi-
tion.-

B & 638 Bean £ 7N % W THEL 72 77K IK 54
BB RFT. #k Ho2ll T 558K L T 5308
Y ERBRBICIY B LI3AELTRY, 1173 K O
L7oHo2ll #E#f & LRA T, HERBIEVTT2

‘ x108 A/m? &

JohBHN Eh, WTROREHIIENT

£ §:(2004)

% 68 %

Trapped Magnetic Field, B/T

Trapped Magnetic Field, B/T

Fig. 7 Trapped field distributions of large grain bulk samples
at 77 K. The maximum values of trapped filed were (a) 0.54 T,
and (b) 1.2 T, respectively:
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Abstract

We have studied the relationship between the magnetization and temperature
change in Y-Ba—Cu-O bulk superconductor during pulse field
magnetization (PFM). The flux motion was monitored using both Hall
sensors and pick-up coils that are placed on a surface of a Y-Ba—Cu-O disc
having dimensions of 15 mm in diameter and 0.95 mm in thickness. The
peak value of the field was varied from 0.2 to 0.8 T. The effect of the static
bias field was also studied in the range of 0-3 T. The temperature of the
sample surface was measured using a resistance temperature sensor. The
temperature increased with the magnitude of the applied pulsed magnetic
field, and the amount of temperature rise decreased with increasing static

bias field.

(Some figures in this article are in colour only in the electronic version) -

1. Introduction

Recent advancement in the processing technology for bulk
Y-Ba—Cu-O superconductors has made it possible to trap an
extremely high field of 17 T at 29 K [1]. For the magnetization
of bulk Y-Ba-Cu-O superconductors, a superconducting
magnet is commonly used, since it can generate a very high
magnetic field. However such an activation method requires
big apparatus and is not suitable for activating a Y-Ba—Cu-O
magnet installed in industrial machines. On the other hand,
high magnetic field can also be generated by using pulse
field magnetization (PFM) in a relatively small and simple
device [2]. However, when a pulse magnetic field is imposed
on a bulk superconductor, the heat caused by flux motion poses
a new problem.

Ikuta et al [3] measured the in situ local magnetic flux
density of Y-Ba—Cu-O and Sm-Ba-Cu-O in liquid nitrogen
immediately after a PFM pulse, and determined the time and

0953-2048/04/020074+05$30.00  © 2004 IOP Publishing Ltd Printed in the UK

positional dependence of the temperature rise (A T) at the bulk
surface [3]. They showed that the temperature of the bulk
sample rises faster in the outer side, and AT increases with
increasing pulse field strength. However, these measurements
were made without the bias static field. It is now common to
repeat PFM pulses in order to enhance the fields trapped by
bulk superconductors like in the IMRA method [4]. In such a
case, a pulse field is applied in the presence of trapped field.
The flux motion will be strongly affected by the presence of the
static field. Hence, we studied magnetization behaviour of bulk
superconductors during PFM with emphasis on the relationship
between the flux motion and the temperature variation.

2. Experimental details

The samples used in this study have a cylindrical shape
with dimensions of 15.03 mm in diameter and 0.95 mm in
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Figure 1. Trapped field distributions for (a) Y-Ba—Cu-O and (b) Gd-Ba—Cu-O samples about 15 mm in diameter measured by scanning a

Hall sensor at 1 mm above the sample surface.

thickness. The samples were cut out from a massive Y-Ba—
Cu-O bulk superconductor produced by a top-seeded melt-
growth method [5]. Figure 1 shows the distribution of the z
component of the trapped flux density B, at 77 K for a Y-Ba—
Cu—O disc sample. The sample was cooled in the presence of
a static magnetic field (1 T) [6]. Trapped flux distribution has
a single peak with good symmetry, showing that the sample is
made of single grains of good quality.

Figure 2 shows a schematic illustration of the PFM method
and the arrangement of magnetic sensors [7]. As shown in
figure 2(a), a sample is placed at the centre of a copper solenoid
coil and a superconducting coil such that a magnetic field is
applied parallel to the ¢ axis of a sample. The pulse magnetic
fields of 0.2-0.8 T were imposed on a sample using the copper
solenoid coil at 77 K. The time from the onset to the peak
pulse field was set to be a constant value of 16 ms. Static bias
magnetic fields of 0—3 T were also superposed on a sample
using a superconducting magnet during PFM. Five Hall probe
sensors used for field measurements were arranged as shown in
figure 2(b). The distance from the centre to each Hall element
was set to 0.00 m, 2.93 mm, 5.64 mm, 7.14 mm, and 8.68 mm.
Three pick-up coils were also arranged concentrically with
their centre positioned at the sample centre. The diameter of
each pick-up coil was 3.84 mm (coil 1), 8.21 mm (coil 2),
and 12.84 mm (coil 3). In order to measure the change in the
sample temperature, a Cernox resistance thermometer (Lake
Shore Cryotonics Inc.) was used.

3. Results and discussion

3.1. E-J characteristics

Figure 3 shows the time change in the flux density B on the
surface of the sample during PFM when a single pulse of 0.6 T
was applied at 77 K in the presence of the static magnetic field
of 0-2 T. The magnetic flux penetrated from the edge and its
density decreased toward the centre. With increasing external
magnetic field, the slope of the flux density at the periphery
decreases, although there is a region With a steep field gradient
inside the sample, showing that the flux could not move freely
due to viscosity. One can also see that the flux is moving toward
the centre, even when the external field-was decreasing. This
is evidenced by the presence of a transient field peak of the

N R
oY )
@ Hall probe
main coil
sample
208mm 6043,,1,,\ /
l 7T T-Heater
8 O
' cold head
Radiation 3.5T superconducting
shield magnet coil
Centre

» Pick-up coil

. Hall probe

[0 Thermometer

Outside

Figure 2. (a) A schematic illustration of an experimental set-up. A
pulsed magnetic field is generated by the main coil, and the static
field is generated by the superconducting magnet coil. A sample
was set at the centre of the main coil. (b) The magnetic field of a
sample surface was measured with five Hall sensors and three
pick-up coils placed on the sample surface.

sample (see the right-hand side of figure 3(a)). This is probably
due to the inertia of flux moving toward the centre or normal
conducting electrons in the flux. With further decreasing
external field, the field gradient was gradually reversed, and
the field became the highest at the centre, and finally the field
was trapped in the sample forming a central peak. When a
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Figure 3. Flux density distribution during pulse field magnetization in Y-Ba—Cu-O samples at 77 K. The origin is at the centre of the
sample. The data on the left-hand side are for the increasing field process and those on the right-hand side for the decreasing field process.
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Figure 4. Time change in the signal obtained from each pick-up coil
under the (a) non-static field and (b) the 2 T static magnetic field.
The superposition of the static magnetic field enlarges the signal,
and shortens the time for the signal to reach the peak.

static magnetic field of 2 T was applied, the gradient of the
flux density was almost constant in the sample both in the field
increasing and decreasing processes. In addition, a general
trends of flux in and out were almost the same in the two cases.
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Figure 5. Spatial dependence of the E~J characteristics deduced
from the PEM experiments: (a) in a non-static magnetic field; (b) in
a 2 T static magnetic field. The superposition of static magnetic
field enlarges the electric field, and the slope of E-J curve shifted
toward a lower J region.

Figure 4 shows the time dependence of the signal obtained
from the pick-up coils at the pulsed magnetic field of 0.6 T with
and without the bias field. This signal corresponds to the total
amount of flux crossing the pick-up coil per unit time. The
positive and negative signals show the entrance and the escape



Flux motion in Y-Ba—Cu-O bulk superconductors during pulse field magnetization

16x10° f——rrrrrmr——rrrrrr— eSS
Static 0T 4 O pulse 0.2T
14 - ot 0 pulse 0.4T |
M A pulse 0.6T
12+ v vV  pulse 0.8T |
v

0.01 0.1 1

0.0001
Time (s)
16x106+ AR AL B coxIS*
Pulse 0.6T O static OT
14+ =] staticlT_
A static 2T
12} V  static 3T |
1o
g
B 8-
< 6l
4_
2_
Ok =
0.0001 0.001 0.01 0.1 1
Time (s)

Figure 6. The time dependence of the loss power density at coil 3.
(a) The loss power density increases with increasing pulse magnetic
field. (b) The superposition of the static magnetic field decreases the
signal and shortens the time for the signal to reach a peak.

of the flux, respectively. The signal of the outer coil (coil 3) was
the largest, and the time to reach a peak sequentially increased
from the outer coil to the inner coil. When a static field of 2 T
was applied, the pick-up coil signal was larger than the signal
without a static field as shown in figure 4(b). This suggests
that more flux is moving in the sample due to a smaller flux
pinning in the presence of the static field.

We deduced the E-J characteristics from PFM
measurements. Here the current density J was determined
from the field gradient, and the electric field E was determined
from the signal of the pick-up coil. The E-J characteristics
thus determined are presented in figure 5. As shown in
figure 5(a), both E and J increase with increasing pulse
magnetic field. However, E and J start to decrease rapidly
at a certain point where the flux flow state takes place [7].
When figures 5(a) and (b) are compared, one can see that the
superposition of the static magnetic field decreases the field
gradient or J; value, while it raises the E values presumably
due to the easier flux motion.

3.2. Loss of energy and temperature change

It is seen from figure 5 that high voltage and current are
generated inside the sample in the field increasing process.

Zero field case  2Tstatic field case
T [ T T T T
l —&— Oms
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a4 —&— 4ms
—=— 8ms
-—— 12ms
—4— 16ms

10x10°

r(mm)

r(mm)

Figure 7. Loss power distribution during the PFM process. The
left-hand side shows the results under a non-static magnetic field,
and the right-hand side shows the results under a 2 T static magnetic
field superposition.
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Figure 8. The distribution of dissipative energy. (a) Dissipative
energy increases with increasing pulse magnetic field. (b) The
superposition of the static magnetic field decreased the dissipation
energy.

The loss in the power density P is given by the following
formula:

P=EJWm).

Figure 6(a) shows the pulse field dependence of the loss
in zero magnetic field in the position at coil 3. The value of
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Figure 9. Temperature change dependence on the pulsed magnetic
field.

the loss power density increases with increasing peak value of
the imposed pulse magnetic field. It was found that the loss
increased from the start of flux intrusion until the beginning of
flux flow, and thereafter the loss started to decrease. Figure 6(b)
shows the dependence of the power loss on the magnitude of
the static magnetic field at the pulse magnetic field of 0.6 T.

" The figure shows that the loss decreases sharply on increasing
the static magnetic field. It is thus probable that the viscosity
decreases with superposition of static magnetic fields [8]. The
peak in the loss decrease moves towards shorter times as the
static field increases, because flux moves easily when the static
magnetic field is superposed. In addition, the peak value of the
amount of the flux that enters the sample moves towards shorter
times.

Figure 7 shows the spatial variation of the loss power
density. The value of loss power density rises from the sample
edge. The value of the loss power density is very small at
16 ms when an external magnetic field reaches a peak. The
value of the loss power density at the sample edge changes
significantly, while it hardly changes near the centre. In zero
magnetic field, the loss power density at coil 3 reached a peak
of about 107 Wm™2 in 4 ms. On the other hand, under a
static magnetic field of 2 T, the loss reached a peak value of
5 x 10° W m2 in 2 ms, which was about a half that in zero
magnetic field.

Figure 8 shows the spatial variation of the dissipative
energy which is lost in one second. As shown in figure 8(a),
the loss energy increases with increasing pulse magnetic field
in zero bias magnetic field. The value of the loss energy at
the sample edge is much higher than that at the centre due to
a greater flux motion at the edge compared to the centre. The
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increase of pulse magnetic field causes the increase of the loss
energy. Figure 8(b) shows the positional dependence of the
loss energy when static magnetic fields are imposed. The peak
value of the applied pulse magnetic field is 0.6 T. It is clear that
the superposition of static magnetic fields suppresses the loss
of energy. When the static ﬁéld exceeded 1 T, the loss energy
value stayed almost constant.:

The dissipative energy causes heat generation. Figure 9
shows the temperature change in the sample surface 1000 ms
after applying a pulse field. And the temperature of the sample
increases with increasing pulse magnetic field. When static
magnetic fields were superposed, the generation of heat was
reduced. These results were in good agreement with the
calculation results on the loss energy.

4. Summary

We studied the temperature change and the flux motion in
melt-processed Y-Ba—Cu—O during pulse field magnetization
using pick-up coils and Hall probe sensors. It turns out that
the loss energy inside the superconductor increases rapidly
immediately after the application of a pulse field, and decreases
in the flux flow state. We found that AT increased with
increasing magnitude of the peak field, and was suppressed
by the superposition of a static magnetic field.
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Abstract

The ITa-III,-VI, (Ila = Ca,Sr, III = Ga,In, VI = S,Se) compounds generally have high melting points more than
1100 °C, and some of them, e.g., SrIn,VI4 (VI = S,Se) prefer freezing with supercooling, which makes their crystal
growth very difficult. Here, we have adopted a carbon crucible sealed in a quartz ampoule to escape from both the
supercooling and the reactivity near the melting point. We have devised the shape of a crucible by preparing a small
capillary followed by a bigger hollow pipe for obtaining a large single crystal. A compound is filled in the hole of a
crucible by setting the thin part down. It is first heated above the meting point to melt and then cooled down below the
supercooling point, where it is solidified. It is again heated to melt but this time keeping the temperature of the small
bottom part of a capillary a little below the melting point. Then the melt is slowly cooled down. The nucleation is
started from the polycrystalline remainder near the bottom, resulting in a seed crystal in the rest of the thin part as
temperature lowers. With the help of the seed, a single crystal continues to grow in a bigger hollow-pipe part of a
crucible. Single crystals of SrIn,S, and SrIn,Se4 are grown by this method, and their optical absorption is measured.
© 2004 Elsevier B.V. All rights reserved.

PACS: 81.10.—h

Keywords: Al. Supercooling; A2. Horizontal Bridgman method; B1. SrIn,S,; B1. Srln,Se,

1. Introduction

Recently rare earth element doped I1a—111,—VI,
(ITa = Ca,Sr, III = Ga,In, VI = S,Se) compounds
attract much attention as host materials for
visible-light emitting devices. In general, the

*Corresponding author. Tel./fax: +81353179772.
E-mail address: takiz@chs.nihon-u.ac.jp (T. Takizawa).

constituent elements of these compounds are
chemically very reactive with each other, so that
explosion of the sealed container sometimes
happens during their synthesis. In addition, the
resultant compounds have high melting points
more than 1100 °C, making their synthesis rather
difficult. Further, some of them, e.g., SrIn,VIy
(VI = S,Se) prefer freezing with supercooling, also
making crystal growth difficult. Srln,VIy

0022-0248/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
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(VI = S,Se) compounds were first studied by Klee
[1]1in 1979, followed by Kipp [2], Donohue [3] and
Eisenmann [4]. However, the single crystals having
enough size for optical assessment were not
obtained up to now mainly due to the reason
stated above.

Here, we have adopted a carbon crucible sealed
in a quartz ampoule to escape from both the
supercooling and the sticking between a melt and
its container near the melting point, and succeeded
in growing their single crystals for the first time.
The key point was how to make a seed for the
initial crystal growth and actually it was the shape
of the carbon crucible in our case. Single crystals
of SrIn,S4 and Srln,Se4 are grown by this method,
and the results of their optical absorption are
presented.

2. Thermal properties

To begin with, the thermal properties of the
compounds composing SrIn,S; and SrIn,Se, were
examined by means of differential thermal analysis
(DTA) [5]. In Fig. I(a) and (b), exothermic and
endothermic chemical reactions were seen as DTA
signals with peaks and dips, respectively. Sr
reacted with S and Se around 250 and 450°C

accompanying abrupt emission of heat, respec-
tively. This reaction sometimes gave strong ther-
mal shock to cause quartz ampoules break. The
chemical reaction between In and (S and Se) also
occurred with abrupt heat emission around 650
and 250 °C, respectively, producing compounds of
In,S; and In,Se;. The former often causes explo-
sion of a quartz ampoule due to the high vapor
pressure of S, while the latter scatters In,Ses
droplets inside the whole ampoule due to the
violent chemical reaction. To escape from those
phenomena, compounds of In,S; and In,Ses
prepared in advance were used instead of raw
elements (see the third and fourth DTA curves
from the top in Fig. 1). Finally, it should be noted
that a big supercooling occurred around 900 and
800 °C, respectively, far below each melting point
on cooling (see the dotted curves in Fig. 1).

Next, pseudo-phase diagrams of the SrS-In,S;
and -In,Se; systems were constructed using DTA
and powder X-ray diffraction, as shown Fig. 2(a)
and (b). Experimental details are described else-
where [5-7]. As seen in Fig. 2, eutectic reactions
appear in both diagrams. In the case of Srln,Sy, it
forms a congruent melt, while SrIn,Se; is an
incongruent one having peritectic reaction. Thus
for the former compound, both melt and flux
(using In,S; as a self flux) growth methods can be

2In+3S

B

S|

Z 4Sr+21n+4S

St T

= Sr+S+In,S,

Eﬂ —/N

g StIn,Sy 1070°C

[ ot -
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_———

DTA signals[0.2mV/div]
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2In+3Se

Sr+2In+4Se /‘Lﬁ
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o /_w___,_/\\_,_\/—
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———'—_Y—'
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L SOy SN N

———— -
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Fig. 1. DTA signals of the composing compounds for (a) SrIn,S, and (b) SrIn,Se,. The positive one shows the exothermic reaction,
while the negative one the endothermic one. The solid line expresses the heating process, and the dashed line the cooling process. The

numerals show the melting points of each compound.
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Fig. 2. The pseudo-binary phase diagrams of (a) SrS—In,S; and (b) SrS—In,Ses. SrIn,S, forms a congruent melt, while SrIn,Se, does a

peritectic one.

applied for preparing single crystals, while for the
latter one, the flux growth (using In,Se; as a self
flux in this case) is preferred.

In conclusion of this section, we have to avoid
the supercooling when growing single crystals of
SrIn,S; and SrIn,Se; and also the peritectic
reaction in the case of SrIn,Se,;. Based on these
results, we have decided to grow single crystals
using seeds. If seeds exist, single crystals are
expected to grow without occurrence of super-
cooling even at the peritectic point [8].

3. Crystal growth
3.1. Preparation of precursors

The precursors of SrIn,S,; and Srln,Se; were
prepared by combining Sr, S, and Se elements with
In,S; and In,Se; compounds, respectively. The
metal and indium compounds were set in one end
of a long quartz ampoule, while S and Se elements
were set in the other end. The metal part was
heated and hold at 700 °C and the chalcogen part
at 400 °C. After 1 day, all chalcogen was absorbed
by the metal. Then the metal part was heated up to
about 5 °C below the melting point, while keeping
the chalcogen part at 600 °C. Thus the precursors
were finally prepared by the solid-state reaction,
which was important to prevent the products from

sticking to the ampoule wall. These products were
supplied for the crystal growth described below.

3.2. A specially devised crucible and the crystal
growth

How to make a seed just before the single crystal
growth starts is the key problem to be solved for
the successful crystal growing [8]. For this
purpose, the form of a crucible was specially
devised. Carbon was adopted as a constructing
material. A small (3mm in diameter) hole was
drilled in a carbon rod of 12mm? x 100 mm for
40mm in depth, and a bigger hollow cylinder of
8 mm in diameter and 60 mm in length was made
coaxially following it. A photo of the crucible is
shown in Fig. 3(a). For easily taking out a grown
crystal, a crucible was cut into two parts along the
central axis, and two caps were prepared for both
ends for preventing the melt from flowing out. A
compound is filled in the hole of a crucible by
setting the thin part down, that is, in the left-hand
side in Fig. 3. The crucible was then set in a
horizontal Bridgman furnace and heated above the
meting point and then cooled down below the
supercooling point, where the compound is solidi-
fied. It is again heated to melt but this time keeping
the bottom part of the crucible a little below the
melting point, that is, a temperature gradient was
intentionally made for it. Then it is slowly cooled
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down. The nucleation is started from the remain-
ing polycrystals near the bottom, resulting in a
seed crystal in the rest part of the thin hole as
temperature lowers. With the help of the seed, a

Fig. 3. (a) A set of a specially devised crucible. Two type holes
are coaxially drilled in a carbon rod, which is then split into two
parts along the cylinder axis to remove a grown crystal easily
from the crucible. (b) A grown crystal in a crucible. A single-
crystal part was observed from after 10 mm from the left of the

crystalline rod.
400
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£ L

S 300 80K |
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5
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8 200 160K

£ 200

I 240K

2 100- 280K

< 300K 7

Absorption coefficient [em]

0 L
3.0 3.1 32 33 34 35 3.6
(a) Photon energy [eV]

single crystal continues to grow in a bigger hollow
part of a crucible as shown in Fig. 3(b). Cleaved
surfaces were clearly observed at both thin and
thick parts of a grown Srln,S, crystal. A single
crystal was grown from about 10mm after the
beginning of the thin part. Two kinds of single
crystals of SrIn,S; and SrIn,Se; were grown by
this method.

4. Optical absorption measurements

Absorption measurements were carried out
using single crystal plates with thickness of 20 pm
in the temperature range from 10 to 300K as
shown in Fig. 4(a) and (b). The insets are
photographs of each sample plate used. SrIn,S4
is transparent and colorless, while SrIn,Se, is
transparent but dark-orange colored. The absorp-
tion edge energies, £, of SrIn,S4 and Srln,Se4 were
estimated as 3.6 and 2.8eV at 0K, respectively,
and their temperature variations were expressed as
follows:

aT?
Ef(T) = Es0) = 7.
where o are given as 8.8 x 10™* and 7.8 x 10™*eV/
K, and f§ are 106 and 197K, respectively. These
values are comparable with those of CaGa,Sy
(x=1.2x 10eV/K and f = 235K) and SrGa,S,

200

150+

100

() e ! ! ! !
23 24 25 26 27 28 29

(b) Photon energy [eV]

Fig. 4. Optical absorption spectra of (a) SrIn,S, and (b) Srln,Se4. The insets are photos of each crystal plate (the thickness is 20 pm).
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(x=17x102eV/K and p=459K) [7]. The
smaller values of § may indicate the weaker bond
strength in SrIn,S4 and Srln,Se4 in comparison to
Ca and Sr thiogallates.

5. Summary

Single crystals of SrIn,S; and Srln,Se; were
successfully grown using a specially devised carbon
crucible for escaping from the supercooling. It was
also found that the carbon crucible was effective
for preventing the high-temperature melt from
sticking to the wall inside quartz ampoules.
Absorption measurements were carried out to
determine the energy gaps of both materials.
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Abstract

We have observed the flux motion using Hall probe sensors that are placed on the surface of high quality Y-Ba—-Cu-O
and Gd-Ba—Cu-O disks 15 mm in diameter with 0.95 mm thickness with applying pulsed magnetic field. The peak value
of the field was varied from 0.1 to 0.8 T. The effects of static bias fields was also studied in the field range of 0-3 T at
77 K. Gd-Ba—Cu-O shows the clear secondary peak effect on the J.—B curve so that the pinning property was different
from Y-Ba—-Cu-O for which J. monotonically decreases with field. The flux motion was enhanced in Y-Ba—Cu-O with
increasing static bias field, while that was suppressed in Gd-Ba—Cu-O, reflecting the secondary peak effect.

© 2003 Elsevier B.V. All rights reserved.

PACS: 74.72.~h; 74.60.Ge

Keywords: Pulsed-magnetic magnetization; Peak effect; GdBa,Cu;0,; YBa,Cu;0,

1. Introduction

Bulk Y-Ba—Cu-O exhibits the critical current
density (J.) exceeding 1 x 10* A/cm? at 77 K and
has potential for various engineering applications.
Recently, LRE-Ba-Cu-O (LRE: Nd, Sm, Eu and
Gd) superconductors have been found to exhibit

*Corresponding author. Address: Superconductivity Re-
search Laboratory, International Superconductivity Techno-
logy Center, 1-16-25 Shibaura, Minato-ku, Tokyo 105-0023,
Japan. Tel.: +81-3-3454-9284; fax: +81-3-3454-9287.

E-mail address: yoshizawa@istec.or.jp (K. Yoshizawa).

higher J. values of 5-10x 10* A/em? at 77 K
accompanied by the secondary peak effect on the
J—B curve [1]. Hence LRE-Ba—Cu-O bulk super-
conductors are promising candidates for high field
applications such as high trapped-field magnets.
The secondary peak effect of LRE-Ba-Cu-O
has been intensively studied in a static magnetic
field [2-4]. It will be interesting to study how the
peak effect affects the dynamical motion of flux
lines.

In this work, we therefore studied the response
of Y-Ba-Cu-0O and Gd-Ba—Cu-O disk samples to
pulse magnetic fields with an emphasis placed on
the effect of secondary peak on flux pinning
properties.

0921-4534/$ - see front matter © 2003 Elsevier B.V. All rights reserved.

doi:10.1016/S0921-4534(03)01047-5
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2. Experimental

Bulk Y-Ba-Cu-O (YBa,Cu;0,:Y,BaCuOs=
10:4) and Gd-Ba—Cu-O (GdBa,Cu;0,:Gd,-
BaCuOs = 10:4) were prepared with the top-seeded
melt-growth (TSMG) process in air [5,6]. The disk
samples with dimensions of 15.03 mm in diameter
and thickness of 0.95 mm were cut from TSMG
processed blocks with the c-axis perpendicular to
the wide surface.

Fig. 1 shows the distribution of the axial com-
ponent of the trapped flux density B, at 77 K for
Y-Ba-Cu-O and Gd-Ba-Cu-O disk samples. A
single-peak profile indicates that the both samples
are single-grain without weak-links. Fig. 2
shows the J.—B curves for Y-Ba—-Cu-O and Gd-
Ba—Cu-O specimens. The J, values were estimated
based on the extended Bean model [7]. The Gd-
Ba—Cu-O specimen exhibited the secondary peak
effect at about 2 T. Fig. 3 illustrates the geomet-

(a) Y-Ba-Cu-O

0.09 /%

0.08 LA,

00 / ""."\‘\§ £
Eood "!!.tm\'a“§ &
@ 0.04 A S

=

b N :

£
£
&

20mm

Fig. 1. Trapped field distribution for (a) Y-Ba-Cu-O and (b)
Gd-Ba—-Cu-O samples about 15 mm in diameter measured by
scanning a Hall sensor at 1 mm above the sample surface.

5 =3 T T T T T T T T T H

o —@— Y-Ba-Cu-O 1
z - Gd-Ba-Cu-O0

J (X 10" Alem’)

B(T)

Fig. 2. Field dependence of the critical current density (J;) for
the Y-Ba-Cu-O and Gd-Ba—-Cu-O samples. It should be noted
that Gd-Ba—Cu-O exhibits clear secondary peak effect on the
J.—B curve.

rical configuration of the main part of our exper-
imental apparatus [8]. The sample was set at the
center of the inner normal conducting coil set in a
superconducting magnet. The peak value of the
applying pulsed field was varied from 0.1 to 0.8 T
with static bias fields in the range of 0-3 T at 77 K.
Magnetic flux distribution on the sample surface
was measured with five Hall probe sensors placed
along radial direction as shown in Fig. 3(b).

3. Results and discussion
3.1. Magnetic flux density distribution

Fig. 4 shows the time-dependence of the field
distribution on the surface of Gd-Ba—Cu-O and
Y-Ba-Cu-O samples when a single pulse of 0.6 T
was applied at 77 K in the presence of the static
magnetic field of 0-2 T. The magnetic flux pene-
trated from the edge of the sample, and its density
decreased from the edge toward the center. In the
case of Y-Ba—-Cu-O, the amount of penetrated
field was always greater in the presence of static
bias field than that in the absence of the static field.
In contrast, the resistance against flux penetration
in case of Gd-Ba—Cu-O was enhanced with
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Fig. 3. (a) Schematic diagram of an experimental setup. A
pulsed magnetic field is generated by the main coil, and the
static field is generated by the superconducting magnet coil. The
sample was set at the center of the main coil. (b) The magnetic
field of a sample surface was measured with five Hall sensors
placed on the sample surface.

Outside

increasing static bias field, which reflects the sec-
ondary peak effect.

3.2. Voltage—current characteristics

It is seen from Fig. 4 that the flux gradient is
steeper near the edge in the field increasing pro-
cess. The radial field gradient (0B/0r) and the time
derivative (0B/0f) of magnetic field correspond to
the current and voltage, respectively [8]. Based on
this, the static field dependence of voltage—current

Y-Ba-Cu-O

(a) Zero field case (b) 2T static field case
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Fig. 4. Flux density distribution during the pulse field magne-
tization process in Y-Ba—Cu-O and Gd-Ba—Cu-O samples at
77 K. The center of a sample is the origin. The data on the left
hand side is for the increasing field process and those on the
right hand side for the decreasing field process.

(V-I) characteristics was deduced from Fig. 4, and
the results are shown in Fig. 5. In the case of Y-
Ba—Cu-0, the slope of V—I curve became steeper
and shifted toward the lower [ region as the static
field increased. In the case of Gd-Ba-Cu-O,
however, at first the inclination of V—I curve be-
came steeper, and it became gradual by piecemeal
when the static field topped 2 T. In addition, as the
superimposed static magnetic field increased, the
value of I at V' =0 (J.) was larger than the value
without static bias field.

3.3. Flow resistivity
As is clearly seen from Fig. 5, VI curves have

gradient like a normal conducting state, showing
that some resistance is created by flux motion,
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Fig. 5. Static field dependence of the voltage-current (V-I)
characteristics deduced from the pulse field magnetization ex-
periments. The time derivative (0B/0f) and the radial field
gradient (0B/0r) of the magnetic field correspond to ¥ and /,
respectively. The left hand side shows the characteristic of Gd—
Ba—Cu-O and the right side for Y-Ba-Cu-O.

which is called the flow resistivity. Here the flux
flow resistivity p; is given by the following relation:

E

== 1
pf J’ ( )
where E is the electric field and J the current
density.

The motion of quantized fluxoids are governed
by the balance of the pinning force Fp the Lorentz
force Fi, and the viscosity force Fy. These forces
are expressed by the following equation:

Fp =J. x B, (2)
F. =JxB, (3)
FV:_VI(|¢BO|>7 (4)

where J, J., &y and 5 is the current density,
the critical current density, the flux quantum and

the viscous coefficient, respectively. For J > J., the
electric field is E = p;(J — J;). Consequently, # is
obtained from the following relation:
=22 (5
Pr
Fig. 6 shows the viscosity coefficients # evalu-
ated. The effect of the static magnetic field on the
viscosity coefficient is much greater than that of
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Fig. 6. Plots of the viscosity coefficients # (a) as a function of
pulsed magnetic field and (b) as a function of static magnetic
field when the peak value of the pulsed magnet field is fixed at
0.6 T.
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the pulsed magnetic field. And the value of vis-
cosity coefficient # of Y-Ba—Cu-O decreased with
increasing the static bias field. In sharp contrast,
the static field did not decrease the viscosity coef-
ficient n of Gd—Ba—Cu-O. It is also notable that
the value of viscosity coefficient # of Gd-Ba—-Cu-O
reached minimum at 1 T, which also reflects the
secondary peak effect.

4. Summary

In this work, we have measured the flux motion
induced by pulsed magnetic field in Y-Ba-Cu-O
and Gd-Ba—Cu-O disks. The effect of static bias
field on the flux motion was also studied in the
range of 0-3 T at 77 K. In the presence of the static
bias field, the flux motion of Gd-Ba—Cu—O was
different from that of Y-Ba—-Cu-O, reflecting the
secondary peak effect. The flux motion was en-
hanced with increasing static bias field in Y-Ba-
Cu-O, while the flux motion in Gd-Ba-Cu-O was
suppressed and the viscosity was enhanced with
increasing static field.
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Abstract

The Ce emission appearing in the blue—green region was investigated for CaGa,S; and SrGa,S,;. The room
temperature quantum efficiency as high as 73% was observed for a 0.4 wt% Ce-doped CaGa,S, single crystal grown by
the melt method. The quantum efficiency decreased for a 0.8 wt% Ce-doped CaGa,S, crystal and clear photoacoustic
signal was detected in this sample, indicating an increase of non-radiative transition. For each of these compounds,
ultraviolet (UV) excitation produced a hitherto unreported new UV emission which is thought to originate from 5d(E,)
level of the Ce ion. Temperature dependent intensity changes observed in this UV emission and in the blue—green
emission suggest temperature dependent population transfer from the upper level of E, to the lower level of T,, in the

excited state of 5d electrons.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Ce-doped alkaline earth thiogallates are regarded as
promising host materials for blue—green light emitting
devices including lasers [1,2]. Photoluminescence spectra of
CaGa,S;4:Ce and SrGa,S4:Ce are known to exhibit the
characteristic blue—green double bands [1]. In order to
realize light emitting device applications, it is necessary to
fully understand radiative and non-radiative processes of
this Ce impurity center. This study is concerned with
photoluminescence (PL) and photoluminescence excitation
(PLE) spectra, absorption and photoacoustic (PA) spectra,
photoluminescence quantum efficiencies, and relations
among them, mainly with CaGa,S, crystals of different Ce
concentrations.

In the ultraviolet region of the spectrum of each
compound, a new emission which was not reported before
has been found in this study. Temperature dependent
intensity changes of the UV and blue—green emissions are

* Corresponding author. Fax: + 81-258-47-9500.
E-mail address: arikato@vos.nagaokaut.ac.jp (A. Kato).

discussed in terms of a configuration coordinate model for
the Ce ion.

2. Experimental

Polycrystalline CaGa,S4:Ce and SrGa,S,;:Ce samples
were synthesized from CaS/SrS and Ga,S; powders mixed
in stoichiometric composition and annealed at 900 °C under
a stream of H,S(10%) + Ar for 15 h. The initially obtained
polycrystalline samples were re-ground and then re-
annealed in the same atmosphere for 24 h. The dopant was
added into the source powder in the form of Ce,S3. General
emission characteristics are compared for polycrystalline
CaGa,S4:Ce and SrGa,S,4:Ce. In order to know detailed
characteristics of the blue—green emission, single crystals of
CaGa,S,4:Ce were grown by the melt method at an ampoule
cooling speed of 0.5 cm/h from 1150 to 1100 °C [3]. The
sizes of crystals were about 2 X 2 X 1 mm?®. For absorption
measurements, the crystals were polished to be about
0.1 mm thickness.

For PL measurements, the sample was excited by
monochromatic light obtained by combining a 150 W Xe

0022-3697/03/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/50022-3697(03)00170-7
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lamp (Hamamatsu, L2175) and a double monochromator
(Ritsu, MC-30NW) or by the 3250 A line of a He—Cd laser
(Omnichrome, 3056-M-AO01). Photoluminescence from the
sample was dispersed through a monochromator (Nalumi,
RM-23) and detected by a photomultiplier (Hamamatsu,
R943-02) coupled to a photon counter (Hamamatsu, C767).
For PLE measurements, the sample was excited by
monochromatic light obtained by combining the 150 W
Xe lamp and the double monochromator. The sample was
mounted on the cold finger of an optical cryostat coupled to
a closed cycle He-refrigerator (Iwatani, CryoMini D105) for
measurements of temperature dependence. For time decay
measurements, a dye laser (Lambda Physics, FL 3002E,
dye:stilbene 420) pumped by a Xe—Cl laser (Lambda
Physics, LEXTRA 200) or the Xe—Cl laser was used as the
excitation source. Emission from sample was dispersed
through a monochromator (Instruments SA, HR-320) and
temporal variation of the emission was monitored on a
digital oscilloscope (Sony Tektronix, TDS380P) coupled
with a photomultiplier (Toshiba, PM55).

For absorption measurements, monochromatic light
obtained by combining the 150 W Xe lamp and the double
monochromator was transmitted through the sample. The
transmitted light was detected by the photomultiplier
(Toshiba, PM55). The absorption coefficient was derived
from the measured transmittance taking into account of
multiple internal reflections. PA spectrum measurements
were done by gas-microphone method. The sample was
excited by monochromatic light obtained by combining a
500 W Xe lamp and a monochromator (Jobin Yvon, HR-
320). PA signal was detected by a microphone coupled to a
lock-in amplifier (Stanford Research, SR-530).

Quantum efficiency measurements were performed at
room temperature with an integration glass semi-sphere
having a small hole at the top to introduce laser light for
exciting photoluminescence of the sample inside. The
diameter of this semi-sphere is 60 mm and the bottom of
the semi-sphere is covered by a glass plate. The inner
surfaces of the semi-sphere and the glass plate were frosted
to diffuse light and the outer surface was coated by thick Al
evaporation to reflect and confine light inside. The light
inside thus constructed semi-sphere is believed to be
completely diffused. The glass plate has a small non-Al-
coated portion through which light inside the semi-sphere
can be detected by a photomultiplier. Construction details
were given in Ref. [4]. A He—Cd laser (Omnichrome,
4056-M-A01) emitting the 4416 A line was used as a light
source. The absorbed amount of excitation light and the
emitted amount of photoluminescence were determined by
measuring photomultiplier outputs with the help of a band
pass filter (Hoya, B390) or a cut-off filter (Toshiba, Y46)
by placing the sample inside in comparison with the output
for a small piece of non-absorbing opaque quartz. In
calculating the quantum efficiency values these outputs
were corrected by taking into account of measured
transmittances of the filters and the spectral sensitivity

of the photomultiplier given by the manufacturer
(Hamamatsu). For these obtained quantum efficiency
values, the error corresponding to the experimental
accuracy was checked to be less than 5% by measuring
the output corresponding to incident laser light whose
power was known.

3. Results
3.1. Blue—green emission

Fig. 1 shows PL and PLE spectra of 2 wt% Ce-doped
polycrystalline CaGa,S4:Ce (a) and SrGa,S4:Ce (b) at
room temperature. The PL and PLE spectra of both
compounds are quite similar. The PL spectra consist of
two overlapping bands in the blue—green region. The PLE
spectra consist of a main blue band and an UV band. The
mirror image relation looks to hold between the higher
energy band of the PL spectra and the main band of the
PLE spectra for both compounds, showing the phonon
terminated transition character. The difference of these
emissions between CaGa,S4:Ce and SrGa,S,:Ce is only
the peak position. For PL spectrum of CaGa,S,:Ce, the
peaks are at 2.65 eV (4680 A) and at 2.40 eV (5170 A).
The main band of the PLE spectrum of CaGa,S,:Ce is
seen at 2.8 eV. An almost parallel shift to higher energy
by about 0.1 eV is seen for all corresponding peaks in the
case of SrGa,S,:Ce.

Fig. 2 shows PL and PLE spectra of CaGa,S,:Ce single
crystals for various Ce concentrations at room temperature.
The excitation photon energy of the PL spectra was 2.89 eV
and the monitoring photon energy of the PLE spectra was
2.65 eV. The width of the main PLE band becomes broader
and the peak position shifts towards lower energy with
increasing Ce concentration. The shape of the band shows
some changes at higher energy side. On the other hand,
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Fig. 1. PL and PLE spectra of (a) CaGa,S,:Ce (2 at%) and (b)
SrGa,S4:Ce (2 at%).
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Fig. 2. PL spectra excited by 2.89 eV and PLE spectra monitored at
2.65 eV for different Ce concentrations of CaGa,S4: Ce single
crystals (0.1-0.8 wt%).

the PL spectra do not show changes corresponding to the
PLE spectra except a slight peak shift to lower energy with
increasing Ce concentration. For the PLE spectrum of
polycrystalline CaGa,S4:Ce (2 wt%) shown in Fig. 1(a), the
peak energy of the main PLE band is close to that of the
single crystal CaGa,S4:Ce (0.8 wt%). However, the peak
energy of the PL spectrum is slightly lower than that of the
single crystal.

The quantum efficiency as high as 73% was observed for
the 0.4 wt% Ce-doped single crystal, however the lower
value of 32% was observed for the 0.8 wt% Ce-doped single
crystal.

Fig. 3(a) shows absorption spectrum of the 0.8 wt% Ce-
doped CaGa,S,:Ce single crystal at room temperature. The
peak of the Ce absorption band is seen at 2.92 eV and the
half width is about 180 meV. The shape of this observed
band does not change with Ce concentration. Fig. 3(b)
shows peak absorption coefficient as a function of Ce
concentration.
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Fig. 3. (a) Absorption spectrum of the CaGa,S,:Ce single crystal
(0.8 wt%), (b) peak absorption coefficient as a function of Ce
concentration.

Fig. 4(a) shows the PA spectrum of the 0.8 wt% Ce-
doped single crystal. For comparison, the absorption
spectrum is shown again in Fig. 4(b), and the PL and PLE
spectra in Fig. 4(c). From samples where the Ce concen-
trations are 0.1, 0.2 and 0.4 wt%, detectable PA signal was
not observed. The peak of the PA band corresponds to that
of the absorption band. The half width of the PA band is
about 220 meV, being broader than that of the absorption
band of 180 meV. The PA band broadens to higher energy
region compared to the absorption band.

3.2. UV emission

The solid line of Fig. 5 shows the PL spectrum of
0.1 wt% Ce-doped polycrystalline CaGa,S, at 10 K excited
by the 3250 A line of the He—Cd laser. UV excitation was
found to produce an emission in the region of 3500-4250 A
in addition to the blue—green emission. To the best of our
knowledge, there is no report on this UV emission of
CaGa,S4:Ce. The spectral shape of the UV emission is not
similar to that of the blue—green emission which consists of
two overlapping bands. The PL spectrum of this UV
emission can be well reproduced by superposition of three
Gaussian components (the first component peaked at
3.39eV (3650 A), the second at 3.30eV (3750 A), the
third at 3.10 eV (3995 10\)) as shown in the inset of Fig. 5.
The energy difference of the peaks between the first and the
third components is 0.29 eV. The difference between the
second and the third components is 0.20 eV. The intensity of
the UV emission decreased with increasing Ce concen-
trations. The UV emission was not observed in undoped
samples, indicating a relation with Ce doping. The dotted
line of Fig. 5 shows the PLE spectrum of the UV emission
monitored at 3995 A. The PLE spectrum consists of a single
band peaked at 3285 A (3.77eV). The shape and the peak
position of this band were found to be independent of the
monitoring wavelength. For SrGa,S,:Ce, the situation
was similar. Under UV excitation, the UV emission of
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spectrum, (c) PL and PLE spectra.

SrGa,S4:Ce which was not reported before, similarly as in
CaGa,S4:Ce, was found to appear in the region of 3300—
4000 A.

The intensity of the UV emission of CaGa,S4:Ce
gradually decreases with increasing temperature. The
emission disappears totally at temperatures higher than
220 K. In exchange of this quenching, an increase of the
blue—green emission intensity is seen with increasing
temperature under UV excitation. Fig. 6(a) shows PLE
spectra of the UV emission at various temperatures
monitored at 3995 A. The intensity gradually decreases
with increasing temperature and the peak position shifts
towards longer wavelengths. The activation energy of this
decrease is obtained to be 0.08 eV. Fig. 6(b) shows the UV

part of the PLE spectra of the blue—green emission
monitored at 4620 A at various temperatures. The PLE
spectrum at 25 K consists of a band peaked at 3080 Aanda
shoulder at 3320 A. The shoulder at 3320 A gradually grows
with increasing temperature and becomes a well-resolved
band at temperatures higher than 77 K. The peak of the band
appearing above 77 K shifts towards longer wavelengths
with increasing temperature. A comparison between
Figs. 6(a) and (b) shows that the peak position of the PLE
band of the blue—green emission appearing above 77 K
coincides with that of the UV emission at each temperature.
The corrected shape of the PLE band of the UV emission
by removing the contribution of the lower energy band
tail, and that of the blue—green emission by removing



A. Kato et al. / Journal of Physics and Chemistry of Solids 64 (2003) 1511-1517 1515

Photon Energy (eV)

2.5

Intensity (a. u.)

-~
3400 3600 3800 4000 4200
Wavelength (A)

" PLE PL

Intensity (a. u.)

10K

3000 3500 4000

4500 5000 5500 6000

Wavelength (A)

Fig. 5. PL spectrum excited by 3250 A (solid line) and PLE spectrum monitored at 3995 A (dotted line) of CaGa,S,:Ce (0.1 wt%). The inset
shows three Gaussian curves (dotted lines) reproducing the ultraviolet part of the PL spectrum (solid line).

the contribution of the higher energy band tail are quite
similar for each corresponding temperature above 77 K. The
decay time constant of the UV emission was found to be
about 15 ns, independent of the monitoring wavelength.
This value is smaller than the reported value of the blue—
green emission of 24 ns [5].

4. Discussion

The PL and PLE spectra of the blue—green emission of
CaGa,S4:Ce and SrGa,S,;:Ce are similar. For the UV
emission, the PL spectra of both compounds are also
similar. Discussions are given mainly using the results of
CaGa,S,:Ce.

4.1. Radiative and non-radiative processes related
with the blue—green emission

The two overlapping bands seen in the PL spectra
(Fig. 1) of CaGa,S4:Ce and SrGa,S4:Ce are known to
originate from radiative transition from the 5d(T5,) level
of the excited state to levels of 4f(*F5,) and 4f(*Fs,) of
the ground state of the Ce ion split by spin—orbit
interaction [6].

The shape difference between the absorption and PLE
spectra may be related with the difference of the thickness
among the samples, since the PLE spectra were obtained
from thicker samples. Since the depths where the Ce ions are

excited in the PLE measurements are much larger than in the
absorption measurements, the shape of the PLE spectrum is
apt to be affected by inhomogeneous broadening. In this
system of trivalent Ce ions substituting divalent Ca sites,
inhomogeneous broadening is expected to increase with
increasing Ce concentration. Data suggesting the presence
of the inhomogeneous broadening are given in Ref. [7]. The
slight shift of the PL band may be related with an effect
associated with the selective excitation at 2.89 eV in the
inhomogeneous PLE band.

The appearance of PA signal and the reduction of the
quantum efficiency under 4416 A excitation which cannot
excite the UV emission in the 0.8 wt% Ce-doped sample
indicate an increase of non-radiative transition from the
excited state of the blue—green emission. The PA band
broadens to higher energy region compared to the absorp-
tion band as shown in Fig. 4. This indicates that the quantum
efficiency has excitation photon energy dependence. These
quantum efficiency changes with Ce concentration and
excitation photon energy may also have some relation with
the inhomogeneous broadening. To clarify the details, PLE
measurements using samples having the same thickness and
quantum efficiency measurements under different excitation
photon energies are necessary.

4.2. UV emission and its relation with the blue—green
emission

The UV and the blue—green parts of the PL spectra
exhibit opposite temperature dependences. As the intensity
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of the UV emission decreases with increasing temperature,
the intensity of the blue—green emission increases. Fig. 6(b)
shows the saturation of this new band intensity at 300—
320 K. The difference between the observed intensity at each
temperature and the saturated intensity was plotted as a
function of temperature. An activation energy value for the
blue—green emission was calculated from this plot to be
0.09 eV. This value is practically the same as that of the
temperature quenching of the UV emission (0.08 eV). The
coincidence of the two activation energies strongly suggests
the occurrence of temperature-dependent population transfer
between the excited states of these transitions. This view is
supported by the fact that the peak positions and shapes of
both PLE spectra are practically the same as explained in
Section 3.2.

The excited state 5d of the Ce ion in cubic crystal
symmetry is known to split into two levels E, and T, [6].
Fig. 7(a) shows the energy level diagram of the Ce ion
with cubic symmetry and spin—orbit splitting (°F5,, and
%Fs;5) of the 4f ground state. As the first approximation,
this diagram is applicable to the Ce ion in CaGa,S, having
symmetry close to cubic. Two bands of the blue—green
emission peaked at 2.68 and 2.41 eV in Fig. 5 are known
to be originated from radiative transitions from 5d(T,,) to
4(Fs;) and from 5d(Ta,) to 4f(’Fyp), respectively, as
mentioned in Section 4.1. The energy difference (0.27 eV)
between the peak positions of the two bands is close to
that between the first and the third components peaked at
3.39 and 3.10eV in the UV emission spectrum (0.29 eV).
This suggests that the terminal states are the same both for
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this UV emission pair and the blue—green bands. On the
other hand, the different decay time constants of the UV
and the blue—green emission (15 and 24 ns [5],
respectively) suggest that these two emissions originate
from different excited states. For the case of Ce-doped
SrGa,S,, the separation between levels 4f(2F5/2) and
5d(E,) was reported to be about 3.71 €V [8]. The peak
energy of the PLE spectrum of the UV emission
(3.77eV) 1is close to the above reported value. The
similarity of PL and PLE spectra between CaGa,S, and
SrGa,S, mentioned in Sections 3.1 and 3.2 suggest that
the reported value approximately holds true also for the
present case of CaGa,S,. Taking this situation into
account, the excited state of the UV emission is assigned
to the level 5d(E,). Therefore, the first and the third
components peaked at 3.39 and 3.10 eV are considered to
originate from the transitions from 5d(E,) to 4f(*Fs) and
from 5d(Eg) to 4£(’Fyp), respectively. To the best of our
knowledge, the observation of this UV emission from the
S5d(E,) level is the first one in thiogallate compounds.
The UV emission observed from Ce-doped elpasolite
compounds Cs,LiLaClg was interpreted as to be due to
core-valence processes [9], but not to the transition from
the 5d(E,) level.

Fig. 7(b) shows the configuration coordinate description
of the Ce ion based on the energy level diagram discussed
above. The temperature-dependent population transfer
discussed above is thought to occur through the cross-
point between the parabolas 5d(E,) and 5d(T»,) located at
0.08 eV above the minimum of the parabola 5d(Ez). The
origin of the second component peaked at 3.30 eV is still

uncertain. The origin may be related to the symmetry of the
Ce ion in this thiogallate, which is lower than the cubic
symmetry.

For the case of SrGa,S,:Ce, the UV emission as well
as the blue—green emission are seen and the PLE
spectrum of the latter is similar to that of CaGa,S4:Ce.
These facts suggest that the processes in SrGa,S,:Ce are
also explainable by the same scheme, since the energy
level diagrams of the Ce ion in these compounds are
the same.
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Abstract

We have investigated chemical reaction processes and thermal characteristics of Ila—IIl,— VI, compounds in order to grow
their single bulk crystals. Up to now, single crystals of Ca and Sr thiogallates have been successfully grown by the melt growth
method based on their pseudo-binary phase diagrams. Here, a similar diagram of the SrSe—Ga,Se; system has been constructed
for the first time, where a eutectic reaction is found in the range of excess Ga,Ses concentration, and it is shown that the
SrGa,Se, compound has a congruent melting point (1110 °C) suitable for the melt growth. A single crystal is grown from the
melt by the horizontal Bridgman method. A trial is also made to grow a high-quality single crystal of CaGa,S, already known as

being grown easily.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The compounds of alkaline earth thio- and seleno-
gallates (Ca,Sr,Ba)(Ga,In),(S,Se), doped with rare earth
elements such as Ce** are expected as blue-light emitting
materials for full color displays [1]. Many studies concern-
ing the brightness and efficiency of the devices have been
reported [2-5], since they were regarded as promising for
EL devices [1].

On the other hand, few basic properties of these
compounds have been reported. These properties have
ever been studied by using single crystals prepared
exclusively by the solid state reaction [6,7] and vaporization
reaction [8], where a single crystalline domain is inevitably
limited to a smaller size than that by the melt growth
method. To obtain more detailed information on these
materials, larger single crystals of good quality are
indispensable.

We have already constructed the pseudo-binary phase
diagrams of the CaS—Ga,S; and SrS—Ga,S; systems,
and grown crystals of CaGa,S, and SrGa,S, with a
single domain as large as 7mm X 5 mm by the melt
method [9,10].

* Corresponding author.

The purpose of the present study is to investigate the
suitability of the other compounds in the same group for the
melt growth of single crystals. A trial to grow a high-quality
single crystal of CaGa,S, is also made. The latter compound
is already known to be grown easily but the crystals still
contain cracks and voids.

2. Differential thermal analysis of the IIa-III,— VI,
compounds

Differential thermal analysis (DTA) was carried out
using mixtures of three elements (IIa = Ca or Sr, IIl = Ga
or In, VI=S or Se). The elements (three nine or better
purity) were weighted to about 0.3 g in total in a
stoichiometric composition and sealed in a quartz ampoule
of 7mm¢ (inner dia.) X 40 mm under vacuum. DTA
measurements [11] were run twice at a speed of 2 °/min.
The chemical reaction process was investigated in the first
run, and the melting and transition point were determined in
the second one.

Figs. 1 and 2 show DTA signals of a series of [la—IIl,—
VI, compounds (Ila = Ca, Sr, lll = Ga, In, VI =S, Se) in
the second run. Four compounds (Caln,Ses, CaGa,S,,
SrGa,Se, and SrGa,S,) were found to melt congruently,

0022-3697/03/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/50022-3697(03)00096-9
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Fig. 1. DTA signals of Ca-IlI,—VI4; compounds in the cooling
process (2 °/min).

i.e. the melting and solidifying temperatures were exactly
the same.

After DTA measurements, powder X-ray diffraction
patterns (Cu Ko, 40 keV, 30 mA, step of 0.02°) of the
products were measured to check if they were of a single
phase or not. Three compounds (CaGa,S,4, SrGa,S,; and
SrGa,Se,) were confirmed comparing to JCPDS’s data as
a single phase within an experimental error of 2 mol%.
Since CaGa,S, and SrGa,S, were already known to be
grown [9,10], only the procedure of single crystal growth
of SrGa,Se, will be presented later in Section 5.

— heating |1
------- cooling

DTA signals [0.2mV/dvi.]

200 400 600 800 1000 1200_
Temperature [°C]

Fig. 2. DTA signals of Sr-III,—VI; compounds in the cooling
process (2 °/min).

3. Pseudo-binary phase diagram of the SrSe—Ga,Se;
system

Pseudo-binary phase diagram of the SrSe—Ga,Se;
system was constructed by DTA and XRD following the
procedure shown in Refs. [9,10]. Fig. 3 shows a part of
the diagram. The SrGa,Se, compound is formed just at the
concentration of 50 mol% Ga,Ses;, The two-phase region of
SrGa,Se, and Ga,Se; was identified by XRD patterns in the
concentration range from 50 to 100 mol% Ga,Ses.

The melting point of SrGa,Se, was determined as
1110 £ 2°C. A eutectic reaction was found in the excess
Ga,Se; concentration in this figure. Fig. 3 is very similar to
those of the CaS—Ga,S; and SrS—Ga,S; systems [9,10], and
shows that single crystal growth is also possible for
SrGa,Se; compound by the melt method at 50 mol%
Ga,Se; and by the self flux method using Ga,Ses as a flux
in the 50—75 mol% Ga,Se; range. It should be mentioned
that quartz can be used as an ampoule material for the
crystal growth.

4. The chemical reaction processes of the SrGa,Se,
compound

Before growing single crystals, the chemical reaction
processes between elements should be investigated. The first
scan of DTA measurements for binary (Ga—Se, Sr—Se) and
ternary (Sr—Ga—Se) mixtures gave us the information. The
results in the heating process are shown in Fig. 4, where
the exothermic reaction appeared as positive peaks and the
endothermic one as negative dips. It is seen in Fig. 4 that
SrSe compounds were synthesized between 270 and 400 °C,
where exothermic chemical reaction occurred. This is very
similar to the formation of SrS compounds [9]. Then Ga,Ses
compounds were synthesized around 800 °C, where
exothermic reaction also occurred. This sometimes broke
ampoules. Escaping this explosive reaction, we used Ga,Ses

SrGa,Se,
——1110[°C]
1100} ‘/f’
— ¢
Q
(e}
‘;‘ 1000f
;5 SrGa,Se, i
= 954[°C] [-0-g-0-o-ga g e
o}
Q. SrGa,Se,+Ga,Ses
£ o000}
=
o : [leating (second)
o : Cooling (second)
8000 10 20 30 40 50 60 70 80 90 100
SrSe Ga,Se;—mol% Ga,Se;

Fig. 3. Pseudo-binary phase diagram of the SrSe—Ga,Se; system.
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Fig. 4. DTA spectra of Sr—Se, Ga—Se and Sr + Ga + Ga,Se; in the
heating process. The down-arrows show the melting points.

compounds together with Sr and Se elements as starting
materials (see the bottom of Fig. 4). It is seen that SrGa,Se,
compounds were synthesized at the melting point (1014 °C,
shown by the up-arrow in Fig. 4) of Ga,Ses. It should be
noted that the exothermic reaction due to I1I, VI; compounds
disappeared. This was also very similar to the cases of
CaGa,S, and SrGa,S, [9,10].

5. Crystal growth of the SrGa,Se; compound

Following the procedure as used in the single crystal
growth of Ca and Sr thiogallates [9,10], a single crystal of
SrGa,Se, was prepared. The only difference is the seleniza-
tion of the Sr element. Since the Sr element easily sublimates
above 700 °C, and the boiling point of Se is 685 °C very close
to the sublimation temperature of Sr, a special care should be
taken for the selenization of Sr. We set both the Sr element
and Ga,Se; compound into a carbon-coated quartz ampoule
(7 mm¢ (inner dia.) X 100 mm) with a hole for gas to flow in
and out. The ampoule was sealed in another larger ampoule
(13 mme¢ (inner dia.) X 150 mm) under vacuum together
with the Se element of the stoichiometric amount separately
set outside the inner ampoule. For the selenization of Sr, the
whole ampoule was kept at 650 °C for 24 h, where Se
evaporated and reacted with solid Sr. Then the temperature
was elevated to a value 60 °C above the melting point
(1014 °C) of Ga,Ses. This temperature should be kept lower
than the melting point (1110 °C) of SrGa,Se, to prevent the
reaction between the melt and the wall of the quartz ampoule.
That is, the precursor is prepared by the so-called solid state
reaction. At this stage, the precursor of SrGa,Se, was
prepared. The single phase was assured by XRD. The
precursor was taken out to be powdered and put in a carbon
boat (8§ mm¢ (inner dia.) X 100 mm) which was again sealed

Fig. 5. A photograph of a SrGa,Se, single crystal grown by the melt
method. A sliced and polished surface is shown.

in a larger quartz ampoule as mentioned above. A single
crystal was grown from melt by the horizontal Bridgman
method by moving a temperature profile (temperature
gradient ~ 8 °C/cm, speed of growth 0.25 cm/h, without
seed) [11]. Fig. 5 shows a photograph of a grown SrGa,Se,
single crystal with a grain as large as 2 mm X 2 mm X 0.1
mm (a sliced and polished surface).

6. Crystal growth of CaGa,S, of high quality

The single crystals of the thiogallates, CaGa,S, and
SrGa,S, were already successfully grown [9,10]. Especially
CaGa,S, can be stably grown. However, many cracks and
voids were still found in these crystals. The crystallinity
prepared from the melts could not be controlled even under

1140F ' .
130} ; ° e
) :
O_, . :
g '
= '
£ t2or ' stoichiometry
& ™ V'
& :
1110f .
1100¢, . ? . J
3.90 3.95 4.00 4.05 4.10

Sulfur content x

Fig. 6. The variation of the melting point against the sulfur content
X of the starting composition of CaGa,S,
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Smm

Fig. 7. A photograph of a CaGa,S, single crystal grown under
excess sulfur. A cleaved surface is shown.

the same growth condition. It was thought that the sulfur was
deficient in a grown crystal because of the repeated
pulverization followed by vacuum seals in quartz ampoules.
We have investigated the variation of the melting temperature
of CaGa,S, with sulfur content by means of DTA used in
Section 2. As shown in Fig. 6, the melting point decreased
with decreasing sulfur content from the stoichiometry, while
no phase other than CaGa,S, was detected by XRD in this
sulfur range. As increases sulfur content, the melting point
seems to reach a constant value. Similarly the lattice constants
slightly increased with sulfur content and kept the maximum
value above the stoichiometric composition. In addition,
when the sulfur content increased above x = 4.05, excess
sulfur was clearly deposited on the wall of DTA ampoules.
Thus, it is considered that the compounds were stable above
the stoichiometric composition and no excess sulfur could be
introduced in the compound if sulfur content was increased
more than the stoichiometric amount. Preliminary measure-
ments for the SrGa,Se, compound showed that the same
behavior was also observed in the selenide. It is thought that
the decrease of sulfur or selenium in the compounds worsened
the quality of the crystals, mainly due to the change in the
melting temperature caused by the slight loss of the volatile VI
elements. Then the crystal growth was performed under the
condition with excess VI group element. Fig. 7 shows a
photograph of a grown CaGa,S, crystal at an excess sulfur
content (x = 4.05). The crystallinity of the compounds was
much improved in this case.

7. Summary

DTA measurements of various Ila—III,— VI, compounds
were executed. Apart from CaGa,S, and SrGa,S, already
grown as single crystals, SrGa,Se, was found suitable for
the melt growth. Then, a pseudo-binary phase diagram of
the SrSe—Ga,Se; system was constructed, and the SrGa,Se,
single crystal was successfully melt-grown on the bases of
the diagram.

It was also found that to keep the vapor pressure of the VI
element to an appropriate value during the crystal growth
was very important to get a high quality single crystal.
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Abstract

Rare earth elements doped Ila—IIl,— VI, compounds are expected as host materials for fluorescent devices. In particular,
since blue emission was observed in alkaline earth thiogallates doped with Ce>* ions, much attention has been paid to develop
full color displays made of thin films of the compounds above. Especially Ce®" ions are thought as promising candidates for
dopants realizing blue light emission. Normally doped Ce> " ions are considered to substitute the sites which are occupied with
divalent elements such as Ca or Cd. However, the substituting mechanism is not fully understood, since in view of the number
of valence, it is natural for a Ce atom to substitute a trivalent one.

In this report, we have grown single crystals of CdIn,S, as host materials for Ce doping and investigated the site substitution
of the Ce atom in this crystal lattice by means of ESR. Two types of ESR centers are found. One consists of a Ce*™ jon
substituting a Cd site and a sulfur vacancy, and the other consists of a similar Ce*" ion with 4 tetrahedrally surrounding sulfur

atoms.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Rare earth elements doped (Ca,Sr,Ba)—(Al,Ga,In),—
(S,Se)s compounds emit light with various color when
excited by UV light, high electric field or high energy
electron beam [1,2]. In particular, since blue emission is
observed in alkaline earth thiogallates doped with Ce*"
ions, practical researches are energetically developed to
apply them to AC thin-film electroluminescent (ACTFEL)
full-color displays [2,3].

In the emission above, Ce®" jons play an impor-
tant role, since the inner core states of the isolated
Ce*" ion, i.e. 4f-5d electronic transitions mainly cause
the blue light emission. These electronic states are
strongly affected by host crystals, and the color of the
emission changes according to the surrounding atomic
configuration. The changes in the electronic states can
be studied by luminescence measurements which include
the complex variation in both ground and excited states.
On the other hand, ESR studies can reveal exclusively
the ground states of the doped ions which may serve to

* Corresponding author. Tel.: +81-3-5317-9772; fax: +81-3-
5317-9772.
E-mail address: takiz@chs.nihon-u.ac.jp (T. Takizawa).

the full understanding of the ion substitution and the host
affection to it.

Normally the doped Ce®™ ion is considered to substitute
the site which is occupied with a divalent element such as Ca
or Cd. However its mechanism is not fully understood, since
in view of the number of valence, it is natural for a Ce atom
to substitute a trivalent one.

In this report, we have adopted single crystals of CdIn,S,
as host materials for Ce doping and investigated the site
substitution of the Ce atom in this crystal lattice using ESR
measurement. The above crystal is chosen because it is
easily grown and in addition, has a rather simple lattice
structure with both di- and tri-valent cation sites.

2. Experimental procedure

Single crystals of CdIn,S, were grown from a melt using
the three constituent elements. The details of this procedure
were described elsewhere [4,5] Ce doping was carried out
by mixing appropriate amount (0.1-0.5 wt%) of Ce,S;
powder into a ground CdIn,S, having been grown before-
hand. No codoping was tried. The mixture was again melted,
and a Ce doped crystal was grown by the Horizontal

0022-3697/03/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/50022-3697(03)00166-5
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Bridgman method (hereafter abbreviated as an ‘as-grown
sample’). The grown crystal was cut into blocks of
2x2x5mm? in size, the longest edge of which were
determined so as to be the [110] direction by the reflection
Laue method.

Alternative Ce doping was also made by annealing
CdIn,S, single crystals in Ce,S; powder at 950 °C for
several hours (hereafter abbreviated as ‘annealed samples’).
These crystals were oriented to the [110] direction in
advance. The difference in the ESR results of both samples
with different dopings will be described later.

ESR spectra were measured using an X band microwave
and a TE;;o cavity by applying the magnetic field
perpendicular to the [110] direction, the axis of rotation of
samples.

3. Results and discussions

The observed ESR spectra of as-grown samples at 77 K
are summarized and shown in Fig. 1, where every curve
was normalized to each sample weight and the integrated
ESR line of DPPH used as a standard. Two types ESR
signals are seen in the figure. One is designated as S1, S2,
S3 and S4 (hereafter called as Type 1), and the other as S5
and S6 (hereafter called as Type 2). ESR curves are
arranged in Fig. 1 according to the integrated strength of
the S4 signal, which is thought to indicate the true
concentration of Ce®" ions. The order is not proportional to
the as-doped values of Ce®", showing that the true Ce*"
concentration is determined by the growing process and not
by the starting amount of Ce>". The temperature variation
of the intensities of each line was measured by varying
temperature down to 4.2 K. The results showed that every
ESR line obeyed the so-called Curie law.

35degree H, // [110] 77K

C eS+

\0. 225wt%

"JA/ 0.075wt%
S5 [S6,
. . 0.150wt%

0.375wi%

ESR Intensity (arb.units)

2000 3000 4000 5000 6000 7000 8000 9000
Magnetic Field (G)

Fig. 1. ESR curves of CdIn,S, with different Ce>* concentration. S1
to S4 signals are classified as the ESR centers of Type 1, and S5 and
S6 as those of Type 2. Curves are arranged according to the
integrated intensities of the S4 signal, which indicate the true
concentration of Ce*" doped. Type 2 signals appear only above a
certain value of Ce®" concentration.
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Fig. 2. Resonant magnetic field vs. angle of rotation of ESR signals
(at 77K) of a Ce** 0.075 wt% sample. These ESR signals are
classified as Type 1. Curves (a), (b) and (c) correspond to the Eqs.
(2)—(4) in the text, respectively. The splitting of each line is due to
the misalignment of the [110] direction from the axis of rotation
(estimated as about 2°). The (a) and (b) lines split into two, and the
(c) line into 4, though only two of them are shown for simplicity.

The resonant magnetic field vs. the angle of rotation for
the ESR curve of the 0.075 wt% sample is shown in Fig. 2,
where only the signals of Type 1 are seen. The curves of
Fig. 2 is describable if we assume a simple spin-Hamiltonian

Hg = BHgS (H

where 3 is the Bohr magneton, H the magnetic field, g the
so-called g-tensor and S the effective spin. Here we have
checked possibilities of several symmetry sites such as
tetragonal, tetrahedral and octahedral ones. However, no
good results were obtained except for the tetrahedral site,
i.e. Ce** substituting Cd*" in a tetrahedron. More precisely,
we should take tetrahedral sites occupied by Ce** ions in the
CdIn,S, lattice with S = 1/2 to reproduce the observed
angle dependence of ESR curves.

There are eight equivalent directions from the center of a
tetrahedron to its tetrahedral corners in the spinel lattice. If
the translational symmetry is taken into account, these are
classified into three independent ones ([111], [111], [111]),
where the [110] direction is taken as the rotation axis. The
magnetic field is applied perpendicular to this axis.
Diagonalization of the spin-Hamiltonian leads to the
following resonant magnetic fields for the respective
direction [6]

hv

Hl - 2 o 26+ 2 29
B\/gL sin gj cos

for [111] manifolds )

hv
B\/gzl sin%(70.53 — 6) + g} cos*(70.53 — 6)

H, for[111]

manifolds 3)
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hy
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B\/gi(l -3 cosze) + Egﬁcosze

Hy= for[111]

manifolds. 4)

If we used the values, gy =2.3 and g, = 0.8, the best fitting
was obtained as shown in Fig. 2 by the solid lines, where the
misalignment of the [110] direction from the axis of rotation
was taken into account. The misalignment caused the
splitting of each curve so that curves (1) and (2) in Fig. 2
split into two, and curve (3) into 4, that is, the eight
manifolds separately appeared as ESR signals. In the fitting,
the misalignment was set to 2°. These splittings were more
clearly observed at 4.2 K.

Fig. 3 shows ESR curves of a CdIn,S, sample doped
with 0.375 wt% Ce" ions. As mentioned previously, two
types of ESR signals were observed. Type 1 was specified
by the g-values of gy = 2.3 and g, = 0.8, the same values
as obtained in Fig. 2. It is interesting to note that Type 2
could be also reproduced by the same model used for
Type 1 but using the g-values of gy =1.13 and g, =
1.37. Thus the g-value’s anisotropy of Type 2 is very
small compared with that of Type 1. The eight manifolds
due to the misalignment of the rotation axis were also
clearly observed at 4.2 K (though difficult at 77 K) in this
case. This strongly indicates that Type 2 is also ascribed
to an ESR center at the tetrahedral site. However, the
order of the magnitude of g and g, were reversed in
Type 1 and 2. This finding and the small anisotropy
suggest that the wave-function of the unpaired electron
around the ESR center of Type 2 spread out by escaping
the bonding direction to the surrounding sulfur atoms,
while that of Type 1 is confined mainly to the direction
toward a sulfur vacancy. That is, Type 1 consists of a
substituted Ce** ion and a sulfur vacancy, and Type 2

consists of a similar Ce®" ion centered at tetrahedrally
arranged four sulfur atoms.

From Fig. 1, it is seen that Type 2 emerges according to
the doped amount of Ce®" ions. To clarify the origin of both
the ESR centers, the Ce®" doping was carried out by
annealing undoped samples in Ce,S; powder at high
temperature below the melting point of CdIn,S,;. The
annealing temperature was determined so as to get most
effective doping after several trials by varying the
temperature systematically. Fig. 4 shows ESR resonance
curves using a sample annealed at 950 °C for 2 h. Here only
ESR signals of Type 2 were observed. The annealing time
was extended to 50 h at the same temperature. Then small
signals due to Type 1 centers emerged in addition to Type 2
signals. These were so small as to be detected only at 4.2 K

Annealing was also conducted for the 0.225 wt% Ce3 +
doped sample, having been shown at the top in Fig. 1. In this
case, Type 1 signals were decreased as annealing time was
elongated, and Type 2 signal emerged in the same way
stated above.

From the results of annealing, it can be said that the
formation energy of Type 1 ESR centers is greater than that
of Type 2, since the ESR center of Type 1 was created
exclusively at high temperature as a pair of a Ce®" center
and a sulfur vacancy. In the melt grown process, the ESR
center of Type 2 was formed only after the concentration
was increased up to a certain appropriate value. This center
is considered to consist of a Ce** ion placed in the center of
a sulfur tetrahedron, where a sulfur vacancy may exist
somewhere apart from the center to keep the charge
neutrality.

The center of Type 1 is difficult to be formed by
annealing in Ce,S3 powder below the melting temperature
of CdIn,S4, where Type 2 centers are easily formed.
However, it seems that there is finite probability to create
Type 1 centers when the annealing time is kept longer than

9000 ; j 7 '
! //[1111]{0”: ) i
8000 5 g
<) AR 4 2
< 7000 .
[ i A :
£ 6000 i
3 i ;
S 5000 w’q
=] N >
& 4000
=
3000
2000 : ;
———— 77—
0 50 100 150
Angle of Rotation (deg.)

Fig. 3. Resonant magnetic field vs. angle of rotation of ESR signals
(at 77 K) of a Ce** 0.375 wt% doped sample. Both Type 1 and 2
signals appeared. In the fitting, gy = 2.3 and g, = 0.8 for Type 1,
and g = 1.13 and g, = 1.37 for Type 2 were used in the Egs.
(2)—(4) in the text.
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Fig. 4. Resonant magnetic field vs. angle of rotation of ESR signals
at 77 K of an undoped sample which was annealed in Ce,S; powder
at 950 °C for 2 h. Here the fitting was made using g = 1.13 and
g, = 1.37 in the Egs. (2)—(4) in the text.
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50 h. Thus it is considered that Type 1 needs a larger
creation energy than Type 2.

4. Conclusion

To investigate the substitution mechanism of RE atoms
doped in a crystal lattice of the Ia—Ill,—IV, system,
dopings of Ce®>" into CdIn,S, by melt and by annealing
were carried out. ESR measurement revealed two types of
centers. One (Type 1) consists of a Ce®>" ion accompanied
by a sulfur vacancy at its nearest neighbor site. The ion
substitutes a divalent Cd site and not a trivalent In one.
The other (Type 2) consists of a similar Ce*" ion placed
in a sulfur tetrahedron, where a charge compensating
sulfur vacancy is expected to exist at an appropriate sulfur
site apart from the Ce*™ jon. The formation energy of a
Type 1 center is considered to be larger than that of
Type 2.
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Abstract

Low order interference curves in optic-axis light figures of the optically active AgGaS, and TeO, are investigated in the
visible spectral range at room temperature. Light figure patterns of AgGaS, are found not to be affected by optical activity
within the incidence angles of 10° for which, according to our symmetry considerations, the normal component of gyration
tensor is small and evolution of light figures with wavelength is overwhelmingly determined by optical anisotropy. The absolute
value of this anisotropy is falling down to null when passing through the isotropic point, with the result of a remarkable change
of the parameters of light figure patterns. Unlike the case of AgGaS, and consistently with our symmetry considerations, light
figures of TeO, are influenced by optical activity especially strongly in low orders of interference. The obtained results are
compared with similar results for optically inactive CaCO5 and discussed in the frameworks of our recent analyses.
© 2003 Elsevier Ltd. All rights reserved.

Keywords: A. Inorganic compounds; A. Optical materials; D. Crystal structure; D. Dielectric properties; D. Optical properties

1. Introduction materials, AgGaS, (D,;) [5] and TeO, (D,) [6], with
especially large optical rotatory power.

Light figure spectroscopy is a very informative and
valuable tool for optical characterization of the anisotropic
materials and phase transitions [1-2]. Using a newly
designed experimental set-up for determination of light
figure parameters with high accuracy [1], and a new method
for determination of the relative dispersion of the refractive
indices [3], we have already managed to extend the
application of light figure method beyond the usual
standards. An excellent agreement has then been achieved
between experimental and numerical results for the optically
inactive uniaxial material, CaCO; (point group of crystal
symmetry-Ds,) [4].

In this work we extend the application of light-figure
method further by addressing optically active uniaxial

2. Light figures of CaCO3;, AgGaS, and TeO,

The samples of CaCO3;, AgGaS, and TeO, used in this
work were all (001)-cut plane-parallel plates with a
thickness of 1.225, 8.20, and 1.42 mm, respectively. The
details of the experimental setup for light figure acquisition
were already reported earlier [1].

Like all uniaxial materials, above crystals are character-
ized by a single birefringence. As seen from Fig. 1, the
birefringence in these crystals assumes negative, positive-
to-negative, and positive values depending on material. In
principle, isochromatic curves in optic-axis light figures of
these materials are supposed to be circles with radius

* Corresponding author. Fax: +81-722-54-9908. mA 2dAn \2
E-mail  address: ~ yamamoto@pe.osakafu-u.ac.jp  (N. R, = M——1\|1+4/1+ ( ) s (1)
Yamamoto). 2An mA

0022-3697/03/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.
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Fig. 1. Wavelength dependences of optical anisotropy of TeO,,
AgGaS, and CaCOj;. The cross-point of vertical and horizontal
dashed lines is the isotropic point (A;) of AgGaS,.

where M is the magnification factor for the employed optical
system, An-birefringence, d-sample thickness, and m-the
order of interference curve [1].

2.1. Optically inactive case

Fig. 2 displays most important features of the change of
light figure patterns of CaCO; [4] and AgGaS, with
wavelength.

As for CaCOs;, we can see more than four isochromate
circles whose radiuses increase monotonically with increas-
ing wavelength in the visible spectral range. For AgGaS, the
radiuses of the observed isochromates first increase with
increasing wavelength from 476 to 484 nm, then decrease
with further increasing wavelength beginning from 510 nm.
In the range between 488 and 504 nm, including the
accidental isotropic point (497.3 nm) with null value of
birefringence [5], birefringence-dependent contrast function
determining visibility of interference pattern dramatically

AgGaSs

476nm

484nm

488nm

falls down and observation of the well-defined light figure
patterns becomes practically impossible.

As estimations show, for a 1.225 mm-thick plate of
CaCOj; condition 2dAn/mA > 1 is fulfilled up to 100th order
of interference in all the accessed spectral range and relation
(1), as well as expression for ratio R,;/R,, can be
simplified down to

mdA
R, = My — 2
m AN (2)
and
Rm+l m+1
—_— = _—, 3
R . 3)

m

respectively. For 8.20 mm-thick plate of AgGaS, relations
(2) and (3) should be fully justified at least for interference
curves with m =1 and m =2, and for all wavelengths
longer than 540 nm. Experimental R,/R, ratios obtained for
the plane-parallel plates of all investigated materials,
including TeO,, are given in Fig. 3.

Indeed, for CaCOy this ratio is everywhere the same as
the ‘thick-sample’ limit given by Eq. (3) as /2. For AgGaS,,
this ratio is 2 for all wavelengths above 540 nm. For smaller
wavelengths, such as 476 and 450 nm that are below
isotropic point, this ratio is respectively 1.47 and 1.50 in full
agreement with relation (1). The relations (1)—(3) are
written for the opticaly inactive case and the fact that
experimental data for AgGaS, follow this case means that
no influence of optical activity is observed for low order
interference curves, which is consistent with results of our
recent symmetry analysis [7].

For the measured thick TeO, plate, the ratio R,/R; only
approaches 2 with wavelength increase, remaining larger
than 2 and significantly exceeding this value in the
neighborhood of some short-wavelength limit, denoted as
Ay in Fig. 2. Such behavior of R,/R; can be explained only
with allowance for optical activity of TeO,.

504nm 510nm

Fig. 2. Light figure patterns of CaCO; and AgGaS, for different wavelengths.



N. Yamamoto et al. / Journal of Physics and Chemistry of Solids 64 (2003) 1959-1962 1961

400 500 600 700 800
Wavelength (nm)

Fig. 3. Wavelength dependences of the ratio of the radii of the
second and first isochromatic curves of TeO,, AgGaS, and CaCOs.
Horizontal dashed line shows the ‘thick-sample’ limit equal to +/2.
Vertical dashed lines outline isotropic point (A;) of AgGaS, and
short-wavelength limit (A;) for observation of the first-order (m =
1) isochromatic curve of TeO,. Dashed curve (TeO,) is drawn
speculatively to show that experimental curve approaches ‘thick-
sample’ limit with increasing wavelength.

2.2. Optically active case

In the presence of optical activity the radius of an mth
order isochromatic curve differs from that in the absence of
optical activity and the difference AR, is given approxi-
mately as [7]

mAd 3

IAR,| =~ M A" pG, 4

where refractive index, n, of the ordinary ray and optical
anisotropy An are taken with their optically inactive values.
As follows from Eq. (4), the change AR,, brought in by
optical activity is greatly dependent on the always positive
product pG, where p is ellipticity and G is normal
component of gyration tensor, and p and G, both are
incident angle dependent functions. This product strongly
depends upon incident angle, 6, at which mth order
ishochromate is observed.

For TeO, the value of pG strongly decreases with
increasing 6,, [7] and higher interference orders are less
influenced by optical activity than lower ones. Accordingly,
for a thick TeO, plate the ratio R,/R; will be larger than 2
and deviation from this value will increase with decreasing
interference angle or when approaching short-wavelength
limit A, in the neighborhood of which R; — 0 much faster
than R,.

Total picture with wavelength dependencies of inter-
ference curves up to fifth interference order is given in Fig. 4
including light figure patterns (inset) that reflect key
elements of evolution of light figures of TeO, with
wavelength. Every mth order isochromatic curve has its
own wavelength limit and tends to shrink into zero-size
isochromate when approaching this limit given by

Ay = ln3(Am)G|.<Am>d, )
m

where G, is the absolute value of G3; component of gyration
tensor of TeO, [7]. Condition (5) corresponds to multiples
of m/d for rotatory power [7] and each A, in Fig. 4 is given
together with the corresponding 7/d value in the brackets.

100 -

80

60

R, (a.u.)

40 b

20

700

Wavelength (nm)

Fig. 4. Wavelength dependences of the radiuses of isochromatic curves with different interference orders (m) for TeO,. Vertical dashed lines
indicate the short-wavelength limits for each interference order. Inset: light figure patterns, for m = 1, of TeO,.
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For AgGaS, only two major components, G;; and
Gy (Gi1 = —Gyy), of gyration tensor are different from null.
Component G3; is null and the situation is just the opposite
of that for TeO,. The value of pG strongly decreases with
decreasing interference angle and most favorable conditions
for observation of the optical activity effect are realized at
interference angles close to 90°. The use of large numerical
apertures of ~60° may provide necessary conditions for
observation of this effect, as well as determination of
gyration parameter in the visible spectral range. Presently
this parameter is known only for one wavelength from the
data on rotatory power for isotropic point [5]. It is also
interesting to investigate whether the shape of interference
curves does really deviate from circular, as predicted by our
recent analysis [7].

3. Conclusion

By this work we have shown that light figure
spectroscopy is a valuable tool for visualization of optical
activity effect on optical constants of anisotropic materials.
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Abstract

The electrical properties of the Schottky barriers fabricated by using good quality single crystals of CulnSe, grown by the
horizontal Bridgman method with controlling Se vapor pressure have been investigated, since the Schottky effect gives us
useful information concerning defect physics. The electrical resistivities, Hall coefficients and mobilities are measured as a
function of temperature down to 20 K, and the activation energy E» and the density N of acceptors are estimated. Schottky
junctions are prepared by vacuum evaporation of Al or In on chemically etched surfaces of the samples. From the current-
voltage characteristics of these junctions, the ideality factor and barrier height are estimated as 3.6—4.8 and 0.60-0.61 eV for
junctions using Al, and as 1.9-3.0 and about 0.54—0.59 eV for those using In. The capacitance-voltage characteristics are also
measured. Based on these results, it is expected that the prepared junctions do not follow the Schottky model, but rather obey the

MIS one.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Many trials fabricating photovoltaic cells using
CulnSe; solid solutions, e.g. n-CdS/p-Cu(Ga,In)Se, hetro-
junctions have been carried out, and recently some of
them are practically utilized. On the other hands, rather
few studies of the Schottky junctions using p-CulnSe,
crystals were reported [1-3], though the Schottky effect
gives us useful information concerning defect physics as
well as electric transport through metal-semiconductor
junctions. In addition, the electrical properties of CulnSe,
bulk crystals have scarcely been taken into account in the
analysis of the Schottky junctions. This is because the
high-quality single crystals such that electrical properties
could be measured down to lig. N, temperature were not
available before.

* Corresponding author. Tel.: +81-559-68-1211-4407; fax: +81-
559-68-1155.

E-mail address: matusita@wing.ncc.u-tokai.ac.jp (H.
Matsushita).

In this study, we report the results on the electrical
properties of the Schottky barriers fabricated by using
good quality single crystals of CulnSe, grown by the
horizontal Bridgman method with controlling Se vapor
pressure [4,5].

2. Experimental procedure

CulnSe, bulk single crystals were grown under
controlling Se vapor pressure from 5 to 25 Torr [4,5].
Here, the profile of temperature gradient of 3 K/cm was
electrically moved at a speed of about 1cm/h after
selenizing the Culn alloy. Grown crystals were cut into
three parts along the growth direction, i.e. “Top (T)’,
‘Middle (M)’ and ‘End (E)’. ‘T” denotes the initial part of
solidifying. The prefixed number such as ‘10T denotes Se
vapor pressure in Torr during the crystal growth. The
composition was determined using an electron probe
microanalyzer (EPMA). The Hall coefficient and mobility

0022-3697/03/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.
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Table 1
Composition and electrical properties of CulnSe, bulk crystals at
room temperature

Sample Cu/ Se/ Res. mob. E, Ny

In metal (ohm-cm) (cm*Vs) (meV) (cm )
10E 095 105 05 30 10 2x10'®
20M 1.00 1.03 11.6 38 60 3% 10"
25T 093 1.06 0.7 20 5 2x 108

were measured using the six-electrode method as a
function of temperature down to about 20 K, and the
activation energy E, and the density N of acceptors were
estimated from the change in Hall coefficients with respect
to temperature.

CulnSe, plates were mechanically polished by using
Al,O5; powder, and then rinsed by supersonic syringe in
acetone, and after it in distilled water. Generally, K,Cr,O;,
saturation water solution (i.e. K,Cr,O7 aq.) + H,SO4 [1,2,6]
and Br,, CH30H solution [2,3,7,8] were used as an etchant
for those metal-semiconductor junctions. In this study,
sample plates were etched in K,Cr,05 aq. + H,SO, for one
minute, followed by the same procedure in Br,  CH3;0H for
one minute. Schottky junction was formed by vacuum
evaporation of Al or In on one chemically etched (112)
surface, while the other surface was DC sputtered by Au to
make ohmic contact.

Both of the forward and reverse current-voltage (I-V)
characteristics were measured for these junctions in the dark
at room temperature. From the results of the I-V
characteristics, the ideality factor n and barrier height Vg

H. Matsushita et al. / Journal of Physics and Chemistry of Solids 64 (2003) 1825-1829

were estimated, whereby the electron effective mass in p-
CulnSe,, m,* = 0.73m,,[9] was used, where my is the rest
mass of an electron. The capacitance-voltage (C-V)
characteristics were also measured in the dark at 10—
100 kHz frequencies, using ANDO AG-4311 LCR meter.
The carrier concentrations were estimated from the slope of
C2-V plots, where the specific dielectric constant of 8.5
was adopted.

3. Results and discussion

3.1. Hall effects

Table 1 shows the atomic compositions and electrical
properties of several p-type CulnSe, samples. Fig. 1 shows
the temperature dependence of electrical resistivity, Hall
coefficient and Hall mobility of these samples. Among the
samples, the 20 M has a higher Hall mobility of p-type
conduction within the Se pressure range of crystal growth.
On the other hands, the other samples are like degenerate
semiconductors.

There were varieties in the Hall coefficient vs.
temperature curves of p-type samples, and the Hall
coefficient overshoots, which are typical in two carrier
conduction of binary and ternary compensated semicon-
ductors, were often observed [4,5]. All of samples as
shown in Fig. 1 do not show the Hall coefficient
overshoots, and thus these samples have lower donor
density as compared with the acceptor density. We have
classified the p-type samples into the deep (D), shallow
(S) or a combination of both (B) types, on the basis of

(a) Temperature (K) (b) Temperature (K) ©
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Fig. 1. Temperature dependence of (a) electrical resistivity, (b) Hall coefficient and (c) Hall mobility of p-type samples grown by the horizontal

Bridgman method with controlling Se vapor pressure.
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Fig. 2. I-V characteristics of Schottky junctions of Al/p-CulnSe, and In/p-CulnSe; in the dark at room temperature; (a) 10 E, (b) 20 M and (c)

25T.

the density ratio between the shallow and deep acceptors
[4,10]. Two kinds of acceptors are revealed, one with an
activation energy of about 10 meV such as 10E and 25T
and the other with an activation energy of about 60 meV
such as 20 M. The shallow acceptors exist in the S-type
samples with Cu-poor composition, where the origin of
the acceptors was ascribed to Cu vacancies. On the other
hand, the origin of the deep acceptors in the D- and
B-type samples (Cu/In=1 and Cu/In > 1, respectively)
was ascribed to In vacancies.

3.2. Etching effects

In order to understand the effect of etching on
CulnSe, crystals, the surface SEM images and the
composition variations before and after chemical etching
were investigated. As the result of the SEM observation
by varying the concentration of K,Cr,O; aq. from 0 to
15%, the K,Cr,O7 aq. (5%) + H,SO,4, where the effect of
etching seemed remarkable, was adopted as the first
etchant. However, during the measurement of I-V
characteristic, the current values in the voltage elevating
process did not coincide with that in the voltage lowering
one. In addition, the electrical condition was not stable
on the measurement. Then, Br,,CH3;OH solution was
adopted to test as the second etchant. In this case, the
problems above were improved remarkably. From the
SEM observation of the sample surface treated in the
Br,CH30H solution with Br, concentration of 0.5, 1, 3
and 5%, it was found the crystallization surface etched
by the Br, + CH;0H solution (3%) was uniformly
shaved.

The Cu/In ratio increased a little after etching with
K;,Cr,07 aq. + H,SOy solution, and the Se content seemed
to decrease by etching with Br, + CH;0H solution.

3.3. Schottky barriers

Fig. 2 shows I-V characteristics of Al/p-CulnSe, and
In/p-CulnSe, Schottky junctions. It is seen that the
rectification ratio of all samples is more than two orders
of magnitude at the bias of about 1 V. The ideality factor
n and barrier height Vg estimated from the 1-V
characteristics are shown in Table 2. Here, the ideality
factor was determined from the exponential curves of the
current density vs. forward voltages at a voltage less than
1V as shown in Fig. 2. In the case of the forward bias,
the cut-in voltages of Al/p-CulnSe, junctions are some-
what larger than those of In/p-CulnSe,, and thus it is
expected that the diffusion potentials of Al/p-CulnSe,

Table 2
Schottky properties of junctions using p-CulnSe, bulk crystals

Sample Metal n  Vp  Carrier Carrier
(eV) concentration concentration
from C-V from Hall
characteristic (cm73) effect (cm73)
10E Al 3.6 060 59x10" 4.2 % 10"
In 3.0 054 42x10"°
20M Al 35 061 - 1.4 % 10'°
In 1.9 059 1.7x10%
25T Al 48 0.62 22x10% 4.6 x 10"
In 22 057 59x10'"°
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Fig. 3. C-V characteristics of Schottky junctions of Al/p-CulnSe, and In/p-CulnSe, at 50 kHz frequency in the dark at room temperature; (a)

10E, (b) 20 M and (c) 25 T.

junctions become larger. In addition, it is found that the
ideality factors of In/p-CulnSe, junctions are closer to 1
than that of Al/p-CulnSe,. In the case of the reverse bias,
the leak current was very low in the Al/p-CulnSe,
junctions, and no breakdown current was observed in
the voltage range down to —10 V. Judging from the
founding that the ideality factors was far from unity, it is
suggested that insulation layers (for instance, oxidation
layers) and/or carrier trap levels for surface states were
formed between metals and semiconductors.

Fig. 3 shows the plots of C -V characteristics at
50kHz frequency of Al/p-CulnSe, and In/p-CulnSe,
Schottky junctions. In the case of Al/p-CulnSe, junctions,
the frequency dependence of C 2~V characteristics was
observed. This may be due to the existence of insulation
layers in the junction interface. The junction capacitance
decreased as the frequency increased from 10 to
100 kHz. In the case of In/p-CulnSe, junctions, the
capacitance was almost independent of frequency. The
measured capacitances of In/p-CulnSe, junctions are seen
to be generally larger than those of Al/p-CulnSe,
junctions. Furthermore, two straight-line regions of
C?-V plots exist in the low and high bias regions,
respectively. It was reported by Fonash that the slope of
c2-v plots at a low bias in the MIS type metal-
semiconductor junctions is sometimes different from that
in the perfect metal-semiconductor junctions [11]. The
carrier concentrations determined from the slope of C~>—
V plots at a high bias were shown in Table 2, where the
carrier concentrations obtained by Hall effect were also
shown for comparison. It is shown that the carrier
concentrations of all samples estimated from C -V

characteristics are one to two orders of magnitude lower
than those from Hall effect. It is because Se vacancies
increased in the depletion layer, which were formed at
the surface of CulnSe, crystals by the decrease of Se
contents after etching with Br, + CH3;0H solution. In
other wards, the carriers in the depletion layer are
compensated by donors for Se vacancies. Thus, the C™*—
V characteristics may not reflect the bulk properties,
since the composition of bulk crystal is different from
that of the crystal surface. In addition, the influence of
insulation layers to the capacitance seem to lower the
carrier  concentrations  estimated from C *-V
characteristics.

4. Summary

Schottky barriers were fabricated by using good quality
single crystals of CulnSe, grown by the horizontal Bridg-
man method with controlling Se vapor pressure. The defect
physics of the metal/p-CulnSe, junctions was investigated
for samples having shallow or deep acceptors.

Judging from the results of the investigations by SEM
and EPMA before and after etching, the etching condition
was determined to use Br,,CH;OH (3%) for one minute
after etching in K,Cr,O; aq. (5%) + H,SO,4 for 1 min.
From the I-V characteristics of the metal/p-CulnSe,
junctions, the ideality factor and barrier height are
estimated as 3.6—4.8 and 0.60-0.61 eV for Al/p-CulnSe,,
and as 1.9-3.0 and about 0.54-0.59 eV for In/p-CulnSe,.
The C-V characteristics are also measured and analyzed
in the 10-100 kHz frequency range, and it is expected
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that the prepared junctions do not follow the Schottky
model, but rather obey the MIS one.
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An analytical approach to optic-axis light figures of optically active transparent materials with transversally isotropic linear
dielectric function is developed. The ratio of the gyration constant to the parameter of anisotropy of this function is shown to
be essential for the scale of the gyration effect on light figures. An algorithm for determination of all material-related optical
parameters is proposed in the form covering both symmetries possible for optical activity in uniaxial materials, such as
AgGaS; and TeO,. For AgGaS;, a deviation of the shape of the interference curves from circular is expected at enough large
angles of interference. In full agreement with the performed theoretical analysis, the shrinking of interference curves into zero-
size isochromates is observed at multiples of 7 for rotation angle of a thick 1420 um-plate of TeO,. Transversal component of
gyration pseudo-tensor of TeO, is determined for the first time. The recently proposed relative light-figure method is re-

formulated and briefly discussed with allowance for optical activity.
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1. Introduction

Recent developments' ™ in light figure (LF) spectroscopy,
which is used for optical characterization of anisotropic
materials since long time ago,”® give a hope that application
of LF can be extended to investigation of optical effects in
substances with nanosize structures. Most promising for this
purpose is thought to be relative LF method" that has
already received comprehensive experimental approval.? At
the same time absolute LF method may also be useful. This
method was sensitive to the formation of an incommensurate
superstructure with correlation length of the order of
~10nm and spatial dispersion of the order parameter was
then found to give a significant optical anisotropy of the
order of ~1073 with the background value of ~10~* for
basic lattice.>® For comparison, spatial dispersion in
optically non-active materials with usual interatomic dis-
tances can give only a very small correction of the order of
107° to the refraction index.”

Optical activity is a first order spatial dispersion effect that
usually influences refraction index in the order of ~10~* or
less. Conventional methods face difficulties in measuring
such small variations of refraction indices and full character-
ization of many anisotropic optically-active substances has
not been done yet.®’ LF, which, in our opinion, is basically
free of the deficiencies inherent to the other methods, can
assist in solving the problem. However a relevant analytical
approach is currently in lack.>®

Here we are considering optic-axis LFs of optically active
materials with transversally isotropic linear dielectric func-
tion in trial to find analytical approximations qualifying for
practical use in the frames of both absolute and relative LF
methods. Basing on the obtained results, we accomplish
numerical and experimental application to the TeO, having
one of the two symmetries possible for optical activity in
uniaxial materials, and give general analysis to a represen-
tative of the other symmetry, AgGaS,. As far as gyration-
induced variations of refraction indices are concerned, we
demonstrate that LFs are able to expose such variations
down to at least ~1077, which is still above the level of
variations (~107°) caused by thermal fluctuations (~0.1 K).

2. Influence of Optical Activity on Refraction Indices

Maxwell equations for transparent materials with gyration
permit solution in the form of the two elliptically polarized
waves.” If we select a coordinate system with Z-axis
parallel to the optic axis, we can write refraction indices of
these waves in the form

1 —1
NoGg = ( + poGo) (1)
el
and
) 0 . 29 —1
no — \/(8 cos? 6, + & sin” 6, n /OeGe> )
€|éL

Here subscripts o and e are related to the ordinary and
extraordinary waves, respectively. Parameter p, or elliptic-
ity, is determined as

1
Poe = f ( )/2 SiIl4 Qe + 4G(27,e — )/Sinz Go,e) (3)

It has always the same sign as G,.. Parameter y, or
parameter of anisotropy of dielectric function, introduced
into eq. (3) equals

_|eL—el

“

E1E

Angle 0, is the angle between k, and optic axis, €, and ¢
are transversal and parallel components of the dielectric
function tensor €, respectively. The upper and lower signs in
(1) and (2), as well as all the other expressions given
hereafter are taken for £, > ¢ and &, < g cases, respec-
tively. Analytical form of the parameter G, . that is nothing
else but a normal component of gyration pseudo-tensor G in
k direction can be found as

Go,e - ko,e Gko,e (5)

This form depends on the class of symmetry of optical
activity. In materials under consideration tensor G has either
2 or 42m symmetry. Note that this symmetry is not
necessarily the same as crystal point symmetry.
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For o2 symmetry (oc-axis parallels Z), tensor G has eigen
value G| for eigen vector that parallels Z and G, for all
eigen vectors in XY plane. Therefore this tensor is trans-
versally isotropic and normal component can be written as

Goe = G + (G — G))sin* b, (6)

For 42m-symmetry (4-axis parallels Z, 2-axes coincide
with X and Y) tensor G is not transversally isotropic because
it has three different principal components G|} = G,, Gy =
—G, and G33 = 0. At the same time, only one of these
components is unknown and normal component can be
written as

Goe = Gocos2¢psin® O, (7)

where ¢ is an angle counted from X or Y. Note that for some
crystal symmetries with above symmetry of optical activity
X and Y axes do not coincide with crystal axes @ and b. But
this has no influence on LFs for which only the symmetry of
optical activity is essential.

3. Influence of Optical Activity on Optic-Axis Light
Figures

The general condition of interference® for a uniaxial
optically non-active plate with thickness d can be re-written
to the form

\/ng —sin%6,, — \/ng —sin% 0, = (8)
where
mA
= — 9
a ¥ 9

For optically active materials the general condition of
interference remains valid in the form eq. (8) after making
transformation

&

—_— (10)
1 F £p0Go

Ng —> NoGg =

e(1 F ysin’ )

11
1+ ep.Ge (h

Ne —> NeG =
Here, ¢ is transversal component ¢, 0, and 6, are the
incident angles at which the m-th order isochromatic curve is
observed in optically non-active and active cases, respec-
tively. Parameter sinf, or sin6,; can be determined
experimentally and separately for each interference curve
by using an objective (or condensing) lens with variable
numerical aperture.

The effect of optical activity on LF will obviously depend
on how much the interference condition (8) written for
optically non-active case will be affected after allowance for
gyration. Examination of eqs. (10) and (11) immediately
shows that influence of optical activity on LF will be
determined by the epG-terms related to ordinary and
extraordinary waves, respectively.

In contrast with the optically non-active case, now the
interference effect is possible even at 6, = 0 for which
condition (8) transforms into

‘ ) £
== ‘9:0060 1 + EpoGo

(12)

= Uy
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It is clear that optical activity will modify not only the
interference angles (6,, — 0,,6) but also the radiuses
(rm — rpg) of interference curves.

The effect of optical activity on light figures can be
observed if difference |r,,c — 1| is larger than diffraction
limited resolving power of the objective lens with numerical
aperture sin 6, or

[FmG — Tml > 0.611/sin 6 (13)

According to condition (13), the use of variable numerical
aperture with sin6 = sin#6,,; is justified only for enough
large interference angles. For small interference angles
variable numerical aperture is less useful and information we
can obtain is restricted to the values of the radiuses of the
isochromatic curves.

It can be shown that the effect of optical activity on the
radius of an m-th order interference curve can be roughly

evaluated as
mad
|rmG_rm|~ 2Ai’ln ,Ome

where optical anisotropy An is the difference between
refraction indices of extraordinary and ordinary rays, n-
refraction index of ordinary ray. Here p,,G,, is taken for the
direction of mean path ray having refraction index n,, (see
Appendix).

(14)

4. Optical Activity and Optic-Axis Light Figures of
Silver Thiogallate and Paratellurite

4.1 State of art

Silver thiogallate, AgGaS,, and paratellurite, TeO,, are
representatives of two different symmetries (42m and o2,
respectively) possible for optical activity in non-center-
symmetrical materials with transversally isotropic tensor of
linear dielectric function. To the best of our knowledge,
there are no reports on LFs of the above materials.

AgGa$S, with 42m (D,q)-point group of crystal symmetry
has only one independent component (G,) of gyration
pseudo-tensor. This component is known only for the
isotropic point (1 = 497.3nm),” and finding G, in a wide
spectral range is yet to be done, in particular, by using optic-
axis (or perpendicular-to-optic-axis) LFs.

As follows from (3) and (7), for AgGaS, a ¢p,,G,,-term

can be written as
Go\?>
I+4—) cos?2p—1] (15)
14

For most cases the second term under the square root is
much smaller than the first one. Therefore, expression (15)
can be evaluated by

_yE sin? O

eomGm e
m

G )
epmGn X 7005 2¢sin” O, (16)
where we have taken n,, = /€ for simplicity.

As follows from (15) and (16), LF patterns will not be
influenced by optical activity at 6, = 0 and ¢ = w/4 £ Im,
where [ is an integer. In all the other cases this influence
depends upon values of 6,,c and ¢, being largest when ¢ =
I and 6, = /2. Strictly speaking, cos 2¢-modulation in
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Fig. 1. Parameter y and parameter |G)/y| for TeO,, as restored from the previous data.""'? Inset: optical constants and optical

anisotropy of TeO, according to the work.'"

eq. (15) or (16) will lead to the similar modulation of
interference angles and radiuses of interference curves so
that one can expect deviation of the shape of interference
curves from circular at least at enough large angles of
interference. More details related to this deviation, as well as
numerical estimates and experimental data for AgGaS, will
be given in another work.'”

Here we focus on the representative of the other symmetry
of optical activity, paratellurite (crystal symmetry 422 (Dy)),
which is optically well studied.'""'® As follows from egs. (3)
and (6), a £p,,G,,-term of paratellurite can be written as

.2
ye sin” O,
mezi
&p 2n2,
1
G G, — G\ |
x |:1+4<n,2n G, TIo ')] -1
Y Sin” Oy 4

(17)

Here the superscript + indicates that |G, — G| should be
taken with sign + if gyration constants have the same sign,
and with sign — if they have opposite signs. The estimations
based on the available data''"'? show that the second term
under the square root of (17) is much larger than the first one
for all incident angles less than 7°, which is slightly larger
than our experimental angular aperture (~6°). Therefore, for
6,6 < 7° we have

G, -G 1
epmGp ~ 8|G|I| + <|Ly| - 4>V5in2 OnG (18)

Unlike the case of AgGaS,, now we can expect strong
influence of optical activity on LF at small angles of
interference, too. For sufficiently large interference angles,
such as 6, > 7° in the case of TeO,, the second term under
the square root of relation (17) becomes smaller than 1 and
we have

Gyl [ 1G] +
Spme ~ ) + 2¢ |GL - GIIl
y \sin“6,¢

19)

Wavelength dependence of parameter y, as well as the
ratio |Gy |/y essential for both the scale of the gyration effect
on LF of TeO, and the best conditions for observation of the
effect from transversal component of gyration (see Appen-
dix) is shown in Fig. 1. We used the reported values'" of
optical constants (inset) to obtain data on Fig. 1. Component
G| was calculated using the well-known expression for
rotatory power, y,

A
G =22 (20)

nd

where n = /¢, and values of n and x from the works. "1

Note that optical anisotropy of TeO, (inset) and y depend
upon wavelength just in an opposite way. In the next section
we will give an extended analysis of our experimental results
on TeO, for which transversal component (G ) of pseudo-
tensor of gyration is unknown and will be determined in this
work for the first time.

4.2 Experimental results and analyses for paratellurite

Experimental results were obtained in the range 400-
700 nm at room temperature for a 1420 um-thick TeO,-plate
cut perpendicular to the optic axes. The details concerning
with experimental set-up and digital processing of the data
were described earlier.>”

A typical transformation of LFs with wavelength is shown
in Fig. 2 including radial distribution of light intensity in LF
patterns (inset) obtained at wavelengths of 510 nm, 480 nm
and 450 nm. The radius Ry of the smallest interference ring is
decreasing with decreasing wavelength and the ring, itself,
becomes unobservable around a wavelength of 450 nm for
which full extinction in the central part of LF pattern is
observed.

The key elements of the above transformation are
preserved over all visible spectral range and can be
understood from Fig. 3.
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Fig. 2. Experimental radial distribution of light intensity in light figure
patterns (upper part) of a thick plate of TeO, at different wavelengths.

Every interference curve with the lowest interference
order tends to shrink into zero-size isochromate at multiples
of 7/d for rotatory power. After shrinking, the interference
curve disappears from the LF pattern in full agreement with
the fact that interference order m in optically active material
can not exist below a wavelength, 4,,, given, according to
condition (12), by

1} () G(An)d ~ md,, 21)

Condition (21) immediately leads to the corresponding
condition for rotatory power

X(A) & m (22)
d

Numbering of interference orders m in Fig. 3 is therefore

done according to the last relationship that can be re-

formulated as a condition of multiples of & for rotation angle

(¢ = xd).

In Fig. 4 we show the results of comparison of the
experimental modified-by-gyration ratio R, /R,, for neigh-
boring interference orders m and m + 1 with that calculated
for optically non-active case according to the approximate
expression
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Fig. 3. Rotatory power of TeO, from the works''"'® and experimental
radiuses of interference curves of a thick plate of TeO, as functions of
wavelength. Open circles-experimental data; solid curves-results of
polynomial fitting; dashed continuations of the solid curves-speculative
behavior.

R, 1 2And \?
+ Ml 1+ 1+ (220
R m (m+ 1)1
(23)
2And\ >
x| 1+,/1+
mA

that can be easily derived from our previous results.”¥ Here,
we use large R instead of small » for radius of interference
curve since experimental radius R is enlarged in comparison
with real (small) radius r.

Note that ratio (23) is always within the following limits

m+1 Ry m+1
< <
m ~— R, = m

(24)

For thick samples, such as in our case, when condition

J mA
> 2An
is fulfilled, this ratio is supposed to be close to the values
given by the left-hand limit of relation (24). On the right
scale of Fig. 4 these values are given as v/2, +/3/2, /4/3
and +/5/4. The calculated ratios are practically independent
of wavelength since interference angles for the involved
interference orders are very small. Experimental ratios,
however, behave very differently from and approach the
calculated values only in the long-wavelength regions where
rotatory power is decreased. As seen from Fig. 4, every
R,+1/R,, ratio has its own long-wavelength limit given by
numbers /2, /372, /473 and \/5/4. Therefore one can
determine the interference orders of any two neighboring
interference curves.

Above we have described two independent methods for
correct determination of the interference order m in the case
of optically active material. Note that this case is different
from the case of optically non-active material for which the
smallest interference ring always has m = 1 and numbering
of interference orders presents no difficulty.

(25)



Jpn. J. Appl. Phys. Vol. 42 (2003) Pt. 1, No. 8

20— ———————7————
: experimental:
e calculated

1.81 ;o :
(3n/d) O\ (2n/d);

T

Ratio R, ,/R,,

1.0

500 7600
Wavelength (nm)

400

Fig. 4. Experimental (open circles—experimental data; solid curves—
results of polynomial fitting) and calculated (horizontal dashed curves)
ratios of the radiuses of the two neighboring interference curves as
functions of wavelength for a thick plate of TeO,.

At least to an observable extent given by Fig. 4 we can see
that the lower m is the stronger the experimental values of
Ry+1/Ry, deviate from their long-wavelength limits for any
chosen wavelength. This can be understood if normal
component of gyration pseudo-tensor is decreasing with
increasing interference angle. The traces of black isogyros
curve in the distant from central parts of LF patterns (Fig. 2,
inset) are also witnessing that higher interference orders are
less influenced by optical activity than lower interference
orders.

Since we used a thick plate and low interference orders,
and did not determine interference angles, we employed our
experimental data together with available data on optical
constants'” to obtain transversal component G, of the
gyration pseudo-tensor of TeO,. The sign of this component
turned out to be opposite with that of Gj.

Both components are shown in Fig. 5. As far as Gy is
negative (left-hand rotation),'"'? positive sign (right-hand
rotation) is appropriate for G, . A relative mistake of 70%
should be assigned to the obtained values of G| because of
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the insufficient accuracy of the experimental values'" of the
optical anisotropy that influenced parameter y and the final
solution obtained according to the proposed algorithm (see
Appendix).

5. Optical Activity and Relative Light-Figure Method

The relative optic-axis LF method is based on the
following relation justified for small angles of interference"

A dn A dR,, dO,u(2)
L = T D cotB,()
ndd R,, dd da

(26)

Note that in regions with normal dispersion (or below energy
gap) the relative dispersion of the refraction index always
assumes negative values. The first term in the right-hand part
of eq. (26) can be negative or positive depending on whether
optical anisotropy (An) decreases or increases with increas-
ing wavelength. The sign of the second term in the right-
hand part of eq. (26) is always opposite with that of the first
term.

In the presence of optical activity eq. (26) transforms into

A dn n*pG Adn 1 2 dpG
nddl  1Fn?pG\ndd 2pG di @7
A dR,g dB,6(A)

= A cotB,6(A
d/1+co () p

Ruc A

For TeO,, the lower sign must be selected. The first term in
the right-hand part of relation (27) behaves as shown in
Fig. 6. It assumes quite large negative values (~ —2) even at
wavelengths distant from 4,, [see relation (21)] for which
gyration-related correction to the refraction index n is
maximal (~10~*) and this term is already of the order of
~ —10. For comparison, thick plates [see condition (25)] of
optically non-active materials typically display smaller
values of this term, such as hardly above ~ —1"? As seen
from Fig. 6, this term is nearly constant in the regions far
from A,,. For these regions the gyration-related correction is
already of the order of ~107°, as indicated by €0mGnm
increasing downward on the right-hand scale of Fig. 6. Since
epmGn = 1Gy| at 6, =0°, we can figure out that we
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Fig. 5. Parallel component (Gy) of gyration pseudo-tensor, as restored

from the previous data,'"'? and transversal component (G,) of this

tensor, as firstly obtained in this work by using optic-axis light figures and
the data on y and ¢ restored from the work.'"

Wavelength (nm)

Fig. 6. Relative wavelength dispersion of the radiuses of interference
curves of a thick plate of TeO,. Gyration-induced correction to the
refraction index is shown on the right-hand scale. Dashed curve connects
the points with equal radiuses on different interference curves.
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reliably detect every gyration-induced variation from 2 x
10~ down to ~107%. According to Fig. 6, and as expected,
influence of optical activity on LFs increases with decreas-
ing wavelength, as shown by dashed curve connecting the
points with equal radiuses on different interference curves.

Simple estimations show that the absolute value of the
relative dispersion of the refraction index of TeO,, as well as
most materials, is less than ~0.1. On the other hand, we have
giant values of the relative dispersion of the radiuses of
interference curves (Fig. 6). As calculations show, for TeO,
the second term in the right-hand part of eq. (27) behaves
nearly in the same manner and has nearly the same (but
positive) amplitude as the first term. Both terms together
give very small total dispersion that equals the value given
by the left-hand part of eq. (27). Separately, however, each
term reflects very strong dependence of interference angles
in eq. (8) upon gyration. This is in the heart of high
sensitivity of both absolute and relative light-figure methods
to the optical activity.

6. Conclusions

An analytical approach to LF of optically active materials
with transversaly isotropic linear dielectric function was
developed and an algorithm for finding all material-related
optical parameters from experiment was proposed. The
recently introduced relative LF method was re-formulated
with allowance for optical activity. The developed approach
was successfully applied to TeO,. The transversal compo-
nent of gyration pseudo-tensor of TeO, was determined for
the first time. For AgGaS,, a deviation of the shape of
interference curves from circular might be expected at
enough large angles of interference.
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Appendix: Determination of All Optical Parameters of
a Uniaxial Optically-Active Material from

Optic-Axis Light Figures

If interference angles or radiuses of interference curves
are known for three interference orders, we can in principle
determine three unknown parameters (y,e and G, or Gy;
|G| is not an additional unknown parameter since, using eq.
(20), it can be expressed, through ¢ and y that can always be
restored from the data for central part of LF) by solving
numerically a set of eq. (8) for optically active case.
However, in practice it is preferable to reduce the number of
the used interference orders for the accuracy-related prob-
lems (see below). Here we are considering an additional
equation that relates the radius of interference curve and the
mean path ray refraction index. This equation can be used to
reduce the number of the necessary interference orders down
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to 2 provided that interference angle and radius of
interference curve, both are known for any chosen wave-
length.

Let us leave equation for radius of interference curve in
the previous form®

d sin 6, d sin® 0,
'mG =
n2 . — sin® O, 2
(A-1)
1 1

X

2 ) 2 )
\/ ng,g — Sin” 6,6 \/ ng, — Sin” O,6

and re-write auxiliary equations for mean path ray refraction
index, n,q, and mean path length, d,,, as one equation

A (A-2)
nm = — .
¢~ 2B,
\/ n2, o — sin’ 0,6 \/ n2, . — sin® O,
)
sin” 6, 1
B,=11 J G
n2, c — sin Oy
2

1

. (A-4)
n2, — sin’ 0,6

For all 6,,; less than /4, the ratio between the second and
first terms of relation (A-1) is very small

0.25 sin* 0,,6(/€ — 0.5 sin% 0,,6)(2 + y)
e —0.5/e2 + p)sin? 0, + 0.25(1 + y) sin* 0,6
<1073

(A-5)

Therefore, for all practical purposes one can take only the
first term into account.

If we use variable numerical aperture, the following
parameters of LF will be known

am = rmiG? sin 0,6 = ﬂm, nmG = ﬂi 1- a,zn,
d oy
ma,,
and = (A-6)

where M is a calibration constant determined according to
the reported procedure.”

After making transformations (10) and (11) in interference
condition (8), and by combining (A-2) and (A-6), we have
two independent equations for any interference order m to
determine ny,,c and ne,G

Vo= B =\~ | = A7)
and
— /1 - a,, = —— = fm(nomG7 NemG» ,Bm) (A-8)
oy, 2'Bm

On the other hand, we can obtain expressions for G, or Gy
in analytical form by using eqgs. (3), (6) and (7) and
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remembering that according to eqs. (1) and (2)
2

8 —_—
£PonGom = F 21 (A9)
omG
and
e(l — yp2) — n?
EunGon = £ VI Zene 5 1)
NemG

After exclusion of G, or Gy, we can finally get an
equation that relates only two unknown parameters, y and ¢,
for any order of interference. Note that the just-described
algorithm requires data only for two interference orders to
obtain y and e. After y and € are obtained G, or G are
found from eq. (3). In some cases this algorithm can be
simplified by replacing both p,,, G, and pe,, G, With p,, G,
which is taken for the direction of the mean path ray with
refraction index, 71,,;.

To understand the consequences of such replacement, let
us analyze the relationship between ny,c and ne,c before
and after replacement is done. Respectively, we have

ngmG _ 1 1+ SpemGem (All)
ngmG 1 FVv Sin2 emG 1 + EpomGom

and
n%mG _ 1 "3,, + SPme(n,zn + Sinz 9171G)

2

n2.c  n:F ysin O, 1 F £pmGom

(A-12)

Both (A-11) and (A-12) follow from eqs. (1) and (2). In
particular, (A-12) was obtained by considering that refrac-
tion indices of the waves propagating along the same
direction m (direction of the mean path ray) in an optically
active material should obey the following relationships

32 =12 F puGn 1326 =152 % puGr  (A-13)

The difference between (A-11) and (A-12) approximately
equals ~y sin® 0,,g which should be less than desirable
accuracy (or €p,,G,,) in order to apply this approach. As
estimations show, the last condition is fulfilled for TeO, only
at 0,,¢c < 1° and application of this approximation is not
justified for most incident angles at which experimental data
were obtained.

Obviously enough, the above described procedure could
be also applied to optically non-active case and only one
interference order would be necessary to determine y and ¢.

If interference angles are unknown like in our case, the
information we obtain from LFs is restricted to the radiuses
(a,,) of the interference curves. In such case, determination
of all optical parameters requires, in principle, three
interference orders. But, as we found after the examination
of our experimental data (see Fig. 3), the accuracy of
determination of G| may become insufficient in this case. At
least for TeO, and rather small interference angles
(6 < 7°) we could not get a reliable value of G by using
simultaneously three interference orders for the same wave-
length. Therefore we could not determine transversal
component unless we used the data for y and e. In our case
y and ¢ were restored from the data on optical constants in
the work.'" Generally, however, we could obtain y and ¢
from LF of optically active material by solving the problem
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for optically non-active case and optimizing the obtained
values afterwards. Indeed, as follows from eqs. (16) and
(18), the influence of optical activity will be negligible for
some angles of interference. In optically non-active case, we
need, in principal, to know only the radiuses of interference
curves (or interference angles) for two orders of interference
to obtain y and e. After getting y and ¢ we can determine
gyration constants, using the interference condition (A-7) in
the form

e(l Fysin?0,6) .,
Oy = ———————— —8in“ O,
1+ EpemGem
(A-14)
&
- \/ — 5?6,
1 F €0omGom

where

1 .
&ponGon = > {[y2 sin* 0, + 4(¢|Gy |

1
+* |G — Gy sin® 6,6)*]* — ysin® 9mG}
(A-15)
and
1

3 emGem = o .. <
8 201 F ysin’ O,)

({ y*sin* 6,,6

=

+4[e|Gy| + (y — FIGL — Gy|)sin® 6,61}

— ysin? emc) (A-16)

On the other hand, it follows from (A-1) and (A-6) that

2
m

2
m

Ny = sin 0,,G (A-17)

a

Equation (A-2) with left-hand part given by (A-17) and
right-hand part given by (A-3), and (A-4) with refraction
indices

£ (1 F ysinb,c)
NomG = s MemG =
1 =+ £00mGom I £ £0emGem

(A-18)

where €00, Gon and epe, Gep, are given respectively by eqs.
(A-15) and (A-16), and eq. (A-14) are two equations from
which interference angle and transversal component of
gyration are determined by using only one interference
order. In practice, however, we have to analyze a number of
interference orders to find the one(s) that provides best
conditions for determination of the transversal component.

Following the just-described procedure, we performed
calculations for all interference curves in Fig. 3. We first
determined the angle of interference by living in egs. (A-15)
and (A-16) only the known parallel component of gyration
and then included both components (|G| and |G| — G|) to
see how much was the difference between the interference
angles. This difference was maximal (~0.3°) only at some
angles from 2° to 5° depending on the wavelength. And,
these angles were found to be very close to the angles for
which
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G
1G]

sin 6, ~ (A-19)

The G, was determined exactly within a range of these
angles of interference. Below and above this range determi-
nation of G, was exceedingly difficult because the influence
of |G, — G| was down to a negligible value of ~0.01°. For
this reason, we used only some section of any interference
curve in Fig. 3 to obtain G . Therefore, G -curve in Fig. 5 is
a resultant curve composed from experimental results for
different interference orders.
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Abstract

We have investigated how the oxygen-annealing temperature and RE211 addition influence the flux creep at 77 K in
melt-processed DyBa,Cu;0;_; (Dy123). By making conventional flux creep experiments, we found that Dy211 contents
suppress the flux creep. It was also found that the flux creep is more suppressed by the annealing treatment in the lower
temperature. A suppression in the flux creep was observed for samples with the secondary peak effect.

© 2002 Published by Elsevier Science B.V.

PACS: 74.60.Ge; 74.60.Jg

Keywords: Magnetic relaxation; Secondary peak; Flux creep; DyBa,Cu307_;

1. Introduction

In the field of power applications it is necessary
to fabricate superconducting materials with high
critical current densities J,. An enhancement of J,
value is in general achieved by increasing the
number of effective pinning centers in supercon-
ductors. The melt-processed REBa,Cu;0, (RE:
Nd, Sm, Eu and Gd) exhibits the secondary peak
effect on the magnetization hysteresis curve, which
is ascribed to RE rich RE123 clusters with de-
pressed 7. in the matrix [1]. J. values are largely
enhanced by the secondary peak effect. Recently,
Nariki and Murakami [2] has reported that the

*Corresponding author. Address: Superconductivity Re-
search Laboratory, ISTEC, 1-16-25 Shibaura, Minato-ku,
Tokyo 105-0023, Japan. Tel.: +81-3-3454-9284; fax: +81-3-
3454-9287.

E-mail address: h-enomoto@istec.or.jp (H. Enomoto).

superconducting properties of the DyBa,Cu;O7_;
(Dy123) bulk samples were strongly affected by the
Dy211 contents and the oxygen-annealing tem-
perature. Although there is no Dy-Ba solid solu-
tion and thus no Dy rich clusters, Dy123 exhibits
relatively large secondary peak effect, which is as-
cribed to the presence of oxygen deficient clusters.
It is well known that the amount of oxygen va-
cancies in RE123 phase increases with increasing
oxygenation temperature. A large variation in the
superconducting properties of the present Dy123
with the oxygen-annealing temperature is thus
caused by the variation in the size and distribu-
tion of oxygen deficient regions. Oxygen deficient
clusters with depressed T; act as the field-induced
pinning centers, which is the source of the peak
effect [3]. In the Dyl123/Dy211 composite system
containing the low-7; phase and Dy211 phase, the
flux creep behavior is expected to be different from
that of a single phase system.

0921-4534/02/$ - see front matter © 2002 Published by Elsevier Science B.V.
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In the present work, we investigated the effect of
Dy211 addition and oxygen-annealing tempera-
ture on the flux creep properties of Dy123/Dy211
composite bulk superconductors by measuring the
magnetic hysteresis and magnetic relaxation.

2. Experimental

The Dyl123/Dy211 composite samples used in
the present study were fabricated by the top-see-
ded melt-growth process, the details of which
were described elsewhere [2]. For the measure-
ments of the superconducting properties, rectan-
gular pieces with dimensions of about 2 x 2 x 1
mm?® were cut from as-grown bulk samples. To
investigate the effect of oxygen-annealing tem-
perature on the flux creep properties, we used
Dyl23 containing 5 mol% Dy211, which was
annealed in flowing oxygen gas at 400, 450, 500,
and 550 °C for 100 h. The effects of Dy211 ad-
dition on the flux creep properties were also
studied with Dyl123 containing 5, 10, 20, and 40
mol% Dy211, which were annealed in flowing
oxygen gas at 450 °C for 100 h. The hysteresis
loop and magnetic relaxation measurements were
performed using a commercial SQUID magne-
tometer (Quantum Design, MPMS) with mag-
netic field applied parallel to the c-axis.

We confirmed that the samples with various
Dy211 contents exhibited almost the same T value
of 91.5 K. We also confirmed that no appreciable
difference in T, values was observed for the sam-
ples with different annealing temperatures and the
T. was also around 91.5 K except the sample an-
nealed at 550 °C, which showed a T, value of 89 K
and a broad transition.

For the magnetic relaxation measurements, it is
essential for the external field penetrating to the
center of the sample. To establish this condition,
the magnetic field of —7 T was first applied to the
sample and then swept to the desired value. The
time decay of magnetization M(¢) was measured
for 4200 s at various fields ranging from 0.25 to 3
T at 77 K. The starting time of decay measure-
ments was defined to be #,; = 70 s. This value of
tmir Was certified to be sufficiently long with the two
different determination methods of u [4].

3. Results and discussion

Fig. 1(a) and (b) shows the magnetic field de-
pendence of J; at 77 K, which were calculated from
the hysteresis loop using the extended Bean model
[5]. As shown in Fig. 1(a) the J, in a low field re-
gion increases with increasing Dy211 contents. In
contrast the secondary peak height decreases with
increasing Dy211 contents. Due to the largest peak
effect, Dyl123 containing 5 mol% Dy211 exhibits

6 3
] [J 40mol%
9 O 20mol%
Ng 4 A 10mol%
> 1" < S5mol%
<
< 3 &
2 mk::
X 2]
BE
0 ]
0 1 2 3 4 5
(a) B (T)
6 _
5mol% sample
3 [ 400°C
4 < 450°C
A 500°C

O 550C

Je (x10* A/em?)

(b) B (T)

Fig. 1. J—B curves for the bulk Dyl23/Dy211 composite
samples with (a) the different Dy211 contents annealed in O, at
450 °C and (b) 5 mol% Dy211 annealed in O, at temperatures
of 400-550 °C.
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the highest J. values even at the higher fields above
the secondary peak. Furthermore, in Fig. 1(b) one
can see that the secondary peak position gradu-
ally shifts to lower fields with increasing oxygen-
annealing temperature. The J; value was drastically
depressed over a wide field range in the sample
annealed at 550 °C primarily due to low 7.. Al-
though no appreciable difference was observed in
T, one can see a systematic increase in J; and the
peak field with lowering annealing temperature. In
general the number of oxygen vacancy is increased
at lower temperatures. However, for the enhance-
ment of the secondary effect, one needs to have a
well annealed matrix wherein the small oxygen
deficient clusters are uniformly distributed. We
believe that such microstructure is produced by
low temperature annealing.

Fig. 2(a) and (b) shows the magnetic field de-
pendence of normalized relaxation rate S at 77 K,
which was obtained from the slope of In M versus
Inz using the least-square method. For the samples
containing 10, 20, 40 mol% Dy211, S was lowered
with increasing the Dy211 contents accompanied
by an increase in the J, values (see Fig. 1(a)). For
the sample containing 5 mol% Dy211, which ex-
hibits the large secondary peak, shows the lowest
normalized relaxation rate. These results suggest
that both the Dy123/Dy211 interfacial pinning and
the field-induced pinning caused by the oxygen
deficient clusters are effective in reducing the flux
creep. Mochida et al. [6] reported that such a
combined effect of two different pinning mecha-
nisms led to the suppression in S for the Nd123
system, which is consistent with the present Dy123
system. In Fig. 2(b) one can also see that nor-
malized relaxation rate S is lowered with decreas-
ing oxygen-annealing temperature. This result is
also consistent with J.—B data for the sample with
different oxygen annealing temperatures.

Next, we analyzed the present relaxation data
based on the collective pinning theory [7,8]. Ac-
cording to this theory, the exponent u in the plot
of M~ versus In(¢) is an important parameter
to characterize both the relaxation and vortex
dynamics. Phenomenologically, u= —1 gives a
straight line, while g < —1 and u> —1 gives
respective convex and concave curves. In the col-
lective-pinning theory, three different pinning re-

| O 40mol%
0.2 + O 20mol%
1 A 10mol% )
. 1 < 5mol%
0.1 +
0 T
0 1 2 3
(a) B (T)
1 5mol% sample
0.2 + [O400C
1 <450C
i A 500°C s
to —
0.1 + i
O T T T I T T T i T T T
0 1 2 3
(b) B (T)

Fig. 2. Field dependence of S at 77 K for the Dy123/Dy211
bulk samples with (a) the different Dy211 contents annealed in
0O, at 450 °C and (b) 5 mol% Dy211 annealed in O, at tem-
peratures of 400-550 °C.

gimes of single-vortex pinning, small and large-
flux bundles are characterized by u=1/7, 3/2,
and 7/9, respectively. Fig. 3(a) and (b) shows the
magnetic field dependence of the u at 77 K for the
samples with various Dy211 contents and anneal-
ing temperatures. The p are estimated by selecting
a trial value of y and plotting M * versus In(¢). For
the determination of the u value, a linear regres-
sions was repeated until the quantity (1 — R?)
reached the minimum value, where R? is a statis-
tical correlation constant and ideally unity for a
perfect fitting. The u exhibits the peak for the
sample with 5 mol% Dy211 which has the re-
markable secondary peak. The samples with
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Fig. 3. Field dependence of p at 77 K for the Dyl123/Dy211
bulk samples with (a) the different Dy211 contents annealed in
0, at 450 °C and (b) 5 mol% Dy211 annealed annealed in O, at
temperatures of 400-550 °C.

higher J. which includes 10 and 20 mol% Dy211,
have the higher u in the low field. In Fig. 3(b) one
can see that the maximum position of u shift to
lower field with increasing oxygen-annealing tem-
perature for samples with the clear secondary peak
which were annealed at 400, 450 and 500 °C. The
positive peak value of u increases with decreasing
oxygen-annealing temperature, that shows the u
value is the higher for the sample with the larger
secondary peak (see Fig. 1(b)). Hence the u value

seems to be strongly correlated with field-induced
pinning.

4. Summary

We measured the magnetic relaxation in Dy123/
Dy211 composite bulk superconductors. An in-
crease in the Dy211 contents was effective in sup-
pressing the flux creep. The oxygen-annealing at
lower temperature could enhance the secondary
peak effect and was also effective in reducing the
relaxation. A reduction in S was observed for the
sample with the large secondary peak. The positive
peak value of u is the higher for the sample with
the larger secondary peak. This implies that the p
is correlated with the field induced pinning.
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Abstract

In order to overcome the difficulties in getting bulk single crystals of Cu-based multinary compounds of high quality,
we have investigated the chemical reaction involving single phase formation, the phase diagrams for bypassing the
peritectic reaction, and the solid-state phase transition and the effect of VI vapor pressure on the crystal growth. The
selenization or sulfurization method of a Culn alloy is devised to grow single crystals of CulnSe, or CulnS,. To bypass
the peritectic reaction of CuGaSe,, solution growth has been performed by using a self-flux, and it is shown that large
single crystals can be grown better from a CuSe solvent than from a Cu,Se solvent. In addition, a solvent of Sb,Se; is
used to grow CulnSe, single crystals at temperatures below the solid-state phase transition. Furthermore, the melt
growth under controlled VI vapor pressure is adopted to grow high-quality crystals of CulnSe, and CulnS,. © 2002

Elsevier Science B.V. All rights reserved.

PACS: 81.30.Dz; 81.10.—h

Keywords: Al. Phase diagrams; A2. Single crystal growth; B2. Semiconducting ternary compounds

1. Introduction

There are few practical opto-electronic devices
composed of multinary compounds with tetrahe-
dral coordinations, in spite of their enormous
potential for various applications. One of the
difficulties is caused by the uncontrollability of the
physical properties of these compounds, arising

*Corresponding author. Tel.: +81-559-68-1211-4407; fax:
+81-559-68-1155.
E-mail address: matusita@wing.ncc.u-tokai.ac.jp
(H. Matsushita).

from the fact that they essentially consist of more
than three elements. Actually, each compositional
atom has the possibility of occupying various
lattice sites and even generating a vacancy and/or
an interstitial during growth, inevitably leading to
difficulties in getting a bulk single crystal of high
quality. In addition, there are always several paths
to obtain precursors of multinary compounds. In
other words, they can be synthesized through
different chemical reaction processes.

In order to overcome the difficulties above-
mentioned, we have investigated (1) all the
chemical reactions until a single phase is formed,

0022-0248/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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while at the same time, the intermediate binary
products synthesized during the formation pro-
cess, (2) the pseudo-binary phase diagrams which
are necessary for the strategy to grow a single
crystal bypassing the peritectic reaction and the
solid-state phase transition if they exist, and (3)
the effect of vapor pressure of VI group elements
on the growth of single crystals.

2. Chemical reactions synthesizing a single phase

Prior to the growth of single crystals of better
quality, we should know the formation mechan-
isms, i.e., the chemical reaction process forming a
single phase. We present here the results of
CulnSe,, CulnS, and CuGaSe, [1-3]. Differential
thermal analysis (DTA) and X-ray diffraction
(XRD) are used throughout this report. Figs. 1(a)
and (b) show DTA curves of Cu+In+2Se,
Culn+2Se mixtures and Cu+Ga+2Se, Cu-
Ga +2Se mixtures in the heating process, respec-
tively, where DTA curves of elements and
compounds are also shown for comparison.

For Cu+In+2Se mixture, the chemical reac-
tions and phase transitions are summarized as
follows.

(1) In, Se —In,Se, IngSe; at 250°C.

(2) Cu, Se— CusSe,, CuySey at 280-420°C.
(3) In,Se: solid —»liquid at ~500°C.

1987

(4) InSe, IneSey: solid — liquid at ~ 600°C.

(5) In,Ses: solid —liquid at about 900°C.

(6) Cu;Sey, InSe, In,Se; — CulnSe, above 950°C.
(7) CulnSe,(sphalerite): solid — liquid at 996°C.

It was found that a few exothermic reactions
just below the melting point of CulnSe, did not
necessarily occur, and the solid phases of Cu,_,Se
and/or copper sometimes remained even at 1040°C
in the liquid of the mixture [1].

For Culn + 2Se mixture, the chemical reactions
and phase transitions are summarized as follows.

(1) Cuj_,In, (x>0.5), Se—CulnSe,, InSe at
520°C.

(2) Cuj_,In, (x<0.5), Se, InSe—CulnSe, at
575°C.

(3) InSe: solid —»liquid at about 650°C.

(4) CulnSe,: chalcopyrite —sphalerite at about
810°C.

(5) CuSe, InSe— CulnSe, above 950°C.

(6) CulnSe, (sphalerite): solid — liquid at 996°C.

According to the phase diagram of the Cu-In
system [4], it is known that Culn alloy decomposes
into Cu-rich Cu—In phase and In-rich Cu—In phase
with increasing temperature.

In the selenization reaction of In-rich Cu-In
phase at 520°C, CulnSe, and InSe compounds
were formed, and then most of the CulnSe,
compound was produced at 575°C.

g T In
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= ~—h—~"
= § 2Cu+Se
S e
sl —V 2In+3Se
N
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Fig. 1. (a) DTA curves of Cu+In+2Se, Culn+2Se mixtures, and (b) Cu+ Ga+ 2Se, CuGa +2Se mixtures in the heating process,
where DTA curves of elements and compounds are also shown for comparison.
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Similar to CulnSe,, most of the CulnS,
compound was also formed from a Cu+In+2S
mixture below the melting point of CulnS,
through the chemical reaction between Cu,_.S
and In,S;_, [3]. Considerable amounts of hetero-
geneous phases, for instance, Cu sulfides having
melting points higher than that of CulnS,, are
considered to coexist with the CulnS, phase at
about 1100°C. On the other hand, the explosive
exothermic reactions from a Culn+ 2S mixture at
480°C and 700°C were ascribed to the sulfurization
of the Cu-In phase, where most of the CulnS,
compound is formed [3]. In conclusion, the
selenization or sulfurization method of a Culn
alloy at temperatures other than 575 or 700°C is
one of the best methods to grow single crystals of
CulnSe, or CulnS,.

In contrast to the cases mentioned above, the
chemical reactions and phase transitions of Cu-
Ga +2Se are summarized as follows.

(1) CuSe: solid —liquid at ~550°C.

(2) Cu-Ga alloy, Se — GaSe, Ga,Se;, CuSe at 550—
750°C.

(3) Ga and Cu selenides: decomposition and/or
selenization at ~800°C and ~900°C.

(4) CuGaSe; (chalcopyrite) > CuGaSe, (sphaleri-
te) +liquid at 1060°C.

(5) Cu;Sey, GaSe, Ga,Se; - CuGaSe, (sphalerite)
above 1080°C.

(6) CuGaSe, (sphalerite): solid — liquid at 1105°C.

The CuGa alloy decomposes into Cu-rich Cu—
Ga phase and Ga-rich Cu—Ga phase with increas-
ing temperature, in accordance with the phase
diagram of the Cu—Ga system [5]. The CuGaSe,
phase has already been derived below 950°C
through the liquid phase reaction between the
Cu—Ga phase, mentioned above, and selenium [2].
About a half of the CuGaSe, phase was confirmed
to be formed, judging from the following two
results.

(1) XRD intensities of the CuGaSe, phase
reduced to about half after heating up
to 950°C in comparison to those up to
1150°C [2].

(2) The heat of transition from the chalcopyrite
phase to the (sphalerite+liquid) phase at

1060°C of CuGa+2Se was smaller than that
of CuGaSe, as shown in Fig. 1(b).

In addition, CuGaSe, compound was not
perfectly formed at about 1100°C since the heat
of fusion at about 1100°C of CuGa+2Se was
lesser than that of CuGaSe, as seen in Fig. 1(b).
Thus, the selenization of the CuGa alloy is not
necessarily needed for the CuGaSe, single phase in
contrast to the cases of CulnSe, and CulnS..

To find another preparation method except for
the selenization of the CuGa alloy, we investigated
the chemical reaction process of Cu+ Ga+2Se
mixture as follows.

(1) Cu, Se— CuSe,, CuSe, CusSe, at 280-380°C.

(2) CuSe,, CuSe: solid-phase transition at about
380°C.

(3) CuSe,, CuSe: solid —liquid at about 530°C.

(4) Ga, Se—GaSe at 700-800°C.

(5) Ga, CuSe,, CuSe, GaSe— CuGaSe, at about
900°C.

(6) CuGaSe, (chalcopyrite) > CuGaSe, (sphaleri-
te) + liquid at 1060°C.

(7) CuGaSe, (sphalerite): solid — liquid at 1105°C.

The heat of transition at 1060°C of Cu+-
Ga+2Se is in good agreement with that of
CuGaSe; as seen in Fig. 1(b). Hence, the CuGaSe,
phase is formed by the exothermic reaction at
about 900°C. Thus, it is considered that the
CuGaSe, phase is completely formed from a
Cu + Ga + 2Se mixture below 1060°C. In addition,
the heats of transition and fusion at about 1060°C
and 1100°C of a CuSe,+ Ga mixture are also in
agreement with those of CuGaSe,. Therefore, it is
expected that the chemical reaction between Cu
selenides and gallium is one of the best preparation
methods for CuGaSe,.

3. Phase diagrams and solution growth

On the basis of the pseudo-binary phase
diagram of Cu,Se—Ga,Se; system, it is shown that
the CuGaSe, chalcopyrite phase is formed through
a peritectic reaction from the (sphalerite + liquid)
phase to the chalcopyrite phase [6,7]. Therefore, a
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large single crystal is difficult to be grown from the
stoichiometric melt, and hence the solution meth-
od using a self-flux is recommended to obtain a
single crystal of higher quality. Actually, the
crystal growth of CuGaSe, has been performed
by the self-flux method, using Cu,Se and CuSe
solvents [8,9].

The Cu,Se—CuGaSe, phase diagram shows that
the transition line from sphalerite to chalcopyrite
phase exists at 1054°C in 55-100 mol% CuGaSe,.
In addition, a eutectic line was deduced at 996°C in
25-100mol% CuGaSe,, and the eutectic point
exists at 996°C for 34mol%. In this case, single
crystals of CuGaSe, could be grown using the
liquidus line in the composition ranging from 35 to
50 mol% CuGaSe,, resulting in a short (20 mm at
most) single crystal [8].

In contrast to the Cu,Se solvent, the phase
diagram of the CuSe-CuGaSe, system was de-
duced as shown in Fig. 2(a). The transition line
from sphalerite to chalcopyrite phase is considered
to be between 58 and 100mol% CuGaSe,. The

(chalcopyrite +liquid) phase exists under the
liquidus line in the composition ranging from 0
to 58 mol% CuGaSe,, which can be used to grow
the CuGasSe, crystals. Here, the crystal growth was
achieved using the 10-55mol% CuGaSe, range.
As the liquidus line for the chalcopyrite phase to
be precipitated is wide in comparison to the Cu,Se
case, a long single crystal of 50 mm in length was
obtained as shown in Fig. 2(b). The XRD patterns
of the grown ingot are shown in Fig. 2(c). The top
50 mm of it (*“15mm” and “45mm” in this figure)
had the single chalcopyrite phase of CuGaSe,. The
XRD intensity of the CuSe phase shown by open
circles increases as it moves from “65mm” to the
end of the ingot. It was found that the composition
of the top (“15mm” and “45mm”) was nearly
stoichiometric (Cu=26%, Ga=24%, Se=50%).
It was also shown that larger single crystals were
grown from a CuSe solvent than a Cu,Se solvent.

On the other hand, we have attempted to
grow CulnSe, single crystals at temperatures
below the solid-state phase transition using Sb,Ses
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Fig. 2. (a) Pseudo-binary phase diagram of the CuSe-CuGaSe, system, (b) a photograph of an as-grown ingot and (c) XRD patterns
of ingots grown using a CuSe solvent. The CuSe phase is indicated by open circles. Each spectrum is normalized to the (1 12) line of

“15mm”.
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as a solvent [10]. It is expected that Sb,Ses is not
incorporated in CulnSe, crystals, which is con-
sidered from the results of the liquid phase
epitaxial growth of AgGaS, using an Sb,S; solvent
[11]. The phase diagram of the Sb,Se;—CulnSe,
system determined from the XRD and DTA
results is shown in Fig. 3(a). The eutectic tempera-
ture is deduced as 520°C between 5 and 90 mol%
CulnSe,. The eutectic composition is evaluated to
be 10mol% CulnSe,. The transition point from
sphalerite to chalcopyrite phase exists at about
800°C in 50-100mol% CulnSe,. Hence, it is
expected that a CulnSe, chalcopyrite phase rises
much lower than the transition point in 10—
50 mol% CulnSe, at 520-800°C.

Based on the phase diagram of Fig. 3(a), the
bulk single crystals were grown from a solution of
50mol% CulnSe,. A photograph of a typical
grown boule is shown in Fig. 3(b). A single crystal
of about 11 mm in length was grown from the
bottom of the boule along the growth direction.
From XRD patterns of three parts labeled “a”,

Liguid CulnSe; (sphelerite) + Liquid

[ SooSeq (s) + Liquuid

]
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8 &8 8 8 3 8 8
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“b” and ‘¢’ of the boule, only the “a” part
showed the pure CulnSe, chalcopyrite phase. In
the “b” and ‘“c” parts, the Sb,Se; phase was
included. Fig. 3(c) shows the composition varia-
tion along the growth direction of the boule
measured by EPMA. The Cu:In:Se ratio is shown
to be about 1:1:2 and is uniform throughout the
region ““a” of the single crystal, while antimony is
detected in the boule above 12mm. The impurity
analysis of the “a” part was performed by means
of inductively coupled plasma (ICP) spectrometry.
The result indicated that the region “a” contained
antimony at a level <0.1mol%.

4. Crystal growth under controlling VI vapor
pressure

It is sometimes effective to grow bulk single
crystals of multinary selenides and sulfides by
applying vapor pressure of VI group element,
because the VI vapor pressure is normally very

10 mm
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Fig. 3. (a) Pseudo-binary phase diagram of the Sb,Se;—CulnSe; system, (b) a photograph of a grown boule, region “a” corresponds to
the CulnSe; single crystal in the bottom, and (c) variations of Cu, In, Se and Sb compositions of a grown boule along the growth
direction.
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high in comparison to that of the other composi-
tional elements so that the VI elements are easily
evaporated from the products even after final
compounds are synthesized. In addition, the
solidifying points were found to be sensitive to
the vapor pressure of VI group elements as well as
the compositional deviation from stoichiometry
[12]. Fig.4(a) shows the VI vapor pressure
dependence of the solidifying points of CulnSe,,
CuGaSe,;, AgGaSe,, AgInSe, and CulnS, com-
pounds. For example, the solidifying point of
CulnSe; decreased by about 130°C with increasing
Se vapor pressure up to 760 Torr. The phase
transition point from chalcopyrite to sphalerite
structure decreased down to about 800°C as Se
composition increased at the (Culn)-2Se system
[13], while the transition point was found to be
almost fixed at ~820°C with varying Se vapor
pressure [14]. It is expected that the heterogeneous

1100k CulnS,, + 1 o 1 1 % i
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S 1000 Bag, "o
c: | Cu[nSez Oag o,
£ 900t oy
)] a
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(b) 10mm

Fig. 4. (a) VI vapor pressure dependence on solidifying points
of several ternary compounds and (b) a photograph of the as-
grown crystal by horizontal Bridgman method controlling Se
vapor pressure.

phases in the CulnSe, phase are not produced in
the region under 760 Torr of Se vapor pressure.
The solidifying point without applying Se vapor
pressure was 996°C in good agreement with that of
5Torr. It is suggested that CulnSe, crystals grown
under the applied Se vapor pressure of >5Torr
have Se-rich compositions, while the crystals
grown under <5 Torr have the (Culn)-rich com-
positions. This can be explained by the facts that
the Se-poor crystals grown under lower Se vapor
pressures (2—7 Torr) showed the n-type conduc-
tion, and the others (Se-rich crystals) showed the
p-type conduction [15,16].

Fig. 4(b) shows a photograph of the as-grown
crystal by horizontal Bridgman method control-
ling Se vapor pressure. The part of a Cu+lIn
mixture was first heated to 700°C and then
solidified to make a Culn alloy. Next, the Culn
alloy in the high-temperature zone was heated up
to 1020°C, while the low-temperature zone was
heated to a temperature corresponding to the
desired Se vapor pressure. At the high-temperature
zone, the Culn phase was selenized to form the
CulnSe, phase. Then, the temperature gradient of
3°C/cm was moved electrically at a speed of about
lcm/h. All portions of bulk crystal grown from
“T” to “E” in Fig. 4(b) had a single phase of the
chalcopyrite structure and no extra XRD lines
were observed. It is seen that the single crystals of
p-type conduction with large Hall coefficients and
mobilities were prepared at Se vapor pressures
from 10 to 25 Torr [16]. Here, it was shown in view
of the phase diagram of Culn—2Se system [13] that
single crystals of high quality could be grown by
controlling the Se vapor pressure. The crystals
contained no cracks and twins so that the Hall
effect could be successfully measured down to
about 20K [16,17].

In addition, we attempted the growth of CulnS,
bulk single crystals by the same preparation
method as that of CulnSe, [3]. On visual inspec-
tion, the crystallinity of the bulk crystals became
better with decreasing S vapor pressure down to
200 Torr. In other words, the samples prepared
under higher S vapor pressures contained many
voids and cracks, and single crystals of better
crystalline quality were grown under S vapor
pressure around 200 Torr.
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5. Summary

(1) Prior to the growth of better quality single
crystals of multinary compounds, we have
investigated the formation mechanisms, i.e.,
the chemical reaction process forming the
single phase. For the most suitable preparation
method, the selenization or sulfurization
method of a Culn alloy was devised to grow
single crystals of CulnSe, or CulnS,, respec-
tively, but at the same time it was shown that
this was not the case for CuGaSe,.

(2) To obtain a CuGaSe, single crystal of higher
quality, where the chalcopyrite phase is
formed through a peritectic reaction from the
(sphalerite +liquid) phase to the chalcopyrite
phase, the solution growth of CuGaSe, has
been performed based on the phase diagrams
of the Cu,Se-CuGaSe, and CuSe-CuGaSe,
systems. The results showed that large single
crystals could be grown better from a CuSe
solvent than from a Cu,Se solvent. On the
other hand, we attempted to grow CulnSe,
single crystals using Sb,Se; as a solvent at
temperatures below the solid-state phase tran-
sition. The phase diagram of the Sb,Se;—
CulnSe, system showed that an Sb,Se; solvent
was suitable for the growth of CulnSe,
crystals, which was also proved to be correct
for the actual crystal growth.

(3) It is sometimes effective to grow bulk single
crystals of multinary selenides and sulfides by
applying VI vapor pressure, since the solidify-
ing points are found to be sensitive to the VI
vapor pressure. For example, in the case of
CulnSe,, it was shown that the single crystals
of high quality without cracks and twins could
be grown by controlling Se vapor pressure. In
addition, the crystal growth of CulnS, was
performed by the same preparation method as
that of CulnSe,.

Finally, we also described the synthesis solute
diffusion method by controlling the growth rate
for the single crystal growth of CulnSe, [18]. The
CulnSe, phase precipitated from Culn and Se
solutions at temperatures below the melting point

of CulnSe, as was predicted by the phase diagrams
of the Culn—2Se system.

Recently, we have been applying the investiga-
tions mentioned above to grow bulk single crystals
of Cu-based chalcopyrite-like quaternary com-
pounds [19,20].
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Single-crystal growth and optical properties of undoped and
Ce’" doped CaGa,Ss
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Abstract

To improve the crystallinity of CaGa,Sy single crystals, we have grown the crystals under various conditions by the
horizontal Bridgman method using a travelling temperature gradient. If we lower the growth speed to <0.5 cm/h while
keeping the growth temperature close to but a little higher than the melting point, cracks and voids in the crystals are
substantially reduced. A carbon boat is adopted in order to avoid the reaction of an ampoule with the material solution,
which is found effective to improve the quality of a grown crystal. However, an absorption band with a peak at 3.2¢eV
newly emerges to turn a grown crystal yellowish.

Absorption spectra of Ce’*-doped crystals are also measured. As a result, the energy separation between the 5d
sublevels of Ce** ion, i.e., T», and Ej, is first estimated as 0.8eV. © 2002 Elsevier Science B.V. All rights reserved.

PACS: 81.10.—h

Keywords: Al. Doping; A2. Bridgman technique; A2. Growth from melt; A2. Single crystal growth; Bl. Calcium compounds;

BI1. Sulfides

1. Introduction

Ce**-doped  alkaline  earth  thiogallates
(MGa;S4, M=Ca,Sr, Ba) have been regarded as
host materials for blue electro-luminescent devices.
So far, thin films of these thiogallates have been
exclusively investigated, because they were the
candidates closest to practical applications, since
the first EL device using CaGa,S4:Ce*" thin films
was fabricated by Barrow et al. in 1993 [1].

*Corresponding author. Tel.: +81-3-5317-9733; fax: +81-3-
5317-9432.
E-mail address: takiz@chs.nihon-u.ac.jp (T. Takizawa).

Another interesting property found in these
materials is a laser oscillation which has been first
recognized in a Eu>"-doped CaGa,S, single crystal
[2]. In the case of Ce’' doping, a similar
phenomenon is also expected in the same or
similar thiogallates. However, to check the useful-
ness of the material for laser devices, a large host
single crystal which is free from strain, voids and
cracks is needed. It should also be homogeneous
with respect to the distribution of the rare earth
element doped. Thus, growing high-quality single
crystals is highly desired from both practical and
basic research points of view.

Driven by the motivations above, we have
constructed the pseudo-binary phase diagrams of

0022-0248/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S0022-0248(01)02242-4
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the CaS—Ga,S; and SrS—Ga,S; systems using the
differential thermal analysis (DTA) and powder
X-ray diffraction [3,4]. It is found that both
materials have congruent melting points with
eutectic reactions between SrGa,S; or CaGa,Sy
(50 mol% Ga,S3) and Ga,S; (100 mol% Ga,S3). It
has already been reported that alkaline earth
thiogallates have high melting points of > 1150°C
which is too high to utilize quartz ampoules for the
crystal growth. One of the methods to overcome
this difficulty is the single-crystal growth using a
self-flux, whereby single crystals can be grown at
temperatures lower than a melting point.

In the processes of constructing the phase
diagrams, the melting points of CaGa,Sy
and SrGa,S; have been exactly determined as
1132°C and 1230°C, respectively. The former
value is low enough to use a quartz ampoule for
the crystal growth. Thus, we try to grow
single crystals of CaGa,S; by the melt method
using a vacuum-sealed quartz ampoule. However,
in the case of SrGa,S,, the melting point is too
high to use quartz, and the flux method (Ga,S; is
used as a flux) should be adopted instead. In this
case, even if a conventional furnace with an
appropriate temperature gradient is used, compo-
sitional deviation may take place along the
growing direction, and special care should be
taken to keep the homogeneity of the Ce’*
concentration in the growing process. Here, for
simplicity, we confine ourselves only to CaGa,Sy
and describe its crystal growth in detail to-
gether with its optical absorption and photolumi-
nescence (PL).

A single, transparent and colorless crystal of
CaGa,S4 has been successfully grown, and Cet
doping has also been carried out [4]. However, the
resultant crystals contained many voids and
cracks. In addition, as the amount of Ce** content
was increased, the crystallinity became worse and
if the content was increased more than 1.0 wt%,
crystals were colored too blackish to be used for
optical measurement.

In order to improve the crystallinity of undoped
CaGa,S,, we searched for the proper temperature
and the growth speed for single-crystal growth of
CaGa,S4. In what follows, we report the results
ever obtained and also the relation between doping

content and crystallinity as well as the optical
absorption and PL of the resultant crystals.

2. Crystal growth of CaGa,S, in a horizontal
furnace

Two elements of Ca, S and a compound of
Ga,S; were weighed approximately to 7g. The
mixtures of Ca + Ga,S; and sulfur element were
separately set in both sides of a quartz ampoule of
13mm ¢ x 300 mm. The Ca+ Ga,S; side was
controlled at 400°C and the sulfur side at 300°C
for 24h. After this treatment, the precursor was
synthesized by heating the whole ampoule up to
1120°C. The details were described in a previous
paper [4]. The precursor thus prepared was divided
into two or three parts. Each part was poured into
a respective carbon boat and sealed in another
ampoule and was grown under various conditions
described below. A carbon boat was used for
preventing reaction between an ampoule and the
precursor at high temperature. Growth speeds
were chosen at 0.5cm/h and 0.25cm/h. Three
solidifying temperatures, 1130°C, 1132°C (melting
point) and 1135°C were adopted to grow single
crystals. The melts were kept for 1h at these
temperatures, respectively, and cooled down at
each speed in a horizontal Bridgman furnace. Thus
six different types of samples were grown. The
solidifying temperature 1135°C, a little higher than
the melting point (1132°C) together with the
slower growth speed gave the best result of all.
Temperature much higher than the melting point
resulted in many cracks in the grown crystals.
Fig. 1(a) shows a photograph of a product grown
at a speed of 0.25cm/h at 1132°C. It was
approximately 2cm in length and yellow in color.
As shown in this figure, it was like a sintered
polycrystal composed of small grains. Fig. 1(b)
shows a photograph of a crystal prepared at
0.25cm/h at 1135°C. In this case, the crystal was
transparent for the whole length. The grain size of
the resultant crystals was plotted against solidify-
ing temperatures at two growing speeds (Fig. 2). It
was estimated by measuring the maximum dia-
meter of single grains in a crystal under an optical
microscope. As the maximum temperature of the
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Fig. 1. Photographs of single crystals grown at a speed of
0.25cm/h from: (a) 1132°C and (b) 1135°C.
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Fig. 2. Maximum grain sizes in crystals grown from different
temperature vs. the maximum temperature of each melt.

melt was increased and the growth speed was
slowed, a grain with larger size was obtained.
Fig. 3 shows the relationship between the lengths
of single-crystal domains along the growth direc-
tion and solidifying temperatures. At a speed of

12f meltirl19 point I
10} 5
B
E 4 1
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Q
4 6+ -
4+ i
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Fig. 3. Variation of the length of a single domain in a grown
crystal along the growth direction vs. the maximum tempera-
ture of each melt.

0.25cm/h, the size of a single domain became
larger with increasing temperature. On the other
hand, those of the single crystals grown at
0.50cm/h did not show remarkable variations
with solidifying temperature. In conclusion, the
size of a single domain in a grown crystal along the
growth direction was determined mainly by the
growth speed. The crystals prepared by this
method were a little opaque and yellowish, while
the crystals grown without a carbon boat was
transparent and colorless as reported in a previous
paper [4]. To investigate the origin of the yellowish
color of the crystals grown in a carbon boat,
optical absorption spectra were measured and the
results are discussed in the next section.

3. Absorption spectra of a crystal grown in a carbon
or a quartz boat

Absorption spectra were measured using a
deuterium lamp as a light source. Light from a
monochromator (NALUMI RM-23-1) was trans-
mitted through a sample attached to a cold head of
a cryostat and detected by a photomultiplier
(HAMAMATSU R562). Temperature was varied
between 10 and 300 K. Fig. 4 shows light absorp-
tion spectra of two respective single crystals at a
speed of 0.50cm/h at 1135°C. One is grown in a
carbon boat and the other in a quartz boat coated
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Fig. 4. Absorption spectra of crystals grown in a carbon boat
and a quartz boat coated with carbon film.

with carbon film. The crystal grown in a quartz
boat shows only the fundamental absorption. In
contrast, an absorption band with a peak at 3.2eV
was observed in the crystal grown in a carbon
boat. By measuring temperature variation of the
absorption at 3.2¢eV, it was found that the peak
position, shape of the absorption spectrum showed
almost no change with temperature. The origin of
this absorption was not made clear at this stage,
but was considered to be related with the
impurities incorporated from a carbon boat.

Fig. 5 shows temperature variation of the band
edge of an undoped crystal with temperature. The
band edge was estimated by extrapolating the
slope of the square of absorption coefficient
against photon energy to zero absorption. From
the temperature gradient > 100 K, the temperature
coefficient of the absorption band edge was
estimated as 1.2 x 1073 eV/K. The coefficient is
almost the same as that of the ionic crystals such
as AgCl, suggesting that the CaGa,S, crystal has a
strong ionic character.

4. Absorption spectra of Ce’"-doped crystals

In crystals doped with Ce", absorption spectra
were also observed. The crystals used in this
measurement were grown in quartz boats. The
concentration of Ce** was varied from 0.1 to
1.5wt%. Absorption spectra of the crystals with
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Fig. 5. Temperature variation of the band edge of an undoped
crystal.
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Fig. 6. Absorption spectra of crystals with various Ce**
concentrations.

various Ce®" concentration at room temperature
are shown in Fig. 6. Two absorption bands were
observed. One has a peak at 2.9¢V and the other
appears as a shoulder near the band edge. The
intensities of the absorption of the two bands
increased with increasing Ce®* concentration. The
absorption band around 2.9 eV was already known
to arise from Ce’" and was attributed to the
optical transition between 4f and 5d states. The 4f
states of Ce®" ions split into the spin—orbit pair
consisting of *F7/, and ?Fs,, while the upper 5d
states split into an upper E, and a lower T, due to
the crystal field. The absorption around 2.9¢V is
assigned to the transition from 2F7, to Ta,. The
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absorption band appearing as a shoulder near the
fundamental absorption edge was observed for the
first time, thanks to the high quality of the crystal
used in this experiment. The new band is
considered to be the transition from 2F;/, to E,.
Now, the difference between E, and T, can be
estimated as 0.8eV.

5. Conclusion

We have grown single crystals of CaGa,Sy
under various conditions. A slower growth speed
and higher temperature of the melt were found to
be effective in growing a large single crystal. The
growth speed was also a key factor to make a large
single domain along the growth direction.
Although a carbon boat was used to avoid
reaction of a quartz ampoule with the crystal,
the resultant crystal became a little opaque and
yellowish, giving rise to a new absorption band
around 3.2eV. The origin of the absorption is
believed to be due to the contaminations from a
carbon boat.

Absorption spectra were measured for Ce’'-
doped crystals grown in quartz boats and two
absorptions were found at 2.9e¢V and near the
band edge. As a result, the energy separation
between Ty, and E, of the 5d multiplets of Ce*"
was estimated as 0.8 eV for the first time.
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In order to overcome the difficulties in growing CulnSez, CuGaSez and CulnS; bulk single crystals of high
quality, we have investigated the chemical reaction until a single phase is formed, using the differential
thermal analysis and X-ray diffraction, and also the variation of the solidifying points by varying vapor
pressures of VI group element. From the results, it is shown that the formation of lattice defects and
heterogeneous products will be greatly suppressed if the selenization or sulfurization method of a Culn
phase is adopted at temperatures higher than 600 or 700°C to grow single crystals of CulnSez or CulnSg,
respectively, On the other hand, the selenization of the CuGa phase is not necessarily required for the
CuGaSez single phase. A chemical reaction between Cu selenides and Ga at higher temperature than 900°C
is effective in this case. In addition, the solidifying points are found to be sensitive to the VI vapor pressure.
The single crystals of high quality can be grown by optimizing the temperature profiles under the respective
Se vapor pressures.

KEYWORDS: chalcopyrite single phase, chemical reaction process, intermediate product, DTA, XRD, Vi vapor pressure
1.

Introduction The products synthesized after DTA were identified based on

CulnSeg, CuGaSez2 and CulnS:, the promising materials for
solar cells have been investigated by many researchers.
However, the fundamental properties of lattice defects and
impurities in the bulk crystals, which are important to
understand the electrical and optical properties of these thin
films, have not been fully investigated. One of the obstacles is
caused by the uncontrollability of the physical properties,
arising from the fact that they essentially consist of three
elements. Actually, each compositional atom has possibility of
occupying various lattice sites and even generating a vacancy
and/or an interstitial in the case of growing those crystals,
which inevitably lead to difficulties in growing a bulk single
crystal of high quality. In addition, there are always several
paths to obtain precursors of ternary compounds.

In order to overcome the difficulties above mentioned, we
have investigated the chemical reaction until a single phase

is formed, using the differential thermal analysis (DTA) and .

X-ray diffraction (XRD), and also the variation of the
solidifying points under various vapor pressures of VI group
element. Finally, we design the most suitable preparation
method for those compounds on the basis of these thermal
analyses.

2. Analysis Method of Chemical Reaction Processes

DTA was employed to observe the phase transition and
chemical reaction as shown in a previous work.D The
temperature difference between a sample and a reference
material, ie., DTA signal, is directly measured by
thermocouples (CA). The temperatures of phase transition
and chemical reaction were determined from the extrapolated
onset of DTA peaks in the heating and cooling process. DTA
curves of elements, binary compounds, mixtures of elements
and compounds were also measured and analyzed. The rate of
heating and cooling was held constant at 2°C/min. DTA
signals were corrected by the known melting points of Sn, Zn,
Al, Ag and Cu metals, and the systematic error of the
observed temperature was confirmed to be 2°C at the most.

11

powder X-ray diffraction (XRD) at room temperature using
the Cu'k & characteristic line (1.5405A). The reference
materials used for comparison of XRD patterns were
naturally prepared during DTA. XRD patterns were also
compared with the JCPDS files.

An example of analysis in the case of Cu+In+2Se mixture is
shown as follows. From powder XRD patterns of the products
synthesized in a Cu+In+2Se mixture at temperatures up to
300, 600, 700 and 1040°C,? it was found that the following
products are formed at the respective temperatures.

(1) InzSe, CusSez, InsSe7, CurSes and Se at 300°C.

(2) CurSes, InSe, CusSez, InaSes, CulnSez, IngSe7 and Se-at

600°C.

(8) CusSes, InSe, CusSez, CulnSes, InsSe7, InzSes and Se at

700°C.

(4) CuInSezat 1040°C.

Figures 1(a) and (b) show DTA curves of a CutIn+2Se
mixture in the heating process, where DTA curves of
elements and compounds are also shown for comparison.
Here, DTA peaks cannot be observed in the following cases of
reaction.

(D) Selenium atoms enter slowly into a mother crystal with

increasing temperature.

(2) A solid dissolves slowly in a liquid with increasing

temperature.

(3) A solid-phase reaction occurs over a long time scale.
From the comparison of the DTA curve of a Cut+In+2Se
mixture with that of by-products, the origins of DTA peaks
are identified as follows. A few DTA peaks from 100 to 250°C
are ascribed to the melting points of indium and selenium
and the metal-semiconductor phase transition of selenium.
(1) An explosive exothermic reaction at 250°C is ascribed to
the selenization reaction of indium forming In2Se and InsSev
compounds. (2) The broad DTA peak with an exothermic
reaction at 280 to 420°C is ascribed to the selenization
reaction of copper forming CusSe2 and CusSes compounds. (3)
A weak endothermic reaction at ~500°C  is ascribed to the
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Fig. 1. (a) DTA curves of In, Se, Cu+In, 2Cu+Se, 2In+3Se and Cu+In+2Se mixtures obtained during the heating process, and (b) DTA
curves of CuzSe, InzSes compounds, CuzSe+InzSes and Cu+In+2Se mixtures in the heating process.?

solid-liquid phase transition of In2Se compound.? (4) A weak
endothermic reaction at ~850°C is similar to those of the
InzSes compound and the 2In+3Se mixture. The InsSes
compound has a transition point at ~650°C, and InSe and
IneSer compounds also have melting points at ~650°C .2
Therefore, this reaction is due to the phase transition or
decomposition of In2Ses compound and/or the melting of InSe
and InsSer compounds. (5) An endothermic reaction near
900%C is related to the melting point of In2Ses compound. (6)
A few DTA peaks with exothermic reaction just below the
melting point of CulnSez are ascribed to the chemical
reactions between CuzxSe and InzSeax compounds, whereby a
CulnSe2 phase is formed.

We also identify the origins of DTA signals of Culn+28Se,
Cut+Ga+2Se, CuGa+2Se, Cut+In+2S and Culn+2S mixtures by
the method above-mentioned by comparison of the DTA
curves with XRD data 134

3. Results and Discussion
3.1 Chemical reaction process forming CulnSez phase

On the basis of DTA and XRD data;? it was confirmed that
CulnSez compound has a phase transition point from

1000 CulnSeany
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800} :
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.g Soliqreaguon {nfses( SE;;®
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Fig. 2. Schematic diagram of chemical reaction process from Cut+lnt+2Se and Culn+2Se mixtures. The suffix symbol of (s), () or (g) denotes the solid,

chalcopyrite to sphalerite structure’® at 815C and a
melting point at 996°C, and we constructed schematic
diagrams of the chemical reaction process for a Cu+In+2Se
and Culn+2Se mixtures as shown in Fig. 2.

The origins of DTA peaks are explained in the case of
Cu+Int+2Se. We do not go into detail for phase transitions
from 100 to 250°C, because these are already described. The
resultant chemical reactions and phase transitions are
summarized as follows.

(1) In, Se — InzSe, IngSer at 250 C.

(2) Cu, Se — CusSesz, CurSes at 280 to 420C.

(8) InzSe: solid — liguid at ~500°C.

(4) InSe, IncSer: solid — liquid at ~600°C.

(8) In2Ses: solid — liquid at about 900°C.

(6) CuiSe4, InSe, InaSes — CulnSe:z above 950°C.

(7) CulInSex(sphalerite): solid — liquid at 996°C.
1t was found that the amounts of the InzSesx compounds with
Serich contents increased gradually with increasing
temperature.’ As the quantities of CusSez and IngSe7
compounds decrease somewhat with increasing temperature,
CulnSez compound is already formed below 950°C through
the following solid-phase reaction
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liquid or gas condition, respectively. The solid line denotes a chemical reaction and the dashed line denotes a reaction in a long time scale.l
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1 CusSez+ —é IngSer + % Se — CulnSes:.
3

However, only a little CulnSe2 compound was formed by this
reaction, since DTA peaks could hardly be detected at 815°C.0
Furthermore, most of the CulnSez compound was formed
above 950°C by the following reactions

1 CwSes+L TnsSes — CulnSes +-- Se,
7 2 14

L CurSes + InSe +-3- Se — CuInSes,
7

which suggests why the quantities of CuiSes, In2Ses and InSe
compounds did not decrease with increasing temperature.
Here, it is known that a few exothermic reactions just below
the melting point of CulnSes did not necessarily occur.? In
other words, the solid phases of CuzsSe and copper
sometimes remain at 1040°C, and the CulnSe2 phase was
precipitated from an In-rich liquid phase in the cooling
process.

In the case of Culn+2Se mixture, a few phase transitions
from 100 to 500 °C are ascribed to the transition or
decomposition of Culn alloy and the melting and metal to
semiconductor phase transition of selenium. On the base of
the phase diagram of the Cu-In system,”? it should be
remembered that Culn alloy decomposes into Cu-rich Cu-In
solid and In-rich CuIn liquid with increasing temperature.
The resultant chemical reactions and phase transitions are
summarized as follows.

(D) Cuixlne (x>0.5), Se — CulnSez, InSe at 520C.

(2) CuixIny (x<0.5), Se, InSe—CulnSe: at 575C.

(3) InSe: solid — liquid at about 650°C.

(4) CulnSe2: chalcopyrite — sphalerite at about 810°C.

(5) CuSe, InSe — CulnSez above 950TC.

(6) CulnSez(sphalerite): solid — liquid at 996°C.

By the selenization reaction of some In-rich Cu-In liquid at
520 °C, some CulnSez and InSe compounds are formed by the
following reaction
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1000 i o &%
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CuGaSi
800} : \ S
3 [
g 600} 5
€ | CuSeg(¥ CuSeqy | Se(g)
% 400} transition point |
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0 ________________ I _ Ga(n
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Cuixng + Se — (1-x)CulnSe: + (2x-1)InSe, where x > 0.5.

In addition, the formation of CulnSez compound according to
the following reaction

CurxIng + (1-2x)InSe + Se — (1-x)CulnSes, where x < 0.5,
has already been almost completed by 600°C, since the

" quantity of CulnSez compound increases and that of InSe

compound decreases with increasing temperature from 550 to
650°C. Furthermore, some CulnSez compound is formed
above ~950 °C by the following reaction

CuSe + InSe — CulnSes.

Therefore, it is concluded that if the selenization of Culn
phase is adopted at temperatures higher than 600°C, the
formation of CuSe and InSe compounds will be greatly
suppressed.

3.2 Chemical reaction process forming CuGaSe:z phase

We have attempted the growth of CuGaSez bulk single
crystals by the same selenization method as CulnSes.
However, we have not still succeeded in growing the crystals
good enough to measure the Hall effect without noisy signals.
To investigate the reason why high-quality CuGaSez single
crystals cannot be grown by the selenization method, we first
analyzed the chemical reaction process of a CuGa+2Se
mixture. On the basis of DTA and XRD data,® the melting
pvoint and phase transition were observed at 1105°C and
about 1060°C, respectively, and we constructed schematic
diagrams of the chemical reaction process from a Cu+Ga+2Se
and CuGa+2Se mixtures as shown in Fig. 3.

In the case of CuGa+2Se mixture, the phase transition and
melting points of selenium were observed at about 130 and
220°C, respectively, and the transition or decomposition of
the CuGa alloy was observed at about 250°C. It should be
remembered on the base of the phase diagram of the Cu-Ga
system? that the CuGa alloy decomposes into Cu-rich Cu-Ga
solid and Ga-rich Cu-Ga liquid with increasing temperature.
The resultant chemical reactions and phase transitions are
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Fig. 3. Schematic diagram of chemical reaction proéess from Cu+Ga+2Se and CuGa+2Se mixtures. The suffix symbol of (s), (I} or (g) denotes the solid,
liquid or gas condition, respectively. The solid line denotes a chemical reaction and the dashed line denotes a reaction in a long time scale.?
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summarized as follows.
(1) CuSe: solid — liquid at ~550 C.
(2) Cu-Ga alloy, Se — GaSe, GazSes, CuSe at 550 to 750°C.
(8) Ga and Cu selenides: decomposition and/or selenization
at ~800 and ~900°C.
(4) CuGaSes(chalcopyrite) — CuGaSes(sphalerite)+liquid
at 1060°C.
(5) CurSes, GaSe, GasSes — CuGaSes(sphalerite) above
1080°C.
(6) CuGaSes(sphalerite): solid — liquid at 1105C.
The CuGaSe: phase may have already been made below
950°C - through the following liquid phase reactions between
the Cu-Ga and Se phases, where the CuGa alloy decomposes
into two phases with increasing temperature,

CurxGax + (1+a)Se — (1-x)CuGaSe: + (2x-1)Ga selenides,
where x > 0.5,
CuixGax + (1+a)Se — xCuGaSez + (1-2x)Cu selenides,

where x < 0.5.

Here, about a half of the CuGaSe2 phase was formed by these
reactions being indicated from the following two results.

(1) XRD intensities of the CuGaSes phase became about a
half after heating up to 950°C in comparison to those up
to 1150°C.

(2) The heat of transition of a CuGa+2Se mixture at 1060°C
was smaller than that of a grown CuGaSes.

The CuSe and GaSe phases decreases, and the CusSes and
GazSes phases increases gradually with increasing
temperature in the 800 to 900°C range. Thus, Se atoms are
removed from CuSe and absorbed into to GaSe in this
temperature range. The remaining of the CuGaSez phase was
formed at above 1080°C by the following two reactions,

L cwSes + L GasSes — CuGaSes +L go,
7 2 14

:II~Cu7Se4 + GaSe + -?I-Se — CuGaSeas.

This explains why the CusSes, GazSes and GaSe phases exist
at 950°C but the CuaSes phase does little.? The heat of fusion
at about 1100C of a CuGa+2Se mixture is smaller than that
of a grown CuGaSe2.? Therefore, some heterogeneous phases,
for instance, Cu selenides having melting points higher than
that of CuGaSez, may be included in the mother crystal in the
case of a CuGa+2Se mixture. In other words, CuGaSez are
not perfectly formed at about 1100°C.

From the results of CuGaSez formed from a CuGat+28e
mixture, the selenization of the CuGa alloy is not necessarily
needed for the CuGaSez single phase in contrast to the case of
CulnSes. To search for another preparation method except for
the selenization of the CuGa alloy, we analyzed the chemical
reaction process of Cut+Ga+2Se mixture. It is well known that
CuSe:z and CuSe compounds have a transition point at about
380°C and a melting point at about 530°C.9 The chemical
reactions and phase transitions are summarized as follows.

(1) Cu, Se — CuSesz, CuSe, CusSe: at 280 to 380°C.

(2) CuSes, CuSe: solid phase transition at about 380°C.

(3) CuSez, CuSe: solid — liquid at about 530°C.
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(4) Ga, Se — GaSe at 700 to 800°C.

(5) Ga, CuSez, CuSe, GaSe — CuGaSesz at about 900°C,

(6) CuGaSes(chalcopyrite) — CuGaSez(sphalerite)+liquid

at 1060°C. ' .

(7) CuGaSez(sphalerite): solid — lquid at 1105°C.
The CuSe:z (including CuSe) phase increases and the CusSes
phase decreases, ie., Se atoms are absorbed in the CusSes
phase, with increasing temperature in the 600 to 850°C
range. Judging from XRD intensities of the CuGaSe2 phase
after heating up to 850°C,» a small amount of CuGaSez phase
(less than 10%) have already been formed below 900 °C
through the liquid phase reaction described as follows,

CurxGax + Se — (1-x)CuGaSe2 +(2x-1)GaSe, where x > 0.5,

The heat of transition at 1060°C in a Cu+Ga+2Se mixture is
in good agreement with that of the transition point from the
chalcopyrite to (sphalerite+liquid) phase’® in the CuGaSes
compound. Hence, the CuGaSez phase is completely formed
by the exothermic reaction at about 900°C as follows,

CuSez + Ga — CuGaSe:.

The melting point of GaSe was confirmed to be ~950°C by
DTA, but it was not observed in the DTA curve of a
Cut+Ga+2Se mixture.? Thus, we believe that the remnant
GaSe phase was consumed gradually by the following
reaction,

CuSe + GaSe — CuGaSes.

This may not be clearly distinguished because of the
explosive reaction between CuSez and Ga. In contract to
CulnSes, it is-considered that the CuGaSes single phase is not
formed by the selenization of the CuGa alloy, but the
chemical reaction of three compositional elements
(Cu+Ga+2Se mixture). The CuGaSe: phase is completely
formed below 1060°C, since the heats of transition and fusion
at about 1060 and 1100°C of a CuSez+Ga mixture are in
agreement with these of a grown CuGaSes. It is expected that
the chemical reaction between Cu selenides and Ga is one of
the best preparation method for CuGaSes.

3.3 Chemical reaction process forming CulnSz phase

Based on the thermal analysis of the CulnSes single phase,
we investigated whether high-quality CulnS2 crystals are
prepared by the sulfurization method or not. On the basis of
DTA and XRD data,? The melting point of CulnS: was
observed at 1090°C, and the other two phase transitions, ie.,
the  sphalerite-chalcopyrite  and hexagonal-sphalerite
transitions 5 were observed at 1050 and 980°C, respectively.
We constructed schematic diagrams of the chemical reaction
process from a Cut+In+2S and Culn+2S mixtures as shown in
Fig. 4, which resemble those in the case of CulnSes.

In the case of Cu+Int+2S mixture, the melting point of
sulfur and indium are observed at about 120 and 150°C,
respectively. The resultant chemical reactions and phase
transitions are summarized as follows.

(1) Cu, S — CuS, CuS4 at 120 to 140°C.

(2) CuS: solid — liquid at ~500C.

(3) In, S — InsSs at 640°C.

(4) In2Ss: solid — liquid at about 1000°C.
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Fig. 4. Schematic diagram of chemical reaction process from Cu+In+2S and Culn+2S mixtures. The suffix symbol of (8), () or (g) denotes the solid,
liquid or gas condition, respectively. The solid line denotes a chemical reaction and the dashed line denotes a reaction in a long time scale.

(5) CurS4, CuS, IneSz — CulnSz above 1050°C.

(6) CulnSes(hexagonal): solid — liquid at 1090°C.

Most of the CulnSz compound was formed below the melting
point of CulnSz by the reactions between Cuz«S and In2Ssx
compounds though a part of CulnS: compound may be
already formed below 750C through the solid phase reaction
and/or by the sulfurization of indium at the same time.
Considerable amount of heterogeneous phases, for instance,
Cu sulfides having melting points higher than that of CulnSg,
may still exist together with the CulnS: phase at about
11007C.

In contrast to ‘the above case, the XRD pattern of the
products synthesized from a Culn+2S mixture at 750°C
showed that the CulnS2 compound is mainly formed below
750°C with a small inclusion of CuS and CulnsSs phases.®
The melting of sulfur and the phase transition and/or
decomposition of a Culn alloy were observed at 100 to 350 C.
It should be remembered that a Culn alloy decomposes into a
Curich Culn solid and an In-rich Culn liquid with
increasing temperature.? The resultant chemical reactions
and phase transitions are summarized as follows.

(1) CurxIng (x>0.5), S — CulnSz, CulnsSg, CuS at 480°C.

(2) Cur+Ing (x<0.5), S — CulnSz, CuS at 700C.

(3) CulnS2: chalcopyrite — sphalerite at about 980°C.

(4) CulnSz: sphalerite — hexagonal at about 1050°C.

(5) CulnSa(hexagonal): solid — liquid at 1090°C.

The explosive exothermic reaction at 480 and 700°C is
aseribed to the sulfurization of the Cu-In phase, where the
CulnS2 compound is formed. These also lead to the formation
of some CulnsSs as well as a little amount of CuS may be
formed at the same time. It is concluded that the formation of
CuS and CulnsSs compounds will be greatly suppressed, if
the sulfurization of Culn phase is achieved at temperatures
higher than 700°C.

3.4 Effect on the solidifying points of vapor pressure of VI
group element

The Se vapor pressure could to some extent control the Se

content in CulnSe2 crystals,!? and it is known that the
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Fig. 5. The solidifying points of CuGaSez, CulnSez, AgGaSes,
AgInSe; and CulnS; as a function of VI vapor pressure.*13.14

compositional deviation of Se from stoichiometry is effective
to the solidifying point of CulnSez2.!? To grow high-quality
single crystals under controlling Se vapor pressure, it
becomes essential to investigate the Se vapor pressure
dependence of the solidifying points. The DTA under
controlling vapor pressure of VI element was used as
described in previous papers.'314 Figure 5 shows the VI vapor
pressure dependence of the solidifying points of CulnSes,
CuGaSez, AgGaSez, AgInSez and CulnSz compounds.

The solidifying point of CulnSez decreases by about 130C
with increasing the Se vapor pressure up to 760 Torr. The
phase transition point from chalcopyrite to sphalerite
structure is known to decrease down to about 800°C from the
pseudo-binary phase diagram of (Culn)-2Se system.!¥ The
transition point was found to be almost fixed at ~820°C with
varying the Se vapor pressure.!® Thus, the compositional
deviation from stoichiometry is not so great as to produce the
heterogeneous phases in the CulnSe2 phase under 760 Torr of
Se vapor pressure. That is, the variation of the solidifying
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point is mostly due to the Se vapor pressure. The solidifying
point without applying Se vapor pressure is 996°C in good
agreement with that of 5 Torr. Thus, CulnSez crystals grown
under applying the Se vapor pressure more than 5 Torr have
Se-rich compositions, resulting in the p-type conduction. On
the other hand, the crystals grown under less than 5 Torr
may have the (CuIn)_~rich compositions. This can be explained
by the facts that the Se-poor crystals grown under low Se
vapor pressures (2~7 Torr) showed the n-type conduction and
contained heterogeneous phases.%1V The Hall effect at low
temperature of the crystals grown under applying more than
50 Torr could not be measured owing to noisy signals.!® The
reason is that the temperature width of the temperature
gradient zones of our growing furnacel® deviated the
solidifying point when the Se vapor pressure more than 50
Torr was applied, so that a good crystal could not be obtained.
Thus, we should optimize the temperature width of the
temperature gradienf zones under the respective Se vapor
pressures.

The melting and transition points of CuGaSez were
observed at 1105°C and 1055°C, which are ascribed to
CuGaSez (sphalerite): solid — liguid and CuGaSez
(chalcopyrite) — CuGaSe: (sphalerite) + liquid, respectively.
The solidifying point decreases by about 100 °C  with

increasing the Se vapor pressure up to 760 Torr. The

transition point was found to disappear above 300 Torr.
Consequently, it might be possible to precipitate the CuGaSez
chalcopyrite single phase under the higher Se vapor pressure.
On the basis the phase diagram of the CuGai«In«Sez system
without applying Se vapor and under applying typical Se
vapor pressures,!® the solidus and liquidus points of the
whole system were found to decrease more than 100°C with
increasing Se vapor pressure up to 760 Torr, and the
temperature zone of the sphalerite + liquid phase narrowed
in the region of same pressure. The reason is that the
transition point of CulnSez compound is almost independent
of the Se vapor pressure, while the transition point of
CuGaSe2 compound is found to depend on the Se vapor
pressure.

The AgGaSez compound has the solidifying point at 850°C
but no phase transition point was observed. The solidifying
point of AgGaSez decreases by about 140°C with increasing
the Se vapor pressure up to 200 Torr but keeps a constant
value of about 710°C above 200 Torr. Based on the phase
diagram of the AgzSe-GazSes system,!® it is expected that the
phase transition of about 710°C is due to the precipitation of
the AgeSe phase from liquid phase. Therefore, it is necessary
to apply a Se vapor pressure less than 200 Torr to form the
AgGaSe: single phase. '

The solidifying point of AglnSe2 decreases with increasing
the Se vapor pressure less than 20 Torr but keeps a constant
value of about 655°C above 20 Torr. In contrast to CulnSez,
CuGaSe2 and AgGaSez, the difference in the DTA curves for
the heating and cooling process above 10 Torr might be due to
the decomposition of the liquid phase.l® It may be
recommended to apply a Se vapor pressure less than 10 Torr
to form the AgInSe: single phase.

Finally, the melting point of CulnS2 decreases by 17°C as S
vapor pressure increases from 200 Torr to 8 atm. It shows a
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maximum at 1106°C under a pressure between 100 and 200
Torr. The variation in the S vapor pressure from 20 Torr to 8
atm. does not cause such a great change in the melting points
of AgGaSez and AgInSes. Two kinds of phase transition points
were found at the almost fixed temperatures of 980 and
1050C independent of S vapor pressure

4. Conclusion

We should know the formation mechanisms, ie., the
chemical reaction process forming the single phase to grow
single crystals of high quality. We investigated that of
CulnSez, CuGaSez and CulnS:z using differential thermal
analysis and X-ray diffraction. The results give hints for the
most suitable preparation method. If the selenization or
sulfurization method of a Culn phase is adopted at
temperatures higher than 600 or 700°C to grow single
crystals of CulnSez or CulnSz, respectively, the formation of
lattice defects and heterogeneous products will be greatly
suppressed. On the other hand, the selenization of the CuGa
phase is not necessarily required for the CuGaSe: single
phase. A chemical reaction between Cu selenides and Ga at
higher temperature than 900°C is found to be effective in
removing the heterogeneous phases in the growth of CuGaSez
single phase.

It is sometimes effective to grow bulk single crystals of
selenides and sulfides by applying vapor pressure of VI group
element. The solidifying points of CulnSez, CuGaSesz,
AgGaSez, AgInSez and CulnS: compounds were found to be:
sensitive to the VI vapor pressure. In the case of CulnSez as
an example, it was shown on the base of the phase diagram of
Culn-28e system that the single crystals of high quality can
be grown by optimizing the temperature profiles under the
respective Se vapor pressures.
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Single Crystal Growth of CaGa,S, and SrGasS,
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Japan

We have constructed the pseudo-binary phase diagrams of the CaS-GasSs and SrS-GazSs systems by the
differential thermal analysis and powder X-ray diffraction. A eutectic reaction is found between 50 and 100
mol%Ga,Ss in both systems. The compounds are shown to melt congruently and be crystallized by cooling
down the melt passing through the melting point. Based on the phase diagrams, single crystals of CaGaz54 and
SrGapS4, both undoped and Ce3t doped ones, are grown by the melt method and self-flux method, respectively.
The crystals consist of several domains. They are transparent, and colorless for the undoped ones and slightly
yellowish for the Ce doped ones. In the case of CaGayS4:Ce®t, a crystal having a typical size of 7Tmm¢ in diameter
and 5mm in length is obtained. It well cleaves along the [100] crystal direction. Photoluminescence (PL) spectra
of CaGa»S4:Ce®t and SrGagS4:Ce®t crystals are also measured. The relation of PL with Ce®* ion concentration

is discussed.

KEYWORDS: CaGaSy, SrGasSy, phase diagram, horizontal Bridgman method, self-flux method, PL spectra

1. Introduction

Ce*t doped alkaline earth thiogallates (MGapSq; M =
Ca, Sr, Ba) are now regarded as promising host mate-
rials for blue light devices, since Barrow et.al fabricated
EL devices using CaGasSq:Ce®t thin films.)) Though
the brightness was about one tenth of that of a commer-
cially available EL element at present, its purity of color
is nearly of an ideal blue with respect to the C.LE. color
coordinate. It is also expected that the emission inten-
sity of the blue light can be strengthened by one order of
magnitude, if the special cares are taken on the fabrica-
tion of EL elements, such as to keep the stoichiometry of
the films as well as to ensure their overall crystallinity.

Moreover, a laser oscillation was observed in Eu?t.

doped CaGayS, single crystals in the red region.?) The
similar lazing operation is also expected for the blue
emission from Ce®t doped CaGaS; single crystals, lead-
ing us to hope that an optically pumped blue light laser
may be realized using Ce3t doped thiogallate crystals.

To use the single crystals in the optical devices, they
should have no cracks and no voids throughout the whole
region used. Needless to say, their refractive index should
be homogeneous. Thus, to grow single crystals of good
quality is the first step to realize the practical laser de-
vices using the RE doped thiogallates.

Many trials have been achieved to grow single crystals
of these materials.>% However, as far as our knowledge
is concerned, most of the crystals were made by the solid
state reaction or CVD, and a success in growing a sin-
gle crystal by the melt method has never been reported.
This is probably because of the high melting temperature
and high chemical reactivity of the compounds.

In this report, we first present the pseudo-binary phase
diagrams of the CaS-GasS; and the SrS-GapSs sys-
~ tems,™® indispensable for the single crystal growth by
the melt method. Then, we describe in detail the growth
method of CaGasSs and SrGasS4 based on these phase
diagrams. Photoluminescence spectra of Ce®t doped
(0.1 to 1.5 wt%) crystals are also presented.

*E-mail address: komaz@phys.chs.nihon-u.ac.jp

2. Phase Diagrams of the (Ca,Sr)-Ga;S; System

The phase diagrams were constructed by means of
DTA and powder X-ray diffraction. The DTA furnace
used here was the same one as in a previous paper.7)
The scanning speed of heating and cooling processes was
set at a constant value of 2 °C/min and the scan was
repeated twice. In the first scan, we can see the chemi-
cal reaction processes between elements, and in the sec-
ond one, we can determine the melting point and struc-
tural phase transition of the compounds. The samples
after DTA measurements was identified by powder X-ray
diffraction using Cu-K, line at room temperature.

In DTA measurements, the elements of Ca(3N) or
Sr(3N), S(6N) and the compound of Ga,S; were used
as starting materials and weighed to about 0.2g in total
under argon gas. The mixtures was sealed in a quartz
ampoule of 7 mm¢ x 40 mm under a vacuum of 10 -3
Torr. The inside wall of a quartz ampoule was coated
with carbon film by firing acetone in air. The compound
of GayS3 used here was synthesized following the proce-
dure being described in the next section.

Figure 1(a) shows the DTA signals of the cooling pro-
cesses between 50 and 75 mol%Ga,S3 of the CaS-GazSs
system. The melting point of the compounds lowers with
increasing the concentration of GasSz. The signals at
975°C was found in the DTA curves at GayS3 concentra-
tion above 50 mol%. On the contrary, in the concentra-
tion range between 75 and 100 mol%Ga,S3, the melting
point rises as GayS3 concentration increases. The peak
at 975 °C was also found in every DTA curve except
one at 100 mol%GaySs, which will be later ascribed to a
eutectic line. :

Figure 1(b) shows the powder X-ray diffraction pat-

terns of the samples between 50 and 75 mol%Ga,S; after

DTA measurements. The diffraction intensity wés nor-
malized to each main peak. The diffraction lines due to
GayS; compounds are shown by the dots in the figure.
Their intensities decreased as the GagSs; concentration

~ decreased and only the lines due to CaGagSy were ob-

AR

served in the compounds at 50 mol%Ga»Ss. The lattice
parameters of CaGaySs did not change by varying the
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Fig. 1. (a) DTA curves of 50-75 mol%GasS3 in the cooling processes in the CaS-GayS; system. (b) X-ray diffraction
patterns of 50-75 mol%GasS3 in the CaS-GayS3 system after DTA measurements.5)

concentration of GagS;.

The DTA signals of the cooling processes of the SrS-
GayS3. system between 50 and 75 mol%GasS; were
shown in Fig.2(a). The melting point of the mixed
compounds lowers as the GasS3z concentration increases.
Two peaks at. 975 and 995 °C were found in the GaySs
concentration range except for 50 mol%GasS;.

Similarly to the CaS-GayS3 system, the melting point
of the compounds rises with increasing the GayS; con-
centration above 75 mol%GayS3. The product after DTA
measurement was identified by powder X-ray diffraction
at room temperature as shown in Fig.2(b).
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In the concentration between 77.5 and 100 mol%GayS3,

. the mixed diffraction patterns of two compounds,

SrGaySs and GaySs were observed. The change in lat-
tice parameters of the compounds was not found in the
range of 50-100 mol%Ga,S;.

From these results, the phase diagrams of the CaS-
GayS3 and SrS-GayS; systems were deduced as shown
in Figs. 3 and 4, respectively. Both the phase diagrams
show eutectic reactions between CaGaySs or SrGasSy
and GayS;. It is seen from the phase diagrams that the
melt method as well as the self-flux one is suitable for
the single crystal growth for both materials.

(b)
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Fig. 2. (a) DTA curves of 50-75 mol%GazS3 in the SrS-GasS3 system in the cooling process (b)X-ray diffraction
patterns of 50-75 mol%GasS3 afier DTA measurements.5)
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Fig. 3. Pseudo-binary phase diagram of the CaS-GaS3 system.5)
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Fig. 4. Pseudo-binary phase diagram of the SrS-GayS3 system.®)

3. Preparation of Precursors

To achieve the crystal growth by means of the melt
method using quartz ampoules, we first investigated the
chemical reaction processes of the constituent elements
and binary compounds in a quartz ampoule using DTA
data shown in Fig. 5 which was already observed in the
previous section. Here, it should be noted that a peak of
DTA signals shows an exothermic reaction and a dip an
endothermic one. If Sr and S were mixed in the ratio of
1:1, they reacted around 200-400°C as shown in the top
of Fig. 5. As seen in the second curve from the top of
Fig. 5, the reaction of 2Ga+3S occurred strongly around
950°C whereby GasS3 compounds were produced. The
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temperature of thé reactions was not definite but var-
ied in several tens of degrees, probably because they oc-
curred under an inequiliburium conditiorn depending on
the size and shape of elements. When three elements of
Sr, Ga and S were mixed and heated, three peaks were
detected around 400, 950 and 1100°C in the third curve
from the top of Fig. 5. The reaction around 950°C due to
the formation of GayS3 sometimes caused a break of an
ampoule of the mixture. To avoid the explosive reaction,
GaySs compounds were used with Sr and S elements in
the formation of SrGasS4. In DTA curve of Sr+-5+4+GasS;
in Fig. 5, there is no more strong reaction around 950°C
but two small exothermic reactions around 250°C and
1105°C. One is due to the formation SrS and the other
corresponds to the melting point of GagSz, whereby
SrGasSs is produced. The compound of SrGasSs was
completely synthesized after the exothermic reactions at
1105°C and melted congruently at 1230°C. In the case of
CaGay8Sy, the chemical reaction processes were similar to
that of SrGayS4. The CaS compounds were produced by
the exothermic reaction of Ca+S around 400°C, and the
CaGasSs compounds were formed at the melting point
of GaS3. It is also shown that the CaGayS,; compounds
have a congruent melting point at 1132°C. Based on the
results of the chemical reaction processes, we decided to
use the melt growth method for CaGaySs. This is be-
cause the melting point is low enough to carry out the
crystal growth using quartz ampoules. However, for the
crystal growth of SrGasSs, we adopted the flux method,
because the melting temperature was too high to use
quartz ampoules. The alkaline earth metal (Ca or Sr), S
and GayS; were weighed to about 7g in tetal under ar-
gon gas in the stoichiometric ratio for a Ca thiogallate,
and in the ratio of SrS:GazS3=35:65 for a Sr thiogallate.
The alkaline earth metal and GasSs were poured into a

zf VN o I
=)
> —\J -
=1~ |
g{) | L/ifi‘.f«.‘j&_
R -
a | Sr+S+Ga,S; |
i \//«‘—;GE\Y—'
T N S T T R N N O B -
0 400 800 1200

Temperature ['C]

Fig. 5. DTA signals of chemical reaction processes of the con-
stituent elements in the heating process.5) =~
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Fig. 6.

A photograph of 0.8 wt% doped CaGaz$S4 single crystal
by the melt method.®) The interval of lines in this photo is 1
mim.

quartz boat coated with carbon film which was set at one
end of a quartz ampoule of 13mm¢ x 300mm and set
separately from sulfur element at the other end of the
ampoule for controlling the sulfur vapor pressure. The
ampoule was put in a furnace having two temperature
zones, the temperature of which could be controlled sep-
arately. The part of Ca and GazS; mixture was kept
at 400°C for 24 hours, while the sulfur part was kept
at 300°C. Then, the temperature of the whole ampoule
was elevated to 1120°C slightly above the melting point
of GasS; (1105 °C). It was held for one hour at the
temperature for ensuring the homogenized melt. It was
cooled down to room temperature at a speed of 120°C/h,
and the product was taken out. This was done because
the quartz boat inside was sometimes broken due to the
thermal stress during the reaction; a small amount of the
melt flowed out from gaps or cracks of the inner boat, giv-
ing damages in the final stage of the crystal growth. The
precursor thus produced was ground and again poured
into another quartz boat coated by carbon and sealed in
a 13mm¢ x 150mm quartz ampoule. In the case of Ce3+
doping, powdered Ce,S3 compounds were mixed in the
precursor. Crystals doped with Ce®t in the concentra-
tion between 0.1 and 1.5 wt% was grown. The furnace
used here was of the horizontal Bridgman having three
temperature zones, which could be separately controlled.

4. Crystal Growth of CaGayS$4 by Melt Method

A crystal of CaGapS; was grown at a speed of
0.5cm/h by cooling the temperature of an ampoule
from 1150°C to 1100°C, whereby the molten compound
passed through 1132°C, the solidifying temperature of
CaGazSs. The Ce®t doped crystals were also grown by
the same method. The grown crystals were transparent
-and doped ones were yellowish. However, in the Ce3+
concentration above 1.5 wt%, the resultant crystals be-
came colored black and were tightly sticked to the wall
of a quartz boat.  Figure 6 shows a photograph of the

Fig. 7. A photograph of undoped single crystal of SrGazSi grown
in GazSs flux.®) The interval of lines in this phote is 1 mm.

crystal doped with 0.8 wt%Ce3*t. The size of the crystal
was about 7Tmm¢ x S5mm and it had still many cracks and
black precipitates especially at the edge of the ingot. The
normal direction of the cleaved surface as shown in Fig.6
was [100] which was parallel to the growth direction.

5. Crystal Growth of SrGa,S, by Flux Method

Crystals of SrGazSs were grown at speeds of 4°C/h
and 2°C/h using Ga,S;3 as a flux. The melting point of
the mixture of SrGayS, and GayS; was estimated to be
1150°C from the phase diagram of the SrS-Ga,Ss sys-
tem.(Fig.4) A crystal was grown from the temperature
20°C above the melting point. The melt was kept at the
maximum temperature for 12 hours to assure the homog-
enization of the liquid of the mixture. The effect of the
growth speeds on the crystallinity is hardly seen, because
the size of the resultant crystals was still too small to be
compared at the two growing speeds tried. One of the
problems is that the chemical reaction between the wall
of a quartz ampoule and the liquid mixture progressed,
if the growth speed slowed down. Crystals of 2-3mm
in size were obtained as shown in Fig.7. Crystals hav-
ing concentrations of 0.1~1.5 wt%Ce3* were also grown.
However, the crystal above 1.5 wt%Ce3t concentration
was colored black with many cracks inside and was easily
broken into pieces. Several pieces of the crystals above

1.5 wt%Ce®* which had transparent single domains were .

selected for photoluminescence measurements.

6. Photoluminescence Spectra

We measured the photoluminescence spectra of
CaGapS4:Ce®t and SrGagS4:Ce®+. Samples were excited
by a He-Cd laser (Omnichrome 3056-15M) of 325 nm
with an output power of 23 mV at room temperature.
Luminescence spectra were detected with a photomul-
tiplier (HAMAMATSU R562) using a monochromator
(NALUMI RM-23-1).

As the light emission from a crystalline sample
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strongly depends on the size and shape of the sample,
every single crystal was powdered using an agate mor-
tar, 50 as to reduce the size effect. The powdered sample
was tightly filled in a quartz capillary and mounted on a
sample holder.

In the case of CaGayS4:Ce®t, the emission spectra
strikingly changed as the Ce3* concentration varied as
shown in Fig.8. The intensity of the emission varies al-
most linearly with the Ce3* concentration between 0.1
and 0.5 wt%. The emission intensity seems to be satu-
rated inthe Ce3* concentration above 0.5 wt%. We also
measured the dependence of the excitation intensity on
photoluminescence. The luminescence spectra were mea-
sured ‘as a function of the intensity of excitation light,
by reducing it by ND filters. The linear relation was ob-
served between the emission spectra and the excitation
intensity. This tendency is seen in all samples with the
concentration between 0.1 to 1.5 wt%GasSs.

The dependence of the emission on the growth direc-
tion was also observed. Sample crystals were cut out
from 1, 3 and 6cm away from the growth start position
along the growth direction. The intensity of the emission
was almost shown constant against the growth direction.
This means that the Ce®* ions were distributed homo-
geneously along the growth direction.

In the case of SrGayS4:Cedt, sample crystals were
taken away from an ingot by separating the flux of
GazS3. From the flux itself, no emission was detected
when it was irradiated with a 325 nm He-Cd laser. The
photoluminescence spectra of SrGayS,:Ce3*+ with vari-
ous Ce®* concentrations were shown Fig. 9. The emis-
sion intensity increases as Ce®*t concentration increases
from 0.1 to 1.5 wt%. This is different from the results of
CaGaz S4 :Ce3+ .

7. Summary

The pseudo-phase diagrams of the CaS-GasS; and
SrS-GasS; systems were constructed by means of DTA
measurements and powder X-ray diffraction.

Based on the diagrams, we have grown single crystals
of CaGasS, by the melt method and those of SrGaySy
by the self-lux method. The Ce3+ doped single crys-
tals were also grown by the same methods. A larger
single crystal was obtained in the case of CaGagSy:Ce?+
compared to the SrGayS4:Ce3t case. The crystals had
a tendency to be cleaved at the surface normal to the
growth direction.

From the dependence of the emission on the growth
direction, Ce®* was thought to be distributed homoge-
neously along the growth direction of the CaGaySy crys-
tal. The emission intensity was almost proportional to
the intensity of the excitation light in the whole Ce3+
concentration range.

In the case of SrGagSy:Ce3t, Cedt+ could be doped
linearly up to 1.5 wt%.
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Phase Diagram and Crystal Structures of the CdS — In;S; — Ga;S3 System
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3-25-40 Sakurajosui, Setagaya-ku, Tokyo 156-8550, Japan.
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We have investigated the phase equilibrium and crystal structures of the CdS — InySs — GapS;3 system ((i)
CdGa2Ss — CdInaSs (ii) CdGagSa — 2GalnS; (iii) CdS — GalnSs systems). We have constructed the phase di-
agram of the (i) system and found a new layer compound in the (ii) and (iii) systems. The newly found layer
compound crystallizes in the trigonal space group P3m1-164 (hexagonal cell; = 3.80, ¢ = 18.3 A). We have also
determined the optical band gaps of both the new layer and already known ZnInyS4(III) phase compounds.

KEYWORDS: CdS — In2S3 — GasS3 system, layer structure, phase diagram, lattice parameter, DTA, X-ray diffraction, op-

tical absorption

1. Introduction

Several different kinds of crystal structures have been
found in the CdS ~ InyS; — GayS3 system, such as tetra-
hedral, layer and spinel structures. The compounds
found in this system are shown in Fig. 1,719 where
layer compounds have a structure analogous to those of
the mZnS-In,S3 (m = 1,2,3) system. The layer phase
in this system was first found by Shand.!) It crystal-
lized in the ZnInyS, (IIT) type. Later, Haeuseler reported
that the ZnyInyS;5(IIb) type structure was found in the
GaySz — CdIngS,y system.z) Recently, we have investi-
gated the phase diagram of the CdGasSs — CdInaSy to
study the structural phase change due to the exchange
of the cation ions ' but no new layer phase was ob-
served except for the ZnIn,S4(IIT) type.

Many layer phases have been observed in the pseudo-
ternary AX — ByX; — B4X3 (A=Mg, Mn, Fe, Co, Nj,
Zn, Cd, Hg; B, B’=Al, Ga, In, Sc, V, Cr; X=8, Se)
systems and the number of new layer compounds in
these systems is still growing.?) The layer compounds
have attracted much attention because of the polytypic
form, superstructure, and anisotropic physical proper-
ties. However, the phase equilibrium, crystal struc-
tures and physical properties of these compounds in the
CdS — InyS3 — GayS3 system have not been fully clari-
fied. Our present purpose is to investigate phase dia-
grams, complex crystal structures and optical properties
of the compounds in this ternary system.

In this paper, we have studied the following three sys-
tems.

(i) (1 - 2)CdGayS4—zCdInySy (z =0~ 1)
(ii) (1 - £)CdGazSs—2xGalnSs (z =0~1)
(iii) (1 —z)CdS-zGalnS; (z =0 ~ 1)

In the (i) system, the crystal structure changes from the
defect chalcopyrite through the ZnInsS4 (III) type finally
to spinel one, as the value of x varies. Haeuseler el.al.
proposed a “structure field map” of sulfides having a for-
mula AB,X,!3) to predict possible compositions as well
as to find new quaternary layer compounds. The map
was constructed by using the mean values of the Zunger
coordinates R, and R, where R, is a measure of the

*E-mail address: takiz@chs.nihon-u.ac.jp
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CdS

CdInGaS,
(ZnIn,S, Illa type)

Cd, 5InGa,S5 (Zn,In,S; IIb type)

Fig. 1. Compounds in the CdS —InzS3 — GasS3 system.!-19)
CdInGa.S4,1) Cdo,sInGast,Z) Cdo.2In; 6Ga2Ss.6 (this paper).

difference between the total effective core radii of cation
and anion atoms, and R, measures the sum of the or-
bital nonlocality of the s and p electrons on each atom.!?)
They succeeded in getting the relation between the de-
fect chalcopyrite, layer and spinel in the AB;X4 com-
pounds. However, the mechanism of the phase transfor-
mation caused by the atomic exchange has not been fully
clarified. Here, we have investigated the phase diagram
of the (i) system to investigate the structural transfor-
mation due to the exchange of the cation atoms.

We have also studied the stacking periodicity of the
layer phase in the CdS — InyS; — GapSs system.  The
stacking period in the mZnS-InyS; (m = 1,2,3) system
changes with m. In the (i) system, we could not find
any layer phase but the ZnIn,S,(III) one. Thus, we have
studied whether a new layer compound exists or not in
the two regions (ii) and (iii) of the CdS — InzS3 — GasS;
system (see Fig. 1), where a layer compound was re-
ported at the intermediate point of the lines, respectively.

2. Experimental

DTA (Differential Thermal Analysis) measurements'®)
were employed to observe the melting point, phase tran-
sition and chemical reaction. Samples, weighing the el-
ements (Cd,Ga,In,S) to about 0.2 g in total were sealed
in quartz tubes having dimensions of 7mm¢ x 40mm un-
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der vacuum. The rate of heating and cooling was held
at a constant value of 2 deg./min. The products synthe-
sized after DTA measurements were identified by powder
X-ray diffraction (Rigaku RINT) using the Cu-Ka line
at room temperature. The RIETAN-94 (the program for
the Rietveld analysis %17)) was used for structural anal-
ysis. Based on the data above, we have constructed the
phase diagram of the pseudo-binary system and investi-
gated the structural phase transformation by the atomic
exchange.

Single crystals for the optical measurement were grown
by a furnace having a uniform temperature gradient.
The precursor for the crystal growth was synthesized by
using the following chemical reaction in an evacuated
ampoule.

zCd + 2yIn + (z + 3y)S + 2Ga,S;
d CdzIn2yGa2zS:c+3y+3z (1)
(z,9,2) = (1,0.6,0.4),(0.2,0.8,1)

We used Ga,S3 compounds (synthesized by the same
procedure as mentioned in a reference!®)) in the starting
mixtures to suppress the sulfur vapor pressure which may
cause the explosion of the quartz ampoules mainly trig-
gered by an abrupt exothermic reaction between Ga and
S atoms. The crystal structure was analyzed by powder
X-ray diffraction.

Optical absorption spectra for the CdIn; sGag.3S4 and
Cdg.2In; 6GasSs ¢ single crystals were measured at room
temperature. Samples were cleaved perpendicular to the
¢ axis and transmission spectra were measured in the
wavelength region of 4000~7000 A. The sample thick-
ness d was measured by a digital micrometer. The ab-
sorption coefficient a was calculated using the following
relation.

— R)2 _
7= (L= R)exp(—ad) -
1— R?exp(~2ad)
where T and R are transmittance and reflectance, re-
spectively. We obtained reflectivity R needed for the

calculation using the refractive index deduced by the fol-
lowing relation,19:20)

1
n= —— 3
2d(1/A1 — 1/X2) @)
where A1, Ay are the wavelengths at which two adjacent
maxima appear in the transmission spectrum and the
refractive index n is a mean value between A; and JAs.

3. Experimental Results and Discussion
3.1  The phase diagram of the CdGayS4~CdIny Sy sys-
tem :

Fig. 2 shows the phase diagram of the CdGasS; —
CdInyS, system.!? In this system, three phases, defect
chalcopyrite, layer and spinel were observed. The defect
chalcopyrite phase appeared between £ = 0 and 0.56,
and the spinel one between z = 0.7 and 1. The layer
phase was observed in the entire region except for the
compositions at £ = 0 and z = 1.

Fig. 3 shows the powder X-ray diffraction patterns
of the CdGaySy — CdInyS, system. It is apparent that
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Fig. 2. The phase diagram of the CdGaS4—CdInzS, pseudo-
binary system.12)
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Fig. 3. Powder X-ray diffraction patterns in the (1—z)CdGasS4—
zCdInySy (z = 0 ~ 1) system.1?)

the XRD pattern at z = 0.5 is the same as that of the
mixture of the defect chalcopyrite phase and the layer
one. The single layer phase was found to be realized only
in between z = 0.58 and 0.68. This result is different
from the earlier one that the single phase of layer was
formed only at z = 0.5.) The X-ray diffraction peaks of
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Fig. 4. Lattice parameters as a function of z in the

Cd(InzGaj—z)2S4 (x = 0 ~ 1) system.!!)

the layer phase shift to the lower angle side as z increases
from z = 0.3 t0 0.7, indicating the elongation of the layer
lattice along the c-axis with z.

The lattice parameters of each phase determined by
means of RIETAN-94 are shown in Fig. 4 as a func-
tion of z. The lattice parameters of pure three phases
are CdGa,Sy (tetragonal; a = 5.55, ¢ = 10.17 A),
CdIn; 5Gag 3Ss (hexagonal; a = 3.89, ¢ = 37.25 A) and
CdIn,S, (cubic; a = 10.84 A). The defect chalcopyrite
lattice expands with = in the z = 0 to 0.2 region, while
the layer one expands with z in the £ = 0.3 to 0.7. The
lattice parameters of both layer and spinel lattice seem
irrespective of = for £ > 0.7. The lattice expansion of
the defect chalcopyrite phase and the layer one is mainly
explained by the solid solution, where Ga atoms are grad-
ually replaced by In atoms. However, in the layer phase
between z = 0.3 and z = 0.56, this explanation fails
because the lattice parameters of the two phases must
be unchanged in the eutectic region. One reason for this
may be that the layer lattice is unstable and the stacking
is affected by the tetragonal phase mixed.

The region between z = 0 and 0.56 is the eutectic type
phase diagram, though the unusual change of the layer
lattice parameter in the region between z = 0.3 and 0.56
is observed. In the pure layer phase between =z = 0.56
and 0.7, a part of Ga atoms are gradually replaced by In
atoms, leading to the expansion of the layer lattice. At
z > 0.7, the rigid spinel lattices may be formed, resulting
in no change in the lattice constant.
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3.2 The Layer compounds in the CdS-In,S3—GasSs
system

The layer compounds in the pseudo-ternary AX—
B2X3 — BiXs (A=Mg, Mn, Fe, Co, Ni, Zn, Cd, Hg;
B, B'=Al, Ga, In, Sc, V, Cr; X=S, Se) systems have the
following characteristics.2:3:21-25) (1) Anion atoms form
the hep (hexagonal close packing) type sublattice or the
mixture of the hcp and. ccp (cubic close packing) type
stacking. (2) The stacking forms slabs, one of which con-
sists of four to six anion layers. The slabs are combined
with each other by the Van der Waals force between the
sulfur layers. (3) Cations are coordinated tetrahedrally
or octahedrally. The octahedrally coordinated cations
are located near the center of a slab. (4) The octahedral
site is exclusively occupied by In atoms.

We searched for a new layer compounds and polytypic
form in the CdS — InyS; — Ga,pS3 system. Fig. 5 shows
the X-ray diffraction patterns of the CdGasS4 ~ 2GalnS;
system. Two types of the layer phases were observed in
this system. One was the Zn,In,Ss (IIb) type structure
at z = 0.5 (hexagonal; a = 3.83, ¢ = 30.6 A) already
reported by Haeuseler et.al.?) However, it is seen in Fig. 5
that this phase appears only as a mixing partner with
GayS3 phase (hexagonal; a = 6.46, ¢ = 17.9 A). This
layer phase was observed in the region from z = 0.25
to 0.75 but we could not find its pure single phase and
polytype in the (ii) system.
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Fig. 5. Powder X-ray diffraction patterns in the (1 —z)CdGazSs—
2zGalnS3 {z = 0 ~ 1) system
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Fig. 6. Fitting of the observed datum to a calculated one in terms
of the Rietveld analysis for Cdg.2In;.6Ga2Ss.6.

A pew layer phase of Cdg oIn; §GasSs.s was found in
the CdS-IngS; — GasS; system. Figure 6 and Table I
show the results of the Rietveld analysis by means of the
RIETAN-94, where the Zn3In,Ss (I) type (P3m1;164)
structure?!) was assumed. In addition, we assumed that
the octahedral 1(b) and tetrahedral 2(d) cation sites were
occupied by the In atoms and the remaining other cation
atoms, respectively. All anion atoms were located in 2(d)
sites like those in the Zn3In,Se (I) compound. The good-
ness of fit indicator “s” 16:17) is 1.31 (If the indicator “s”
equals to one, the fitting is perfect). From this fitting,
we determined the crystal structure of Cdg 2In; ¢GasSs 6
as the trigonal space group P3m1 (hexagonal; a = 3.80,
¢ = 18.3 A). The positions of the atoms are shown in
Table I. This phase was observed in the region z = 0.8
to 0.9 and the lattice parameters stayed constant in this
region. Fig. 7 shows the X-ray diffraction patterns of
the (iii) system (z = 0.5 ~ 1). A half of this sys-
tem, ie., the CdS-CdInGaS; region is already.studied
by Irie et.al.2":28) Their results, the mixing of the CdS
and ZnInyS, (III) type phases just corresponded to this
region. On the contrary, three types of the layer phases

Table I. Cdo.2In; ¢Ga2Ss.6: space group; P3m1l
Hexagonal cell; @ = 3.80, ¢ = 18.3 A.

Atom  Position x y z. *s.0.f.

Cd/Ga  2(d) 1/3 2/3 03014001 0.1/0.6

Ga/In 2(d)  1/3  2/3 0.8774£0.01 0.5/0.4
In -~ 1(b) 0 o0 0.500 1.0
st 2(d)  1/3 2/3 04254002 1.0
S2 2(d)  1/3 2/3 0.748£0.02 1.0
S3 2(d)  1/3 2/3 0.085£0.02 1.0

Interatomic distance: -

(Cd/Ga) - S; 2.324, (Ga/In) - 2.334, In - S; 2.594
*s.0.f.= site occupation factor.
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Fig. 7. Powder X-ray diffraction patterns in the (1 — z)CdS —
£GalnS3 (z = 0 ~ 1) system.

were observed in the other half of this system (z = 0.5 ~
1). However, no new layer phase except for the Zn3In,Sg
(I) type mentioned above was found. The layer struc-
tures in the (1 — z)CdS-zGalnS; system changes with =
as the following.

z=0.1~0.75
ZnIn,S, (IIT)

z = 0.60 ~ 0.85
— Zn21n285 (IIb) -

z=10.8~10.95
Zn31n286 (I)

The number of anion stacking which forms a slab in-
creases from four to six with x. All the layer compounds
found in the CdS-InyS3—GasS; system are shown in Ta-
ble II.

3.3 Optical absorption measurement

Fig. 8 shows absorption spectra of the CdIn; 5Gag sS4
and Cdg.In; 6GagSs.6 single crystals. The optical ab-
sorption edge of the Cdg.oIn; §GasSs ¢ is greater in en-
.ergy than that of the CdIn; 2GagsSs. In the optical

Table II. Layered compounds in the CdS-InzS3-GasS; system.

Cation *C.N.
compound Structure S.G. Lattice parameter(hex.) Anion staking Tetra:Octa
CdlIn; 2Gag.g54 ZnInyS4(II)type R3m(160) o =3.89,c=37.25A ABCA CABC BCAB 2:1
Cdo.5InGay S5 ZnInySs(Ib)type  P3ml(164) o =3.82,¢c=30.6 A ABABA BABAB 231
Cdo.2In; 6Ga2Ss.6  ZnalngSe(I)type  P3m1(164) o =3.80,c=18.3 A ABABAB 4:1

*¥C.N.= Coordination Number.
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Fig. 8. The transmission coefficient for Cdg.2In; ¢GasSs.s
{d = 15 ym) and CdIn;.2Gag.gS4 (d = 14 pm).

transparent region, the interference effect was clearly
observed. We calculated mean refractive index n and re-
flectivity R by using equation (3). Fig. 9 shows the de-
pendence of the refractive index and reflectivity on wave-
length. Based on the results and equation (2), we calcu-
lated the band gap by using (ahv)' v.s. hv (I = 1/2,2)
plot. The band gaps are E, = 2.58 ¢V (indirect), 2.76 eV
(direct) for Cdg 2In; 6GagSs¢ and E; = 2.49 eV (indi-
rect), 2.65 eV (direct) for CdlIn; 5Gag sS4- The difference
in the energy gap between two phases is understood by
the interatomic distance; the energy gap is inversely pro-
portional to the mean interatomic distance. Actually,
the mean atoms distance between cation and anion of
the Cdo.zlnl.sGaQSs.ﬁ and CdIanGao_gslg are 2.41 and
2.53 A, respectively.
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Fig. 9. The refraction index and reflectivity for Cdo.2In1 6Ga2Ss.6
(d =15 pm) and CdIn; 2Gap.854 (d = 14 pm).

Table III shows the interatomic distances and energy
gaps in the CdS — InyS3 — GazS3 system. Interatomic
distance of cation and anion atoms depends on both the
surrounding atoms and coordination numbers. For ex-
ample, the distance between Cd and S in the CdIn, Sy lat-
tice is shorter than that of other compounds such as CdS,
CdGaySs and CdIny »Gag gSs, which have Cd atoms in
the formula. In this ternary system, the mean inter-
atomic distance increases by the following order: tetra-
hedral < layer < spinel. This is because the interatomic
distance of the tetrahedral cation is larger than that of
the octahedral one in the CdS — InyS3 — GagS3 system.
Consequently, as the number of the octahedral atoms
increases, the mean interatomic distance increases and
energy gap decreases.

Table III. Interatomic distances and energy gap.

Compound Structure Cd-S [A] Ga-S [A] Inges.-S [A] Inoct.-S [A] mean value Eg [eV]
CdS wurtzite 2.51 - - - 2.51 2.42
GagySs3 defect wurtzite - 2.26 - - 2.26 3.44
Tn2Ss defect spinel - - 2.33 2.69 2.57 . 2.03
CdGasgSs defect chalcopyrite 2.56 2.27 - - 2.36 3.58
CdInySs spinel 2.20 - - 2.80 2.60 2.44

GalnS3 P6; - 2.34 - 2.57 2.46 -

CdIn;.2Gag.8S4 layer 24 2.5 - 2.7 2.53 2.49

71
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4. Summary

We have constructed the phase diagram of the
CdGagSs — CdIn,S, system. The single layer phase
was found between z = 0.58 ~ 0.68. We have
also found a new layer phase Cdg.oIn; 6GasSse in the
CdGaySs — 2GalnS; system. The phase crystallizes in
the trigonal space group P3m1 (164) having hexagonal
lattice parameters, a = 3.80, ¢ = 18.3 A. The atomic
positions were determined by the Rietveld analysis. The
optical band gap of the newly found layer compound was
larger than that of CdIn; 5Gag Sy at room temperature.
This is explained by the difference in the interatomic dis-
tance of both compounds.
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Defect Physics of CulnSez and CuGaSe:z Bulk Single Crystals Grown by the Horizontal Bridgman

Method
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The defect physics of CulnSez and CuGaSes, especially on the origins and values of the activation energies
in these bulk crystals have been analyzed by means of the Hall effect, electron spin resonance, optical
absorption, photoluminescence measurements and electron probe microanalysis. The activation energies of
donors in the n-type CulnSe; are estimated to be ~30meV and 5-10meV, while those of acceptor in the p-type
CulnSe:z are estimated to be 50-60meV and 10-20meV, on the basis of the Hall effect. From the results of the
electron spin resonance and the annealing effect in Se atmosphere, the deep and shallow acceptors can be
ascribed to the In vacancies and the Cu vacancies or Cu in the In site, respectively. The deep and shallow
donors can be ascribed to In in the Cu site and the Se vacancies, respectively. On the other hand, the
acceptor levels of CuGaSe; are about 20meV for Cu-vacancies and/or Cu in the Ga site and about 80meV for
Ga-vacancies, and the donor level is about 60meV for Se-vacancies from the annealing results in vacuum

and Se atmosphere.

KEYWORDS: CulnSe,, CuGaSe;, intrinsic defect, Hall effect, ESR, optical band gap, PL, acceptor level, donor level

1. Introduction

There are still many controversial problems in interpreting
the defect physics of CulnSez and CuGaSes, especially on the
origins and values of the activation energies of acceptors and
donors. These are mainly due to the difficulties in reducing
and controlling lattice defects in ternary semiconductors as
compared. to those of binary ones. The important problems to
be solved are as follows:

(1) To reduce microcracks and extrinsic defects in the
growing process.

(@To grow bulk single crystals with sufficiently
well-controlled compositions to identify intrinsic defects
clearly.

(3) To stabilize electrical and optical properties, very
sensitive to compositional deviation from stoichiometry.

To settle these problems, we have grown the bulk single
crystals of CulnSez and CuGaSez by the horizontal Bridgman
method with controlling Se vapor pressure as well as the flux
method using self-flux as a solvent. The electronic energy
levels and densities of intrinsic defects in these crystals have
been analyzed in terms of the Hall effect, electron spin
resonance (ESR), optical absorption, photoluminescence
measurements and electron probe microanalysis (EPMA), and
their origins are discussed in comparison to the annealing
effect in vacuum and/or Se atmosphere.

2. Growth of Bulk Single Crystals
2.1 CulnSez crystals grown by selenization method

CulnSez bulk single crystals were grown using the
selenization horizontal Bridgman method with controlling Se
vapor pressure from 5 to 25 Torr.!? A Culn alloy was first
produced by reacting the two elements at 700°C. Then it was
heated to 1020°C, while the Se element sealed at the other
end of the quartz tube was heated to a temperature
corresponding to the desired Se vapor pressure. After
selenizing the Culn alloy, the profile of temperature gradient
which was set to 3°C/lem was electrically moved at a speed of
about lcm/h under the Se vapor pressure. Crystals thus
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grown were cut into three parts along the growth direction,
ie., "Top (D), "Middle (M)" and "End (E)". "I denotes the
portion initially solidified. The prefixed number such as "10T"
denotes Se vapor pressure in Torr during the crystal growth.

In previous papers,'® we reported that CulnSes crystals
showed n-type conduction, when they were prepared under
low Se vapor pressures (less than 57 Torr), but they
sometimes contained heterogeneous phases which were
inhomogenously distributed inside. The Hall mobilities of
these n-type samples were lower than those grown by the
normal freezing method, indicating their degraded
characteristics.” In order to obtain n-type single crystals of
good quality, we have used the horizontal Bridgman method
without applying Se vapor pressure. These crystals were
prepared using mixtures of Cu, (I+x)In and (2+x)Se as a
starting material by fixing the compositions to Se/metal=1
and Cuw/In=1, where x was varied from 0 to 0.01.

2.2 CuGaSe; crystals grown by solution method

To avoid the peritectic reaction at the interface between the
(sphalerite + liquid) phase and the chalcopyrite phase,®
CuGaSe: crystals have been already grown by the solution
method using In, Cul, Pb and Bi solvents.5® However, it has
a problem of contamination by the solvents used. To overcome
the problem, the growth of bulk crystals using the self-flux
may be effective. For this purpose, we have constructed the
phase diagram of the CuSe-CuGaSes system.? On the base of
this phase diagram, bulk single crystals were grown by the
horizontal Bridgman method using the liquidus line of 10 to
55mol%CuGaSe2 solute.? The solute was held at 1080°C for
24h, and the crystal was grown at a speed of 2°C/h.

3. ' Defect Physics of Bulk Single Crystals
3.1 Hall effects

The Hall coefficient and mobility of CulnSes and CuGaSez
bulk single crystals were measured in the temperature range
from 20 to 300K under a constant magnetic field of about 1 T
using the six-electrode method. The electrodes for n- and
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p-CulnSe2 were made by electrodeposition of Ni onto the
samples. On the other hand, Ni and Pt electrodes were
adopted for p-type CuGaSez crystals with low and high
resistivities, respectively.

Most of the p-type CulnSez crystals grown in our work
show overshoots in the Hall coefficient vs temperature curves.
These overshoots are typical for the two carrier conduction
and frequently observed in the case of compensated III-V
semiconductors such as InSb.1® The Hall coefficient Bu with
overshoot is expressed as follows,

/‘H

_rp-nb’)
e(p+ nlJ)2
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,where p=

Hp

where y is the Hall factor, e the elementary charge and 4/

#p the Hall mobility ratio. Here, the electron and the hole .

concentrations, n and p are expressed as a function of
temperature as follows, except for the degenerate region
where the conductivity becomes independent of temperature,

Np

n=———L2—— for N;>N, >>n, 2
1+ 2exp(E,[kT)

p:——]!"— for N, >N, _>>p ®
1+ 2exp(E, [kT) ' 4”70 ’

where Np and Na are the donor and acceptor densities, and
Eb and E, are the donor and acceptor levels, respectively.

The behavior of the Hall coefficient vs temperature curves
of n-type CulnSez samples is classified into two typeslV as
shown in Fig. 1. The conduction characteristics for n-type
samples was well described by assuming the one-carrier
model, and the activation energies of donors were estimated
to be ~30meV (Fbeer) and 5-10meV (Fbehatow). Since the
formation energies of the antisite Inc. (1.4-1.6eV) or Se
vacancy Vse (2.2-2.8eV) are much lower than those for the
interstitial impurities Cw (4.4eV) and In; (9.1eV) and the
cation and anion antisites Inse (5.0eV) and Secy,
(6.0-7.5eV),1219 the intrinsic defects constituting these donors
_can be aseribed to Incy or Vse. From the results of EPMA, the
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samples with Zb(eep) have In-rich compositions, i.e., Cu/lIn<1i,
while the samples with Ebuep) have Cu/lIn~1 and Se-poor
compositions. The samples with Ebeey Were also prepared
using the selenization horizontal Bridgman method under a
low Se vapor pressure.! Hence, the donors with Zb(esp) and
Ebehalowy can  probably be aseribed to Inca and Vs,
respectively.

The effect of the electron concentration on the Hall
coefficient of p-type CulnSez samples may be negligible
compared to that of the hole concentration at high
temperature. Hence, the activation energies of acceptors were
.estimated using the curves at high temperature where the
logarithm of Hall coefficients increases nearly linearly with
decreasing temperature. Two acceptor levels were derived as
10-20 meV (Ehhalow)) and 50-60 meV (Faweep?). On the other
hand, in the region of the Hall coefficient overshoots, the Hall
mobility ratio on the equation (1) are assumed as

@

indicating the difference in the temperature dependence of
the electron and hole mobilities.l1® We classified the Fu
behaviors of p-type samples into three types, i.e., deep (D),
shallow (S) and double (W) by using the density ratio between
shallow and deep acceptors.l) The results of the Hall effect of
D-, S and W-type samples are shown.in Figs. 2, 3 and 4,
respectively. The densities of shallow and deep acceptors are
designated as NaGhallow) and Faeep), respectively. Nathallow) iS
much larger than MNi@ep in the S-type samples, while
NaGhatow is much less than MNaeep) in the D-type samples, and
the conductivity type sometimes changes from p to n at low
temperature. The W-type samples have two kinds of the
overshoot peaks, indicating that MNaGhalow) is almost
comparable with Na(deep).

On the other hand, the electrical properties with only the
p-type conduction were obtained for the CuGaSe: crystals
prepared using CuSe solvent as shown in Fig. 5. This was in
contrast to those prepared with In solvent,® where only a
highly resistive sample was available because of the
compensation. The activation energies of acceptors were
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Fig. 1. Temperature dependence of (a) the electrical resistivity, (b) the Hall coefficient and (c) the Hall mobility of n-type CulnSes.!?
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Fig. 4. Temperature dependence of (a) the electrical resistivity, (b) the Hall coefficient and (c) the Hall mobility of the W-type samples.

estimated using the temperature variation of Hall coefficient and E.!1® The resistivity and mobility of the H-type changed
curves. Two acceptor levels were deduced as about 20 and 80 drastically as temperature varies, while those of the L-type
meV. According to the temperature variation of the resistivity = changed little.

curves, we classified the samples into two types, ie., H-type

such as samples A and B, and L-type such as samples C, D
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Fig. 5. Temperature dependence of (a) the electrical resistivity, (b) the Hall coefficient and (c) the Hall mobility of as-grown CuGaSez, 1

8.2 Electron spin resonance

Most of CulnSez single crystals grown from melts or
solvents are inevitably contaminated by iron ions. ESR was
carried out by utilizing the-iron contamination, and ESR
signals related to Fe¥ and Fe?* were observed.17.18 ESR was
performed with 9.835 GHz at liquid He temperature (4.2K),
using a TEiez cavity.!® We have also studied these the effect
of lattice defects on ESR using the same p-type CulnSez
samples in §3.1 whose ternary compositional diagram
determined by EPMA is shown in Fig. 6. Figure 7 shows the
ESR spectra of the D-, S- and W-type samples. Here, ESR
intensities were normalized to the respective weights of the
samples. Therefore, the ESR intensities directly yield the
paramagnetic ion concentrations. The Fe3+ related signals,
ie., "II', "III" and "IV" are observed strongly in the D-type
samples having stoichiometric compositions, and also
observed weakly in the W-type samples having Cu-rich and
Se-poor compositions. On the contrary, the Fe2* related signal
"I" are observed only in the S-type samples. In addition, the

® CulnSe;

InySes

C“ZSGM\/

isotropic line at g~2, which is the strongest for the S-type
samples, was ascribed previously to Cu vacancies.!® Here,
25M in the S-type samples show ESR signals as containing
partly the D-type samples. This may relate to the donor
density in 25M which is less than that of 10T and 25T at low
temperature (see Fig. 3).

These results may give us hints on the origins of the
intrinsic defects, in particular, acceptors, since all samples
show p-type conduction. Those defects may be expected
arising mainly from cation vacancies which are substituted
by iron atoms. As the ESR intensities for Fe2* or Fe3* are
irrespective of acceptor densities of ~20 or ~60meV, we rule

-out these defects because they have no relation with iron. The _

formation energies of the antisite Cum (1.5-1.9¢V), Cu
vacancy Veu (2.6-3.2eV) or In vacancy Vin (2.4-2.8¢V) are
much lower than those for the interstitial impurities Se:
(22.4eV), the cation and anion antisites Cuse (5.4-7.5¢V) and
Sers, (5.2-5.5eV).12'19 Thus, both acceptor levels Faghatow) and
Fideep) may be tentatively ascribed to Vcw, Vin and/or Cuin.

Cug sglng s5Sey 94

VAVAVA

~ VAVAVAVAVAN

Cu

Fig. 6. Relative atomic ratios of the D-, S- and W-type samples in the ternary composition diagram.’



194 Ternary and Multinary Compounds in the 21st Century

IPAP Books 1

D type Stype W type
2K 42K I 42K
I v I 95T ) 25E] -
I . |
8 €l X
= WE| 3 =
i
2 2 11 3
25M
5E 10M
1 i 1 | 1 1 1 1 i 1 L] 1 1 1 1 i 1 |5M i
0 2 4 6 2 4 8 8 0 2 4 B 8
Magnetic Field (kG) Magnetic Field (kG) Magnetic Field (kG)

Fig. 7. ESR spectra at 4.2K of the D-, S- and W-type samples.

The acceptor with Eaghalew in S-type samples is ascribed to
Veu for Cu/In<1, and Fe atoms substituting Cu sites give rise
o the ESR signals for Fe?*. The acceptor with Ehhalow in the
W-type samples may be due to Cup for CwlIn>1. The acceptor
with Fa@eep in the D- and W-type samples is expected to be
due to Via which is the best candidate remaining. If the donor
density decreases in p-type samples with Cu/In<l, the
density of Vca dose not only increase but the density of Via
also increases a little. ESR signals for Fe3* with Cu/lIn<1l
indicates that iron atoms preferably occupy Vin to Veu.

3.3 Annealing effect

To identify the origin of the donors in p-type CulnSez, a
D-type sample with a higher donor density (CwIn~1) was
annealed in Se atmosphere which is controlled in the range of
200 to 500°C.1Y The Hall coefficient vs temperatiure curves
were obtained after each of four kinds of annealing under
different Se vapor pressures, and shown in Fig. 8. Following
the same procedure as in previous papers,L1® we deduced the
densities of acceptors and donors, MNaesp), NAGhallow) and
Nbihatiow), using the estimated activation energies of Fideep) =
50meV, EaGhallowy = 20meV and EbGhatewr = 10meV.1D The
results are summarized in Table I. The donor density was
found to decrease with increasing Se vapor pressure.2215 In
the case of annealing under a low Se vapor pressure of 5.0X%
103 Torr (at 200°C), the donor density becomes higher than
that for an as-grown sample. As Se vapor pressure in
annealing increases to more than 2.8X1071 Torr (at 3007C),
the peak of the Hall overshoot shifts to the lower temperature
side, finding that the donor densities annealed at 300 and
400°C become lower than that for an as-grown sample. After
annealing under 43 Torr (at 500°C), the Hall overshoot
disappears, and shallow acceptors ascribed to Vcu are
observed mnewly, ie., the corresponding donor density
decreases drastically. Therefore, the donor level Eb@hatiow), the
density of which was affected by annealing, is confirmed to be
due to Vse, as expected in §3.1. The W- and S-type samples
were also annealed, where the temperature at the Se side
was controlled in the range.of 200 to 300°C. The change in the
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105 100 50 . ) 105 TT 1(1)91 I{SHT = 20
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Fig. 8. Temperature variation of the Hall coefficient of the
D-type sample (Cw/In~1) by annealing in Se atmosphere.!?

Hall coefficient vs temperature curves of the W-type samples
by annealing was similar to that of the D-type samples, while
the Hall coefficient vs temperature curve of the S-type
samples changed little by annealing.

To determine these defect levels and origins in p-type
CulnSe: samples, the results of optical absorption and
photoluminescence!? are also summarized as follows. The
samples with Cw/In=1 have an optical band gap of 1.04eV,

“while the p-type samples with Cu/In<l have an optical band
gap of ~1.00eV. The optical band gap of the p-type
compensated samples with Cu/lIn<l. is ~40meV shallower
than that of any other sample. The band tail spreads towards
the lower energy side as Cu and/or Se vacancies increase. For

_the D- and W-type samples with Cu/InZ1, an emission peak

was observed at 0.97-0.98eV, and often other emissions at
~1.00 and 1.04eV, while for the S-type samples with Cu/In<1,
emission peaks were observed at 0.93 and/or 0.95-0.96eV. We
could identify the emission peaks of the D- ‘and W-type
samples to the D-A pair recombination of Vse"Viy and Vs Cum.
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Table 1. Effect of Annealing on the D-type sample (Cw/In~1) in Se atmosphere 10

annealing temperature Se vapor pressure N (doep Na(shation) No(shatiow)
(°C) (Torr) (50 me “‘ (20 meV) (10 meV)
(as-grown) — 2x10%7 — 2x10'¢
200 5.0x10-3 8x10%7 — 5x 1018
300 2.8x101 2x10Y7 —_ 9x10%7
400 5.0x10° 2x1017 —_ 6x10%7
500 4.3x10* 8x1017 2x1017 —_

* activation energies

Table II. Origins and levels of defects related with emissions of the D- (Cu/In~1), B- (Cu/In>1) and S-type samples (Cu/In<1).1?

type emission peak donor activation ener acceptor  activation energy
(f&) (eV) source of donor (meV source  of acceptor (meV)
D.B  ~104 5100 Vs 510 Cu 20
0.97-0.98 Vs 810 g 5060
S ~1.00 0.98)* Ve 5~/10 V, 10~20
- 055289 Ing, <30 Vou 10~20
0.93 unknown (Vs, ?) ~60 Veu 10~20

The results are shown in Table II. On the other hand, the
emission peaks of the S-type samples are ascribed to the D-A
pair recombination of Inca"Veu and (unknown defect)-Veu as
shown in Table II. The impurity level corresponding to the
emission peak at 0.93eV] i.e., Ebunknown), cannot be identified
by the Hall effect in our work. However, the S-type sample is
expected to have donors with an activation energy of ~60 meV,
probably relating to Vse. The emission peak at ~0.98eV
(marked as "*" in Table II) is sometimes known to be observed
in In-rich samples as the D-A pair emission of VseVeu
However, this peak was not observed in our work.

In the case of photoluminescence spectra of CuGaSez, we
have classified the emission peaks as H- and L-types,
according to Cu/Ga~1 and Cu/Ga>1, respectively.'® The peak
appearing at about 1.6eV is classified in the H-type, while
that at 1.62-1.65eV in the L-type. The optical band gap of the
H-type was estimated to be 1.685¢V at 30K from
transmission and reflectivity measurements, being 30-50
meV smaller than that of L-type and that of thin films

prepared by MBE.2® We have investigated the temperature
variation of resistivity and photoluminescence spectra by
annealing CuGaSez crystals in vacuum and Se atmosphere.18)
Samples were heated to 500°C in vacuum, and held for 24h.
After electrical and optical measurements, the samples were
again heated to 500°C under Se vapor pressure of 5 Torr, and
held for 24h. Figure 9 shows the annealing effect for sample
D of the L-type. After the sample was annealed in vacuum, its
resistivity increased five orders, and the emission peak
shifted to lower energy side by ~0.2 eV. Fitting the relation of
the peak energy of emission against the intensity of
excitation . light to the well known equation of D-A pair
recombination,?.22 the levels of acceptor and donor in the
vacuum annealed sample D were deduced as Eo~80meV and
Fo~60meV, respectively. In addition, the Se conténts of
sample D decreased from Se/metal = 0.97 to 0.92 by
annealixig in vacuum. The conduction type can be changed
from degenerate to semi-insulating through an appropriate
annealing as shown in Fig. 9. Therefore, the compensation
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Fig. 9. Annealing effects for the resistivity and the emission of sample D (L-type).i®
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Fig. 10 Annealing effects for the resistivity and the emission of sample B (H-type).1®)

donor is ascribed to Vs. with the activation energy of about
60meV. On the contrary, the annealing both in vacuum and in
Se atmosphere affected little the resistivity of sample B of the
H-type as shown in Fig. 10. The Se content was also constant
of Se/metal~1 despite of annealing. In addition, the shift of
" the emission peak was smaller than that of sample D, and the
peak energy did not shift with varying the intensity of
excitation light. Hence, the emission may be due to the
free-to-band recombination. From those results, the
conduction band tail of the H-type is expected to spread
toward the levels of about 60meV, indicating that the optical
band gap is 30-50 meV smaller than that of the L-type. The
intrinsic defects constituting acceptors can be ascribed to
Cuga, Vcu and Vgs, but Veu was reported to be easily formed
among them.6:2324 Thus, the acceptor of about 20meV can be
due to Veu, but is also possible to be Cuca in the case of
samples with Cu-rich composition. The remaining acceptor of
about 80meV may be due to Vga, because it was only observed
in Ga-poor samples of Cw/Ga>1.05.

4. Conclusion

We have analyzed the intrinsic defects of CulnSe:z and
CuGaSe: bulk single crystals by the Hall effect, electron spin
resonance, optical absorption, photoluminescence and EPMA.

The activation energies of donors in the n-type CulnSez
samples were estimated to be ~30 and 5-10meV, while those
of acceptor in the p-type CulnSes samples were estimated to
be 50-60 and 10-20meV, on the basis of Hall effect. From the
results of electron spin resonance as well as the analysis of
the effect of annealing of the p-type samples in Se
atmosphere, the deep and shallow acceptors, and the deep
and shallow donors can be ascribed as follows. '

¢ acceptors: 50-60meV for Vin, 10-20meV for Veu or Cutn.

e donors: 30meV for Inc,, 5-10meV (and also 60meV) for Vs..

On the other hand, the acceptor levels of CuGaSez are
about 80 and 20meV, on the basis of Hall effect. The donor
level is about 60meV from the annealing results in vacuum
and Se atmosphere, and those origins were identified as
follows. :

s acceptors: 80meV for Vga, 20meV for Ve (or Cuca).

e donors: 60meV for Vs..
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Abstract

We have investigated the magnetic flux motion in a high quality YBCO disk induced by a pulsed magnetic field. The
effect of static bias fields was also studied in the temperature range of 30-95 K. The flux flow resistivity p; increased with
increasing the pulsed magnetic field approximately according to the Bardeen—Stephen model, that is p;/p, ~ B/Bc. The
viscosity coefficient 5 decreased with increasing temperature and static bias field. © 2001 Published by Elsevier Science

B.V.

PACS: 74.72.Bk; 74.60.Ge

Keywords: Viscous flux flow; Flux creep; Pulsed magnetic field; YBCO; Flow resistivity; Viscosity coefficient

1. Introduction

The observation of dynamic flux motion in su-
perconductors has attracted renewed interest with
advent of high-temperature superconductors and
is very informative for the understanding of flux
pinning behavior. In particular, the viscosity co-
efficient # gives us information of pinning pro-
perties. The experimental determination of this
parameter was revealed by means of some experi-
mental techniques such as high frequency meth-
ods, resonator, pulsed d.c. current and high d.c.
current [1]. The aim of this work is to derive the
viscosity coefficient # in melt-processed YBa,Cus;-
07, (YBCO) induced by pulsed magnetic field

* Corresponding author. Fax: +81-3-3454-9287.
E-mail address: murakami@istec.or.jp (M. Murakami).

having lower frequency in the level of 50-60 Hz. In
this case, flux motion is driven by steep magnetic
field gradient (Lorentz force).

In previous paper, we reported the temperature
dependence of flux motion during the increasing
and decreasing processes of pulsed magnetic field
[2,3]. In this paper, we will report the experimental
results of temperature dependence of the viscosity
coefficient 77 induced by pulsed magnetic fields in a
melt-processed YBCO. The relationship between
flux flow and creep are also discussed.

2. Experimental

The disk sample with dimensions of 15.03 mm
¢ x 0.95 mm ¢ was cut from a melt-processed mas-
sive YBCO block with its ¢-axis perpendicular to
the disk surface. The trapped field measurements

0921-4534/01/$ - see front matter © 2001 Published by Elsevier Science B.V.

PII: S0921-4534(01)00345-8
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showed that the sample is a single grain without
weak links.

For flux motion measurements, static bias fields
were first applied at 95 K in the normal conducting
state, and cooled to desired temperature, which is
the field-cooling process. The magnetic flux distri-
bution was observed with applying pulsed mag-
netic fields using several Hall probe sensors placed
along the radial direction of the sample surface.
The experimental setup is described elsewhere [2].

3. Results and discussion

During the field-increasing process of 5-16 ms
which is rising time of pulsed field, we proposed a
new method to derive V-I curve [4] and estimated
the flux flow resistivity p; from the gradient of the
V-I curve. Fig. 1 shows plots of the applied pulse
field versus the flux flow resistivity p;. The flux
flow resistivity p; increased with increasing applied
pulsed field. Assuming that the viscosity coefficient
n is independent of magnetic field, the results were
well approximated with the Bardeen—Stephen
model [5].

10—5 # T T LI I T T T T T LI ) I+
— FC 0.0T+Pulse

FC 1.0T+Pulse o®

Flow resistivity (Qcm)

-9 1 1 11 I 1 1 1 1 1 11 I+
6 7 89 2 3 4 5678
0.1 1
Applied Pulsed Magnetic Field (T)

10

aff

Fig. 1. The applied pulse field versus the flux flow resistivity p;.
One can see that the flux flow resistivity p; is almost propor-
tional to the applied pulse field.

The viscosity coefficient # was also estimated
from the following expression [5,6]:

)8

Pr M

Fig. 2 shows temperature dependence of the vis-
cosity coefficient # thus determined. The # de-
creased with increasing temperature and static bias
field. Such a decrease in # with the static bias field
is explained in terms of a decrease in the pinning
potential energy with magnetic field.

We found that fluxes start to escape from the
sample in the field-decreasing portion of 50-100
ms when the flux flow resistivity p; appears inside
the sample in the field-increasing process [3]. The
flow rate Ry was defined and evaluated using the
following expression

1 dM(r)
M, dt

Ry = (2)
where M(¢) was calculated from the difference be-
tween the magnetic field at the sample periphery
and external field. Fluxes begin to flow at a certain
temperature as shown in Fig. 3 and are pinned at
only strong pinning centers and followed by log-
arithmic time decay.

107 F T T T T B!

—&— Pulse 0.2T o
<A+ FC 1.0T+Pulse 0.2T

N (Ns/m?)
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—l— Pulse 0.6T
-[4- FC 1.0T+Pulse 0.6T

10k . . L L 4

0 20 40 60 80 100
Temperature (K)

Fig. 2. The viscosity coefficient 5 as a function of the tempera-
ture for different pulse peak fields with and without the bias
field.
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Fig. 3. The relationship between the flow rate Ry and tempera-
ture for different pulse peak fields with and without the bias
field. The flow rate increased linearly with temperature once the
flux starts to flow.

Fig. 4 shows plots of the creep rate versus
temperature, in which the effects of bias field and
pulse fields are presented. The flux creep depends
strongly on both temperature and magnetic field.
The creep rate R, was deduced in the time range of
1-2400 s at different temperature using the fol-
lowing equation

o= o ) )
0 nt

The creep rate increased with increasing tem-
perature and reached its peak at a certain tem-
perature, which shifted to the lower temperature as
the applied pulse field increased. It is interesting to
note that the temperature at which the flow rate
appears is almost equal to that flux creep appears.
Since the flux moves from the pinning center to
the direction of the Lorentz force, the creep rate
should depend on the current density and the
trapped field. Hence we should consider flux creep
rate per the Lorentz force when we derive the
pinning potential energy. Although the flux flow
(the field-increasing and decreasing process) and
creep regime occur at different time, both might be
closely related.
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Fig. 4. The creep rate versus temperature for different pulse
peak fields with and without the bias field. The creep rate in-
creased with increasing temperature and reached the peak at a
certain temperature, which shifted to the lower temperature as
the applied pulse field was increased.

4. Conclusion

We have investigated the viscous flux flow and
creep induced by pulsed magnetic field in YBCO
disk. It was found that the flux flow resistivity p;
increased with increasing applied pulsed field ap-
proximately according to the Bardeen—Stephen
model and that viscosity coefficient  decreased
with increasing temperature and static bias field.
The flux flow rate and creep rate increased with
increasing temperature and static bias field. It is
interesting to note that the temperature at which
the flow rate appears is almost equal to that flux
creep appears.
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Abstract

Nd-Ba-Cu-0 sample fabricated by the oxygen-controlled-melt-growth method exhibits large J. values in a high field
region and also shows a secondary peak effect. In the present study, the Nd-Ba—Cu-O sample was characterized by
using the flux profile technique, in which the ;' signal is plotted against the amplitude of AC field. J. values determined
with the flux profile technique also showed a clear secondary peak effect. In addition, such J, values were higher than
those measured with DC susceptibility, presumably due to a difference in the electric field to determine J.. © 2001

Published by Elsevier Science B.V.

PACS: 74.60.Ge; 74.60.Jg
Keywords: AC susceptibility; Flux profile; Peak effect

1. Introduction

It is well known that RE-Ba—Cu-O (RE: Nd,
Eu, Sm, Gd) superconductors fabricated by the
oxygen-controlled-melt-growth (OCMG) method
[1] exhibit large critical current density (J;) values,
in particular in a high temperature and high
magnetic field region [2]. Thus, it is interesting to
study the pinning mechanism in RE-Ba-Cu-O
superconductors. AC susceptibility measurements
are known to be useful method for understanding
flux pinning properties in irreversible type II su-
perconductors, in that the flux profile can be de-
termined by plotting the y' signal against the

* Corresponding author. Fax: +81-3-3454-9287.
E-mail address: murakami@istec.or.jp (M. Murakami).

amplitude of AC field. Flux profile directly pro-
vides the flux gradient within the superconductor
and thereby the critical current density is deter-
mined. We thus measured AC susceptibility and
determined the flux profile in Nd-Ba-Cu-O su-
perconductors. The critical current density (JA¢)
determined by the flux profile technique was
compared with the critical current density (JP°)
measured by DC magnetization measurements.

2. Experimental detail

The sample used in the present study is a
NdBa,Cu;0, containing 20 mol% Nd4Ba,Cu,0
fabricated by the OCMG method, the details of
which are described elsewhere [1]. The sample with

0921-4534/01/$ - see front matter © 2001 Published by Elsevier Science B.V.
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dimensions of 2.18 x 1.98 x 1.06 mm® was cut
from a melt-grown block. The critical temperature,
T., is 94.5 K with a sharp transition <1 K as mag-
netically measured using a commercial SQUID
magnetometer. The magnetic flux profiles were
measured using the AC inductive method, which
was first proposed by Campbell [3]. The applied
DC field was increased up to 8.5 T at various tem-
peratures. We fixed AC frequency at 125 Hz with
varying its amplitude up to 28.3 Oe. For compar-
ative study the DC magnetization measurement
and the relaxation of magnetization were also
performed with a SQUID magnetometer (Quan-
tum Design).

3. Result and discussion

Fig. 1 shows the results of the temperature de-
pendence of AC susceptibility with AC field am-
plitude of 14.1 Oe in the presence of various static
DC fields for Nd-Ba—Cu-O superconductor. The
observed results are typical response of in-phase
(') and out-of-phase (") components. A similar
response was observed when we changed AC field
amplitude from 0 to 28.3 Oe. In zero fields, how-
ever, the observed response was somewhat differ-
ent.

Fig. 2 shows the field dependence of the peak
temperature (7Tpeak), the onset temperature (Tonset)

0.05FT T T T T T

0.00 o4
> 1T

—-— 3T

—+# 6T
0054 g 57 Totter

H//e
-0.10+ 125Hz onset
14.10e

Susceptibility ' x " (a.u)

-0.15E1 A - ‘A = .;: : +H
50 60 70 80 90 100

Temperature (K)

Fig. 1. The temperature dependence of AC susceptibility for
OCMG-processed Nd-Ba-Cu-O sample in the presence of
several external magnetic fields.
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Fig. 2. The magnetic field dependence of Ty, Tpeak and Tong
determined by the imaginary part (3”) of AC susceptibility and
Tir: determined by J. criterion.

and the end temperature (7.,q) of imaginary part
and irreversible temperature (7;,;) determined by J.
criterion. Their relative locations are in the order:
Tonset > Tpeak > Tirr > Teng. Here one can suppose
that AC susceptibility measurement is the most
sensitive to detect the magnetic field, at which the
flux pinning starts to function. In the case of DC
measurements the relaxation will easily take place
during the time scale of measurements, and con-
sequently the irreversible field is lower than that
for AC susceptibility.

When AC field is applied to the superconduc-
tor, the field penetrates into the superconductor.
AC penetration depth can be obtained from the
differentiation of the amount of penetrated AC
field, Hac and it can be determined by plotting the
s signal against the amplitude of AC field. AC
penetration depth is thus expressed by

12
o +1 4 dg
pRSSCR R R S
4 tto( + 1)° dHac

where (,, ¢, o and ¢ are the permeability of vac-
uum, the magnetic flux quantum and the width
and thickness of the sample, respectively [4].

Fig. 3 shows the flux profile at 77 K in various
fields. With increasing AC field amplitude, AC
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Fig. 3. Flux profiles as a function of the AC field at several
fields.

magnetic flux gradually penetrates into the sample.
The rate of increment of AC penetration depth
becomes larger with increasing AC field amplitude.
However, in the small AC field region, AC mag-
netic flux cannot penetrate into the sample, pre-
sumably because the flux motion is reversible near
the pinning potential. In this region, AC pene-
tration depth deviates from the prediction of
the critical state model. In large AC field region,
the variation of the field in the sample reflects the
critical state model and then the critical current
density is determined with the slope of the pene-
tration depth. Fig. 4 shows the field dependence of
J. determined by magnetization curve and flux
profiles at 77 K. Both curves show a secondary
peak effect around 3 T. Comparing JP¢ with JAC,
JAC has a higher value than JPC value. J. deter-
mined by flux profiles shows the secondary peak
effect up to 84 K, while J;. value determined from
magnetization curve does not show a peak effect
around 84 K. Fig. 5 shows temperature depen-
dence of J, at several fields. It has beer} shown that
J. is expressed by J. o< {1 — (T/T;)}". The value
of m' is known to decrease with increasing pinning
force, and melt-processed Y-Ba—Cu—O sample has
a typical m’ value of 1.9 [5]. In the present study,
the value of m’' was 1.7, supporting the fact
Nd-Ba-Cu-O superconductor fabricated by the
OCMG method has a strong pinning force. We
also observed a strong pinning force from flux

B (T)

Fig. 4. The field dependence of the critical current density de-
termined by the magnetization curve and the flux profiles at
77 K.

T & T
2
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L. S . N |
34567 2 3 4567
1-(T/T,?

Fig. 5. The temperature dependence of the critical current
density at various fields. The temperature is transferred to
1 — (T/T.). The obtained m’ value was almost 1.7 in each case.

profile. From the temperature dependence of J. at
several fields, the irreversible field was determined
with a criterion of 100 A/cm?. The obtained values
at external fields of 1, 3 and 6 T were 91.6, 86.6
and 82.5 K, respectively. These values were very
close to T,,.. From these results, we think that the
electric field to determine the critical current den-
sity in AC measurements is higher than that of
DC measurements. Consequently, the JA value is
higher than the JP¢ value and the irreversible field
shifted to higher temperature region.
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4. Conclusion

We measured the temperature dependence of
AC susceptibility for OCMG-processed Nd-Ba-
Cu-O sample and compared the irreversible field
determined by DC susceptibility. 7, values ob-
tained with DC measurements were strongly af-
fected by flux creep and smaller than the values
obtained with AC susceptibility. We also deter-
mined JAC using flux profile techniques. The ob-
tained JAC values showed a clear secondary peak
effect even at 84 K. In addition, the JAC values
were higher than the JP€ values. We believe that
this is ascribed to a difference in the electric field to
determine the critical current density.
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Abstract

Superconducting transitions were measured in field-cooled cooling and field-cooled warming modes in external
magnetic fields ranging between 0.1 and 7 T on REBa,Cu;0, superconductors (RE: rare earth elements) with fishtail
effect. All the samples exhibited a two-step transition when being cooled in high fields. These results show that a two-
step transition in magnetization is related to the secondary peak effect. © 2001 Published by Elsevier Science B.V.

PACS: 74.25.q; 74.25.Ha; 74.62.Dh

Keywords: Two step transition; REBa,Cu;0, superconductor; Peak effect

1. Introduction

The critical current density (J;) of supercon-
ductors usually decreases with the applied mag-
netic field (B ). However, there are several reports
on anomalous increase in magnetization hystere-
sis (AM) at intermediate fields, which is called
“peak effect” or “fishtail” [1,2]. The peak effect is
observed in various high temperature supercon-
ductors and its origin is still controversial.

Recently, NdBa,Cu;0, (Nd-Ba—Cu-O) has
been found to show double transition in magne-

* Corresponding author. Fax: +81-3-3453-9287.
E-mail address: matano@istec.or.jp (T. Matano).

tization-temperature (m(T)) curves in the presence
of high fields [1,3], which is ascribed to the peak
effect. Therefore, we measured m(7T) curves in
Y-Ba—-Cu-O samples with and without the peak
effect [4,5]. There were two interesting features in
the m(T) curves. First the sample with the peak
effect showed a two-step transition, while the
sample without the peak showed only a single-step
transition. Second a dramatic increase in the
magnetization was observed in the sample with the
peak effect. Such an increase is ascribed to the Cu
ion spins caused by oxygen deficiency, which sug-
gests that oxygen defects are responsible for the
secondary peak effect in Y-Ba—Cu-O [6].

In this paper, we measured m(T) curves for
various RE-Ba—Cu—O with the strongly developed
secondary peak effect, in which RE site is com-
pounded with Nd, Eu, and Gd.

0921-4534/01/$ - see front matter © 2001 Published by Elsevier Science B.V.
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2. Experimental procedure

We used NEGI123 samples grown by the oxy-
gen-controlled melt growth (OCMG) method [7].
NEG123 samples were prepared in two groups as
presented in Table 1. One type include Eu211 (10-
40 mol%) and Pt (0.5 mol%), the other includes 10
mol% of NEG211, in which the ratio of Nd, Eu,
Gd is varied.

Superconducting transitions of these crystals
were measured both in the field-cooled cooling
(FCC) and field-cooled warming (FCW) modes
in the presence of external magnetic fields using
a commercial SQUID magnetometer (Quantum
Design, model XL). This magnetometer enables us
to measure magnetic moment in a continuous
temperature sweep mode with a controlled tem-
perature sweep rate d7/d¢ = 35 mKmin~! in the
transition region; the data points are recorded in
steps of 50 mK. Note that the temperature sweep is
not stopped for the measurement unlike an ordi-
nary SQUID magnetometer, so that a fast mea-
surement is essential. No averaging of the signal
was performed, and the scan length was set to
1 cm.

3. Results and discussion

Fig. 1 shows J.—B curves for the group of
NEGI123 + Eu211 samples. One can see that clear
secondary peak effect is observed in all the sam-
ples. The peak-field J. was reduced in the samples
with 10, 30 and 50 mol% of Eu2l1 as the Eu2l1
content is increased, while the peak position was
not shifted. The peaks of 20 and 40 mol% samples
moved to lower fields as the Eu2l1 content in-
creased. Moreover, as the 211 phase increased self-
field J. is increased accompanied by smearing in
the peak effect except for 20 mol% of Eu211. Since

Table 1
NEG samples grown by OCMG method

70000

£
[ Eu211 ]
60000 F s 10mol%
[ ° 20mol% {
50000 500%7%00 x 30mol% 7
o 3

& E . °°°° eastiegia + 40 mol% E
g 40000 7 o0 uet °, %, e S0mol%
b ©, 0% ab ° 8, S ]
=< E %oy pserrr it rpemony S0 A, T=77K,H//c 1
S 30000 [25,,,5%0s00080g0% Py 0%, 0% 4, B

~ [ x A:x’( + "0 *x a,
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B [1]

Fig. 1. Field dependence of the critical current density J. of the
NEGI123 + Eu211 + Pt samples obtained from magnetic hys-
teresis loops at 77 K.

the peak effect originates from the chemical fluc-
tuation in the matrix [8], an increase in the volume
fraction of the second phase inclusions led to a
depression in the peak effect. In particular, the
sample with 50 mol% Eu211, self-field J. value was
higher than the peak-field J; value.

Fig. 2 shows temperature dependence of mag-
netic moment for NEG123/Eu211 composites in 7
T. One can notice the tendency that the magnitude
of magnetic moment is gradually depressed with
increasing Eu211 content. This is understandable
by considering the fact that Eu has the smallest
magnetic moment among these RE elements. Fur-
thermore, a drastic increase in magnetization was
not observed at low temperatures in these NEG123
samples, which could be observed in oxygen-defi-
cient Y123 with the secondary peak effect [6]. An
m(T) upturn in Y123 is ascribed to Cu?* ion spins
associated with oxygen deficiency, and thus the
peak effect in Y123 is ascribable to field-induced
pinning by oxygen defects as proposed by Daum-
ling et al. [9]. The absence of such upturn in m(7)
curves of NEG123 suggests that oxygen defects are
not responsible for the secondary peak effect in

Sample 211 phase (mol%) Pt (mol%) (Nd, Eu, Gd) ratio in 211
NEGI123 + Eu211 + Pt 10-50 0.5 -
NEGI123 + NEG211 + Pt 10 0.5 2:2:6, 4:4:2
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Fig. 2. Temperature scans of the magnetic moment m(7) on
NEG123 + Eu211(10-50 mol%) + Pt samples at 7 T applied
field. All data shown were recorded during FCC runs; the FCW
data are omitted for clarity since only small differences were
observed.

NEG system. These results support the idea that
RE-rich clusters are responsible for the peak effect
in RE123 with RE-Ba solid solution [10].

One can also notice that a two-step transition
in m(T) is observed in all the samples, although
double transition is smaller in the sample with 50
mol% Eu211. Our observation also supports the
idea that double transition is associated with the
secondary peak effect.

60000 g
NEG211
50000 + . = 2:2:61 ]
,v""'“ v""v' v 4:4:2
_do000f . — ]
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Fig. 3. J.—B curves of the NEG123 + 10 mol% of NEG211+
Pt samples obtained from magnetic hysteresis loops at 77 K.
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Fig. 4. Temperature scans of the magnetic moment m(7) on
NEGI123 + 10 mol% of NEG211 + Pt samples for various ap-
plied field (FCC).

Fig. 3 shows J.—B curves for the group of
NEGI123 + 10 mol% NEG211. Here the chemical
ratios in the RE site of NEG211 were Nd:Eu:
Gd = 2:2:6 and 4:4:2. In both cases one can see
clear secondary peak effect. As shown in Fig. 4, in
both samples double transition is observed in m(7T')
curves. Based on the former observation in Y123,
in that a two-step transition is not observed in the
sample without the secondary peak effect [6], the
double transition is caused by the secondary peak
effect or the presence of lower 7. phase in the
sample, as first proposed by Koblischka et al. [1].

However, Inoue et al. [11] also reported that
transition behavior in the field-cooled mode is
dependent on the experimental conditions. Thus
more detailed study is necessary to draw a definite
conclusion.

4. Conclusions

We measured temperature dependence of mag-
netization in the presence of DC bias field for
various NEG123 samples with the secondary peak
effect. They always showed double step transition,
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in that clear double transition is observed in those
with clear peak effect. For example, an addition
of large amount of the second phase particles
smeared the peak effect and thereby double tran-
sition. Even in that case, the double transition is
observable, and thus the secondary peak effect
is responsible for the double transition in m(7)
curves.
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Abstract

The AC susceptibility has been investigated for the three different melt-processed samples: (Ndg33Eu033Gdg33)-
Ba,Cu;07_; with the large secondary peak, NdBa,Cu;0;_s with the moderate secondary peak and YBa,Cu;0;_; with
no secondary peak. We found that the imaginary part (") value is higher for the sample which has the larger secondary
peak. This suggests that the effect of the flux creep is more remarkable for the sample with the larger secondary

peak. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 74.60.Ge; 74.60.Jg

Keywords: AC susceptibility; Secondary peak; Flux creep; REBa,Cu;0,

1. Introduction

The melt processed REBa,Cu;O, (RE: Nd,
Sm, Eu and Gd) exhibits the secondary peak effect
on the magnetization hysteresis curve [1]. It is
known that REBa,Cu;0, has a RE,,,Ba,_.Cu;0,
(RE123ss) type solid solution. When RE-Ba—Cu-
O is melt processed in a reduced oxygen atmo-
sphere, RE-rich RE123ss phase with depressed T
is dispersed in the REBa,Cu;0, matrix with high
T. and such low T; phase acts as the field-induced
pinning centers, which is the source of the sec-
ondary peak effect [1]. In the composite system
containing the low-7, phase, the flux creep be-
havior is expected to be different from that of the
homogeneous system. The AC susceptibility has

*Corresponding author. Tel.: +81-3-3454-9284; fax: +81-3-
3454-9287.
E-mail address: h-enomoto@istec.or.jp (H. Enomoto).

been extensively measured in the study of vortex
dynamics [2]. It is known that the imaginary part
(") value of the AC susceptibility is increased as
the effect of the flux creep is enhanced [3].

In the present study, we measured the AC sus-
ceptibility of the several melt-processed samples
with and without low-T, phase clusters and inves-
tigated the correlation between the secondary peak
and the height of y”.

2. Experimental

The samples were oxygen-controlled-melt-
growth-processed (Ndg33Eu033Gdg33)Ba,Cus;O7_s
(NEG123) with 10 mol% NEG211 with T, = 92.6
K, NdBa,CuO;_s (Nd123) with 20 mol% Nd422
with T, = 95.1 K, and YBa,Cu;07_s (Y123) with
40 mol% Y211 with 7. =919 K. The sample
dimensions were 1.8 x 1.6 x 0.5 mm?, 2.2 x 2.0 x
1.0 mm?3, and 2.0 x 1.6 x 0.3 mm?, respectively.

0921-4534/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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The critical current density (J.) was determined
from the hysteresis loop with Quantum Design
MPMS SQUID magnetometer. AC susceptibility
measurements were performed with a Lakeshore
7229 AC susceptometer. The AC field amplitude
was 1 mT and the frequency was 125 Hz. The DC
field was changed up to 8.5 T. The magnetic field
was applied perpendicular to the ab-plane and the
temperature is kept constant during each mea-
surement.

3. Results and discussion

Fig. 1 shows the magnetic field dependence of J.
at 80 K, which is calculated from the hysteresis
loop using the extended Bean model [4]. One can
see that NEGI123 exhibits the large secondary
peak, Nd123 exhibits the moderate secondary
peak and Y123 no secondary peak.

Fig. 2 shows the plot of the imaginary part (}”)
versus the real part (') of the AC susceptibility at
80 K for three samples. Since demagnetizing cor-
rection would cause ¥’ = —1 for low temperature
without DC field, we normalized the experimental
data with the |y/| value at 50 K. The solid curve is
the theoretical curve calculated for a cylinder using
the Bean critical state model [2]. The experimen-

A NEGI123
O Ndl123
B

Ovyizs

2

E

<

=

X

= 1

0

B (T)

Fig. 1. Magnetic field dependence of J. at 80 K for three
samples.
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03 [ ONdi23 s 4ecoe a
- Oy 80° oo °a
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Fig. 2. Plot of " versus y’ at 80 K for three samples. The solid
curve is the theoretical curve calculated using the Bean model.

tal curves are higher than the theoretical line.
NEG123 with the large secondary peak exhibits
the highest curve, while Y123 with no secondary
peak exhibits the lowest curve among three sam-
ples.

Fig. 3(a) shows the temperature dependence of
the maximum value (y7. ) of ¥ for three samples.
We also plot the normalized temperature (7/T)
dependence of . . for three samples, as shown in
Fig. 3(b). The thick solid line is the theoretical line
calculated using the Bean model. One can see that
the xr.. values of NEGI123 are the highest at
measured temperatures among three samples. It is
predicted that when the effect of the loss due to the
flux creep is large, the y” value would be high as
compared to the case for only the hysteretic loss
[3]. Therefore, the present result suggests that the
sample with the larger secondary peak is more
strongly affected by the flux creep.

Klein et al. [5] explained that the secondary
peak is related to the percolating network of re-
versible regions for Y123 crystals. That is, the low-
T. phase such as the oxygen deficient regions has
the lower irreversibility field than the matrix. The
oxygen deficient regions become the field-induced
pinning centers, which yields an increase in the J,
with increasing field. When the field exceeds the
threshold value, where the percolating network of
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solid line is the theoretical line calculated using the Bean model.

reversible regions is formed, the sample becomes
granular and thereby J. decreases. In the present
system, the field-induced pinning is effective due to
the low-7. phase such as the RE-rich RE123ss
phase. The sample with the larger secondary peak
is expected to include the larger amount of low-T;
phase clusters, and thus the percolating network of
reversible regions is more easily formed above the

peak field. This suggests that the flux creep be-
comes more remarkable and the y” value is higher
for the sample with the larger secondary peak.

4. Summary

We measured the AC susceptibility for the melt-
processed NEG123 with the large secondary peak,
Nd123 with the moderate secondary peak and
Y123 with no secondary peak. It was found that
the %" value is higher for the sample which has the
larger secondary peak. This suggests that the flux
creep is more remarkable above the peak field for
the sample with the larger secondary peak.
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We have analyzed the lattice defects of CulnS, bulk single crystals prepared by the horizontal Bridgman method with con-
trolling S vapor pressure. The grown crystals have p-type conduction and electrical resistivities of more than 10° Q-cm at
room temperature. From measurements of the Hall effect, photoluminescence, optical absorption and photoconductivity, the
activation energies of acceptors in CulnS, crystals are shown to be of 85 meV, 115 meV and 360 meV, which are respectively
ascribed to Cu-vacancies, In-vacancies and extrinsic impurities; whereas donors of 35 meV activation energy are ascribed to
S-vacancies.

KEYWORDS: CulnS; single crystal, sulfurization, horizontal Bridgman method, intrinsic defect, Hall effect, optical band gap, PL,
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1. Introduction

The chalcopyrite semiconductor CulnS; is known to have
a band gap of about 1.5 eV suitable for the optimum conver-
sion efficiency of solar cells, which is calculated to be about
26%." Thus, many trials fabricating solar cells using CuInS,
thin films as absorber materials have been reported.>”” How-
ever, a conversion efficiency of only 12%, which is much
lower than that of CulnSe,, has been achieved until now.>®
In addition, there are still controversial problems in interpret-
ing the intrinsic defects in CulnS,, mainly because of the dif-
ficulties in reducing and controlling lattice defects as com-
pared with those of CulnSe;. The insufficiency of fundamen-
tal knowledge of the defect properties may have been the ob-
stacle in achieving a higher conversion efficiency.

CulnS,; bulk single crystals have already been grown us-
ing the traveling heater, iodine transport and gradient freeze
methods, and the characteristics of the crystals have been
analyzed mainly by optical measurements, in particular, by
photoluminescence.®' To obtain CulnS, single crystals of
better quality that are sufficient for investigating the physi-
cal properties of intrinsic defects, we have grown crystals us-
ing the horizontal Bridgman method with controlling S vapor
pressure.'® In this study, the results of the Hall effect, pho-
toluminescence (PL), optical absorption and photoconductiv-
ity (PC) measurements of these crystals are reported. The
electronic levels and the origins of lattice defects are also dis-
cussed in relation to the compositional deviation.

2. Experimental Procedure

CulnS; single crystals were grown using a horizontal fur-
nace with an electrically moving temperature profile as de-
scribed in a previous work.'® First, a Culn alloy was heated to
a temperature 25°C higher than the melting point of CulnS,.
Then, the S element was heated to a temperature correspond-
ing to an appropriate S vapor pressure ranging from 30 Torr
to 6 atm. The temperature gradient profile of the furnace was
electrically moved at a speed of 1 cm/h. On visual inspection,
the crystallinity of the bulk crystals appeared better with de-
creasing S vapor pressure to about 200 Torr. High-quality sin-
gle crystals without voids or cracks were grown under S vapor

pressure ranging from 30 to 200 Torr. Typically, 5 x 3 x2 mm?
single crystal blocks could be cut out and were used for car-
rying out the Hall effect, PL. and PC measurements.

For the Hall effect and PC measurements, each electronic
contact should be ohmic over all temperature regions con-
cerned. A previous work showed that a Ni electrode could
form an ohmic contact with CulnSe, and CuGaSe,.'®!? This
electrode was also assured to be ohmic in the case of CulnS,
by the current—voltage measurement.

The Hall effect was measured in the temperature range
of 200 to 300 K under a magnetic field of about 1T using
the six-electrode method. PC spectra were observed in the
temperature range of 50 to 300K by illuminating samples
with chopped (25 Hz) monochromatic light passing through
a monochromator (Jasco CT-25GD). PC signals were lock-
in detected as a change in voltage across samples, where a
steady current was applied.

PL spectra were detected by a photomultiplier
(Hamamatsu, R636) under excitation of a He-Ne laser (NEC
GLG5740, 632.8 nm, 35mW) at about 50K. All the sam-
ples were shown to have direct band gaps, and the optical
absorption edge was shown to obey the following relation-
ship, ahv = A(hv — E,)'/?, where « is the absorption coef-
ficient, 4v is the photon energy, 4 is a constant and E, is the
band gap. Optical transmission was detected by a PbS cell
(Hamamatsu P2682) using monochromatic light in the tem-
perature range of 50 to 300 K.

3. Results

3.1 Hall effect

Single crystals of p-type conduction having various com-
positional deviations from the stoichiometry were obtained
by growing them under S vapor pressure ranging from 30
to 200 Torr. The characteristics are summarized in Table I.
The temperature dependence of the Hall effect was measured
using the four samples in Table I, and the results are shown
in Fig. 1. The electrical resistivities of the grown samples
were deduced to be more than 10° 2-cm at room tempera-
ture, which were three orders of magnitude greater than that
reported by Tell ef al.'® The activation energies of acceptors
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Fig. 1. Temperature dependence of (a) electrical resistivity, (b) Hall coefficient and (c¢) Hall mobility of the p-type samples grown under
S vapor pressures below 200 Torr.
Table I. Cu/In and S/metal ratios and acceptor levels of four samples pre- i Temp. 50K
pared under respective S vapor pressure. Ex. 1.96eV]
S vapor pressure Ea
Sample name (Torr) Cu/In S/metal (meV) :_9\
A 200 0.990 0.976 (overshoot) =
B 200 0.983 0.993 360 2
c 100 0990  1.010 210 )
D 30 0.967 0.989 90 2
'3
=}
2
S
in samples A, B, C and D were estimated using the tempera- -
ture variation of Hall coefficient curves as shown in Fig. 1(b). A~
These values were different with each other, and scattered in
the range of 90 to 360 meV. Only sample A shows the so- D
called Hall coefficient overshoot which can be understood in . L : :
terms of the two carriers conduction.'®!%2% The abrupt de- 1.35 1.4I(;)hoton ]1_3'4; (e\ll)so 1.55
crease in Hall coefficient of sample A at low temperature [see nergy
Fig. 1(b)] is one of the characteristics of the overshoot. The Fig. 2. Photoluminescence spectra at about S0K for samples A, B, C and

Hall mobilities of all samples are about 10 cm?/Vs at room
temperature which is in agreement with the result reported
by Tell et al.'® Tt is clear that the activation energy of an ac-
ceptor or donor has a close relationship to the compositional
deviation. However, no definite relationship could be found
between the activation energy and Cu/In or S/metal ratio as
shown in Table I. Nevertheless, there appears to be a trend
that the activation energy decreases as Cu/In ratio decreases
and/or S/Metal ratio approaches unity.

3.2 Photoluminescence (PL)

Figure 2 shows the PL spectra of samples A, B, C and D
at about 50 K. The emission peak at 1.45 eV was observed in
all samples, while the small shoulder at 1.41 eV was observed
in samples A, B and C. The peak and shoulder shifted to a
lower energy as the power of excitation light decreased (see
Fig. 3, where only the case of sample B is shown as an exam-
ple). Following the results reported by Ueng and Hwang'?
and Wakita et al.,'¥ we ascribed the emissions to the D-A
pair recombination. The energy levels of donors or accep-
tors giving rise to the peak i in sample B were deduced to

D.

be ~35 and 85meV, obtained by fitting the relationship of
the peak energy of emission against the intensity of excita-
tion light to the well-known equation of D-A pair recombi-
nation.?’?2 The fitting results are shown in Fig. 4. The en-
ergies thus obtained are nearly equal to those of samples A
and D (3545 and 75-85 meV, respectively). The emission of
sample C against the intensity of excitation light could not be
measured because it was very weak. The activation energy of
acceptors in sample D was also obtained from Hall coefficient
of Fig. 1(b) as 90 meV which is in agreement with the impu-
rity level of ~85meV. On the other hand, the energy levels
of donors or acceptors giving rise to the peak ii were deduced
to be ~35and 115 meV.

In summary, the energy levels of acceptors and donors were
determined as E5 ~ 85 and 115meV, and Ep ~ 35meV,
respectively. It should be noted that the density of the level of
Es ~ 115meV may be lower than that of the other levels in
view of the fact that the emission of peak ii was very weak.
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Fig. 3. Photoluminescence spectra against the intensity of excitation light
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Fig. 4. Peak energy of emissions of peaks i and ii against the intensity of
excitation light for samples A, B and D.

3.3 Photoconductivity (PC)

Figures 5(a) and 5(b) show the PC spectra of samples A
and D, respectively. In sample A, a PC peak (peak I) was ob-
served at 1.54 eV below ~ 120K, and a PC peak (peak II) was
observed at 1.50 eV above ~ 90 K. In addition, a broad peak
(peak IV) appeared at about 1.2eV at higher temperatures.
The temperature dependence of the PC spectra of sample C
was very similar to that of sample A. In sample D, a PC peak
(peak I) was observed at 1.54 eV below ~ 250K, as well as a
PC peak (peak III) at 1.45eV above 120K. The PC spectra
of sample B could not be measured in this study. Following
discussions determined by Susaki ef al. on PC peaks of p-type
CuGaS,,”? we assigned the origins of PC peaks of CulnS»
as follows.

Figure 6 shows the temperature dependence of peaks 1, II
and IIT for samples A, C and D together with the optical band
gaps estimated from optical absorption data. The peak energy
of peak I coincides with the optical band gap, indicating that
the peak occurs due to fundamental absorption. At low tem-
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peratures, almost all donor and acceptor levels are filled with
each carrier (electron and hole), so that the optical excitation
of electrons should occur directly from the valence band to
the conduction band. Thus, the increase in photocurrent at
peak I can be ascribed to the excess carriers in both bands due
to the band gap excitation.

The DC peak II appears only above 90K, and at a pho-
ton energy of 35-40 meV lower than that of peak I. This en-
ergy difference just corresponds to the activation energy of
the donor, i.e., Ep ~ 35meV determined by the PL mea-
surement. Thus, peak II is considered to occur due to carriers
generated by photo-excited electrons from the valence band
via the donor level to the conduction band, since electrons are
thermally released from the donor level above 90 K.

On the other hand, the difference between the band gap and
peak energy of peak IIT is estimated to be 85-90 meV which is
in good agreement with the activation energy of the acceptor,
i.e., Eo ~ 85meV, determined by the PL measurement. As
shown in Fig. 6, peak III emerges at higher temperatures than
peak II. This peak can be ascribed to the increase in carriers
through the acceptor level, E 4.

Finally, the difference between the band gap and peak en-
ergy of peak IV is estimated to be about 350 meV which is
close to the activation energy of 360 meV obtained by the Hall
effect. This broad peak may be due to carriers generated by
the excited electrons from the acceptor level of ~ 360 meV to
the conduction band due to the reason stated above.

4. Discussion

The results of the Hall effect, PL, optical absorption and
PC measurements are summarized in the energy diagram in
Fig. 7. Three acceptor levels of 85 meV (hereafter designated
as Ea1), 115 meV (Eaz) and 360 meV (E 43) and a donor level
of 35meV (Ep) are observed in samples A, B and C. On the
other hand, sample D has an acceptor level of £ 51 and a donor
level of Ep, but no acceptor levels of £5> and E 3.

The densities of acceptors of Exy, Ear and E a3 and that
of donor of Ep are expressed as Naj, Naz, Naz and Np, re-
spectively. Here, the activation energy related to £, was not
obtained from the Hall effect or PC measurements. A PC sig-
nal related to E»; was not observed in samples A and C, and
a PC signal related to Ep was not observed in sample D. To
explain these features, it is essential to determine the densities
of the defects.

The conduction characteristics of p-type samples are well
described by assuming the one-carrier model. Based on this
model, the temperature variation of the carrier concentration
is expressed by the following equation,

Na

p En
1+ ZNV exp (kT)
where p is the hole concentration and N, is the effective den-
sity of the valence state. We extract Na;, Na3 and Np by
fitting the above equation to the observed curves for samples
B, C and D as shown in Fig. 8. The results are summarized
in Table II, where the deviations from molecularity and va-
lence stoichiometry, Ax and Ay,>> determined by EPMA are
also shown. Sample A shows the Hall coefficient overshoot
in the Hall coefficient vs temperature curves. In this case, it is

p+Np=

&
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Fig. 6. Temperature dependence of peaks I, IT and III for samples A, C and
D, as compared with optical band gaps.

difficult to fit the temperature variation of the Hall coefficient
curves because of too many fitting parameters.'® !9 However,
as seen in Figs. 1(a) and 1(b), the temperature characteristics
of sample A are similar to those of sample B, especially at
temperatures above 250 K, so that we can assume that sample
A has the same defect levels as sample B.

It is seen from Table II that the densities of the acceptor F 4,
in samples B and C (presumably also in sample A) are much
less than those of E 3, and thus the electrical properties are
mainly governed by E ;. This is the reason why the PC peak
(peak III in Fig. 5) related to £,; could not be observed in
samples A and C. This also explains why a broad peak (peak
IV) appeared at about 1.2 eV at high temperatures only in the
above-mentioned samples under the influence of £43. On the
contrary, in sample D, the densities of E»; and £}y are high in
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Fig. 7. Band diagram of samples A, B, C and D. Sample D has no acceptor
levels of 115 and 360 meV.

comparison to those of the other samples, and the density of
E a3 1s much less than that of E5;. The high density of Ea;
necessarily broadens the level width, leading to the spread
of the corresponding PC peak III (see Fig. 5). The PC peak
related to Ep (peak IT) may be immersed in the same signal.
In view of the impurity densities with elemental composi-
tions listed in Table II, two main relationships are shown as
follows:
(1) The density of Eay, i.e., Na;, increases as Cu/In ratio
decreases.
(2) The density of Ep, i.e., Np, increases as S/metal ratio
decreases.
Based on the relationship (1), the acceptor level E; is
thought to be produced by Cu-poor compositions in CulnS,
crystals. In other words, the origin of the acceptor is as-
cribed to Cu vacancies (V¢y), as reported for I-I11-VI, com-
pounds.”® In addition, the activation energy of the acceptor
arising from V¢, was reported to be 100 meV? which is in
agreement with E4,. On the other hand, the origin of the ac-
ceptor of £ x> may be ascribed to In vacancies (V1,), since the
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Table II.  Acceptor and donor densities as well as deviation from molecu-
larity and valence stoichiometry, Alx and Ay, for samples B, C and D.
Sample name  Naj (em™) Naz (em™3) Np (ecm™) Ax Ay

B &Nas 8x 1015 3x 10"  —0.017 —0.011

C &Na3 1 x 101 3% 102 —0.010 +0.007

D 2x 106 <Nai ~10¢  —0.033 -0.019

PL peak related to E», is not observed in sample D which

has the most In-rich composit

ion. Based on the relationship

(2), the donor level Ep, is considered to be produced by S-

poor compositions in CulnS,
of donor is ascribed to S vag
vation energy of donor arising

crystals, and hence the origin
ancies (Vs).2% Here, the acti-
from Vs was also reported to

be 35meV,” which is in good agreement with the value of

Ep. The density of Eas, i.e.
positional deviation in CulnS,
CulnSe; have been frequently
the molecularity and valence
Applying this assumption to t
tor is considered to be due on
and Ay < 0 for samples B, (
a candidate for the acceptor le
origin of the acceptor level £
defect, but probably to the extr

5. Conclusion

We have analyzed the latticg
crystals grown by the horizont

Nas, 1s independent of com-
crystals. The lattice defects in
represented as deviations from
stoichiometry, Ax and Ay.>>
he case of CulnS,, the accep-
y to Vcy, because of Ax < 0

and D. However, V¢, is also
el E4;. It is expected that the
5 is not ascribed to the intrinsic
insic defect.

2 defects of CulnS; bulk single
al Bridgman method with con-
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trolling S vapor pressure in terms of the Hall effect, photo-
luminescence, optical absorption and photoconductivity mea-
surements, along with the results of EPMA. On the basis of
these measurements, the activation energies of acceptors in
CulnS, crystals were estimated to be 85 meV, 115meV and
360 meV which were ascribed to Cu-vacancies, In-vacancies
and the extrinsic impurity, respectively and the activation en-
ergy of donor was estimated to be 35meV ascribed to S—
vacancies. The grown crystals had electrical resistivities of
more than 10° Q-cm at room temperature, and the densities
of lattice defects were three orders of magnitude lower than
those of crystals prepared by the traveling heater method.'? It
was found that the electrical properties can be well controlled
without the influence of intrinsic defects.
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Abstract

We have constructed the pseudo-binary phase diagram of the CaS—Ga,S; system in order to prepare single crystals of
CaGa,S,. Based on the diagram, single crystals doped with 0.1, 0.2, 0.4, 0.8 and 1.5wt% Ce*" are grown from melt by
the horizontal Bridgman method. Photoluminescence spectra of these crystals are measured at room temperature. The
overall features are in good agreement with the reported data of thin films. However, the emission intensity does not
show a linear relation ship with doped Ce*" concentration at more than 0.4wt%, presumably because of the

precipitates arising from the overdoping. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 81.10.—h

Keywords: CaS; Ga,S;; CaGa,Sy; Phase diagram; Melt growth; Horizontal Bridgman method

1. Introduction

Following a previous work on the crystal
growth of SrGa,S, [1], we present here a similar
result for CaGa,Ss. As is well known, cerium
element doped CaGa;S; shows blue emission
under illumination of ultraviolet light, and is
regarded as a promising candidate for a blue
element of the full color display [2].

Another point of interest is the laser oscillation
that was observed in CaGa,S,: Eu** single crys-
tals prepared by the iodine transport method [3].
An optically pumped laser using RE-doped

*Corresponding author. Tel.: +81-3-3329-1151; fax: +81-3-
5317-9432.
E-mail address: takiz@chs.nihon-u.ac.jp (T. Takizawa).

CaGa,S; is also suggested by Iida et al. [4], which
has a good advantage of a wavelength tunable
laser in between green and near ultraviolet region.
Here, it should be stressed that this possibility will
be realized only if a single crystal of high quality is
grown.

However, as in the case of SrGa,S,, single
crystals of high quality have not been grown yet,
and thus little is known about the basic optical
properties of CaGa,S4. Now, a precise phase
diagram of the pseudo-binary system of CaS-
Ga,S; is strongly required for the melt growth of
the crystal.

In this report, first, we present the phase
diagram of the CaS-Ga,S; system constructed
through DTA curves and powder X-ray diffraction
patterns followed by a result of the crystal growth

0022-0248/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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of CaGasS,;:Ce’t by the horizontal Bridgman
method. Discussion is also made on the room
temperature photoluminescence of the single
crystals doped with Ce** of a concentration
ranging from 0.1 to 1.5wt%.

2. Phase diagram of the CaS—Ga,S; system

The DTA instrument is the same as in a
previous paper [5]. The scan speed of the DTA
measurement was fixed to 2°C/min. Two elements
of calcium and sulfur and a compound of Ga,S;
were weighed to be in a scheduled compositional
ratio in a globebox filled with argon gas and sealed
in a quartz ampoule of 7mm{ x 40 mm under
vacuum of 1073 Torr. The method of preparation
of Ga;S; was the same as reported in a previous
paper [1]. The inner surface of a quartz ampoule
was coated with carbon film by firing acetone in
air. This treatment could prevent the melt of the
mixture from sticking to the wall inside an
ampoule. The products after DTA measurements
were analyzed by powder X-ray diffraction at
room temperature using the Cu-K, line.

Fig. 1(a) shows DTA curves in the cooling
process between 50 and 75mol% Ga,S;. The
melting point of the compounds lowers with

T T T T T
T L75.0 mol%GanS3
5 [
>
E  [650mol%
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S [ 55.0mol%
20 P
w2
<
H
[a)
. . , . o
600 800 1000 1200
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increasing Ga,S; concentration. The peak at
975°C was found in every DTA curve of the
compounds above 50mol% Ga,S;. Fig. 1(b)
shows powder X-ray diffraction patterns of
the products after DTA measurements, where
the diffraction intensity was normalized to each
maximum. The diffraction lines from a sample
with 50mol% Ga,S; was in agreement with the
reported X-ray pattern of CaGa,S, [6]. For clarity,
the lines of Ga,S; were marked with dots in
Fig. 1(b). It is seen that the diffraction patterns of
the compounds in the concentration above
50mol% Ga,S; were mixed ones of CaGa,Sy
and Ga2S3.

Fig. 2(a) shows DTA curves for the compounds
between 75 and 100mol% Ga,S;. Except for
100 mol% Ga,S;, there appeared three signals at
975, 995°C and at the melting point. Contrary to
Fig. 1(a), the melting point rises with increasing
Ga,S; concentration, as indicated by the arrows in
Fig. 2(a). Fig. 2(b) shows powder X-ray diffraction
patterns of the products after DTA measurements.
The diffraction lines of CaGa;S, were indicated by
the triangles. It is clearly seen that the compounds
consist of the mixtures of Ga,S; and CaGa,Sy.

Based on these results, the pseudo-binary phase
diagram of the CaS—Ga,S; system was deduced as
shown in Fig. 3 very similar to that of SrGa,S,.
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Fig. 1. (a) DTA curves of 50-75mol% Ga,S; in the cooling process in the CaS—Ga,S; system. The heating and cooling rates are fixed
to 2°C/min. (b) the corresponding X-ray powder diffraction patterns normalized to the respective highest line. The dots indicate the

Ga,S; phase.
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Fig. 2. (a) DTA curves of 75.0-100 mol% Ga,S; in the cooling process in the CaS—Ga,S; system. The heating and cooling rates are
fixed to 2°C/min and (b) the corresponding X-ray powder diffraction patterns normalized to the respective highest line. The solid

triangles indicate the CaGa,S, phase.
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Fig. 3. Pseudo-binary phase diagram of the CaS-Ga,S;
system.

A eutectic reaction was found in the region from
50 to 100mol% Ga,S; with the eutectic point at
975°C at 75.0mol% Ga,Ss. Similar to the case of
SrGa,S,, the self-flux method by using Ga,S; as a
flux will also be recommended for the single-
crystal growth of CaGa,S4. However, the melting
point of CaGa,Ss (1132°C) is about 100°C lower
than that of SrGa,S, (1230°C), and is also suitable
for the melt growth using a quartz ampoule. In
addition, if RE ion doping is required, the melt
growth will be better to achieve the homogeneous

doping, because the deviation of composition due
to temperature variation can be easily suppressed
in the melt growth in comparison to the solution
(flux) growth method. Based on this consideration,
the crystal growth was performed by the melt
method in the present case, and the details are
described in the next section.

3. Crystal growth of CaGa,S,

As in the case of SrGa,S4, Ila element Ca
strongly reacts around 300°C with the S element,
sometimes causing the destruction of quartz
crucibles by the heat of the exothermic reaction.
By taking a special care to this reaction, we
prepared the precursor of CaGa;Sy in the follow-
ing procedure. First, two elements of Ca(3N),
S(6N) and a pre-reacted compound of Ga,S3 were
weighed in the stoichiometric composition to
about 7 g in total in argon gas atmosphere. Then
the Ca+ Ga,S; mixture was poured into a quartz
boat (8 mmIx 100 mm) coated with carbon film
inside. This boat was set in at one end of another
quartz ampoule (13 mmfx300mm). The S pow-
der was separately put at the other end of the
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ampoule which was finally sealed under vacuum of
107% Torr.

The evacuated ampoule was set in a two-zone
furnace, and the Ca+ Ga,S; part was heated to
400°C, while the sulfur part was kept at 300°C for
24 h. This led to a complete reaction between Ca
and S, i.e, S was completely absorbed in the
Ca+ Ga,S; mixture in the quartz boat. Then, the
whole ampoule was heated up to 1120°C just
above the melting point of Ga,S3 and kept for 1 h.
Thus a white precursor of CaGa,S, was synthe-
sized. The precursor was taken out from the
ampoule and ground, and refilled in another
carbon coated quartz boat. This boat was again
doubly sealed in another quartz ampoule
(13mm@ZFx120mm) in the same manner as de-
scribed previously. The crystal growth was per-
formed by eclevating the temperature of the
ampoule to 1150°C and by making a tempera-
ture gradient of 7°C/cm and moving the tempera-
ture profile electronically [S]. The growth speed
was about 0.5cm/h.

Ce’** doping was made by mixing powdered
Ce,S; of an appropriate quantity with the
precursor. Thus, dopings of 0.1, 0.2, 0.4, 0.8 and
1.5wt% Ce’* were performed. Crystals doped
with less than 0.5wt% Ce>* were colorless, a little
yellowish and transparent, but those above
0.5wt% became colored black though partly
transparent. The crystallinity became worse as
the concentration of Ce increased. In the present
case, if the Ce content was made greater than
1.5wt%, the resultant crystals became black and
no more transparent. In addition, they had many
cracks and voids insides.

In Fig. 4 is shown a photograph of a 0.8 wt%
Ce** doped crystal. The crystal is about 7mm in
diameter and Smm in length. It is easily cleaved
along the growth direction, i.e., the [100] direc-
tion, as seen by a transparent cleavage surface in
Fig. 4.

4. Emission spectra of CaGa,S,: ce’t
The emission spectra of CaGa,S4:Ce* were

measured at room temperature. Samples were exci-
ted by a 325nm He-Cd laser(Omnichrome 3056-

15M) with an output power of 23mW, the
intensity of which was reduced by 1/10 using a
neutral filter. The emission was dispersed by a
monochromator(NALUMI RM-23-1) and de-
tected by a photomultipliecr(HAMAMATSU
R562).

Fig. 5 shows emission spectra of single crystals
of CaGa,S; with various Ce concentrations.

Fig. 4. Photograph of a part of a CaGa,S4 ingot doped with
0.8wt% Ce’* grown from melt by the horizontal Bridgman
method. The mesh size in the figure is 1 mm x | mm. The
thickness is about Smm. The transparent and flat surface is
made by cleaving the crystal along the growth direction.

at 300K

0.4wt%

1.5wt%

0.8wt%

PL intensity [arb.units]
T

0.1wt%

| Il
400 450 500 550 600
Wavelength [nm]

Fig. 5. Emission spectra of CaGa,S, doped with various Ce>*
concentration.
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Emission intensity was measured by using pow-
dered samples filled in capillaries having a
same size. This method was devised to homogenize
the emission from the oriented surfaces of
single crystals and to eliminate the effect of the
sample size of each crystal.

It is seen from Fig. 5 that the emission intensity
increases as the concentration of Ce increases, and
that it saturates above 0.4wt% Ce**. Its overall
feature is in good agreement with the reported
data of thin films [7]. On the contrary, however,
the photo emission from thin films linearly
increases up to 6.0 wt% of Ce?* and then saturates
above it [7].

In the present growth method, it is impossible to
keep crystals transparent with doping Ce*™ more
than 1.5wt% as already mentioned in the previous
section. Thus the doping mechanism is thought to
be very different between the melt growth and the
thin film preparation. In view of the surface
morphology, it can be said that the black part in
a highly doped crystal consists of precipitates
scattered over a region considered. Since the
charge compensation is not established if a Ce*
ion substitutes the Ca2t site of CaGa,Ss, a
vacancy or the like should be introduced in a site
near the Ce one to keep the charge neutrality.
However, if the concentration of Ce is too high to
be compensated by such vacancies, the extra Ce
must be precipitated in a crystal, giving dark spots
in a grown crystal or if they become large, they
may form cracks or voids inside the crystal. The
solution limit of Ce in a crystal may also be
different in both cases. It is because the thermal
equilibrium in the melt growth is established at
temperature much higher than that in the thin film.
At low temperatures, thermal vibrations between
atoms forming a crystal lattice are not so violent as
at high temperatures. Therefore the Ce concentra-
tion available in a thin film, is considered to be
made very high in comparison to that in a melt
grown crystal.

For more rigorous discussions of the effect of
Ce** doping on photoemission, the precise know-
ledge on the doping content should be required.

However, optical absorption and ESR measure-
ments as well as the experiments searching for the
possibility of laser oscillation are now under way,
so that the detailed discussions are postponed
until the next paper concerning the optical
characteristics of this material is completed.

5. Conclusion

We have constructed the pseudo-binary phase
diagram of the CaS-Ga,S; system. A eutectic
reaction was found in the compositional range
from 50-100mol% Ga,S;. The CaGa,Ss com-
pound was found to be congruent with the melting
point of 1132°C. We have grown Ce’*-doped
CaGa,Sy single crystals from melt by the hori-
zontal Bridgman method. Transparent and yellow-
ish single crystals were obtained. From the
saturation of photoemission intensity at the Ce
concentration above 0.4 wt%, it is concluded that
the solution limit of Ce to the crystal is rather low
in comparison to the thin film case.
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Abstract

Effect of pressure on the magnetic transition temperature of CuFeO, with a delafossite-type structure has been
investigated using a piston-cylinder-type high-pressure apparatus designed for SQUID magnetometer. CuFeO, having
triangular layer of magnetic Fe* " shows the successive antiferromagnetic transition at 13 K (T;) and at 9K (Tp). It is
found that both transition temperatures decrease with applying pressure up to 0.7 GPa at a rate of —1 K/GPa.

© 2003 Elsevier B.V. All rights reserved.

PACS: 74.62.Fj; 75.30.Kz; 75.50.Ee
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Since the high-7T¢ superconductor was discovered,
great attention has been paid to low-dimensional
transition metal oxides, from the view of strongly
correlated electron systems. CuFeO, with a delafossite-
type structure has been attractive because of its low-
dimensional triangular structure. The delafossite struc-
ture with space group R3m consists of respective
hexagonal layers. CuFeO, has magnetic Fe’ ™ layers,
which form a layered triangular lattice frustrated
antiferromagnet, separated by nonmagnetic Cu” and
0%~ layers. In a frustrated system, the magnetic phase
transitions take place under a subtle balance of magnetic
interactions. CuFeO, exhibits two successive antiferro-
magnetic transitions at 13K (7;) and 9K (Tno) [1]-
Mitsuda et al. [2] determined the magnetic structure of
CuFeO, by neutron diffraction studies. They reported
that the magnetic ground state has a four-sublattice
antiferromanetic structure in which spins are collinear
and parallel to the c-axis, and the high-temperature
antiferromagnetic phase is partially distorted. More-
over, they indicated that the Ising character of Fe** in
the antiferromagnetic phases is unusual. Thus the origin

*Corresponding author. Tel.: +81-3-3329-1151; fax: +81-3-
5317-9432.
E-mail address: hiroki@chs.nihon-u.ac.jp (H. Takahashi).

of the magnetic orderings is considered to be very
complicated.

Ajiro et al. [3] and Kasahara et al. [4] studied impurity
effect on the stability of the ground-state spin config-
uration in CuFeO,. They substituted magnetic Cr’* and
nonmagnetic AI’* to Fe, and reported that a small
impurity affects the magnetic states strongly. Hasegawa
et al. [5] reported that the oxygen nonstoichiometry
largely affects the antiferromagnetism of CuFeO, single
crystals. Oxygen nonstoichiometry accompanies changes
of cation valences and lattice parameters. In this way,
the slight disturbance of the triangular spin lattice
strongly affects the magnetic interactions.

The pressure effect is also expected to affect the
magnetic state. Zhao et al. [6] carried out X-ray
diffraction study of CuFeO, under high pressure up to
10 GPa. From the X-ray experiments, they reported no
structural transition and indicated that the a-axis is
about 3.9 times more compressible than c-axis. How-
ever, this situation seems strange if this anisotropic
compression is compared to cuprate superconductors, in
which c-axis is usually more compressible than a-axis,
except for (La, Sr),CuO,4 which accompanies a tilting of
CuOg octahedron with applying pressure [7].

In this study, we report the effect of pressure on the
antiferromagnetic transition temperature of CuFeO-.

0304-8853/$ - see front matter © 2003 Elsevier B.V. All rights reserved.
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Fig. 1. DC susceptibility of CuFeO,. T and T, are indicated
by arrows.

Single crystal of CuFeO, was grown by the floating-zone
method described elsewhere [8]. Magnetic susceptibility
was measured with a SQUID magnetometer (Quantum
Design MPMS-XL). A piston-cylinder-type high-pres-
sure apparatus made by Cu-Be alloy designed for
SQUID magnetometer was used.

Fig. 1 shows the magnetic susceptibility of CuFeO,, in
which TyN; and T are observed. The Tyn; and Tn»
decrease with pressure up to 0.7 GPa at a rate of —1 K/
GPa, as shown in Figs. 1 and 2. During the high-
pressure measurements, the shape of anomalies accom-
panied with transitions in y(7) curve does not change.

Suppression of Ty and Tx» was also observed when
excess oxygen is introduced to CuFeO, [5]. Since c/a
decreases with introduction of excess oxygen while c/a
increases with pressure, the present results cannot be
explained by a single source about crystal structure.
However, large change of intra-layer magnetic interac-
tions is suggested from the high-pressure X-ray results,
in which the g-axis is about 3.9 times more compressible
than c-axis. If the Ty and Ty, decrease linearly at a rate
of —1K/GPa, it disappears at 10 GPa. Then it is very
interesting to perform high-pressure studies at more
than 10GPa, since a new magnetic phase can be
expected at the pressure where the magnetic ordering
state disappears, as observed in UGe, [9]. From the
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Fig. 2. Pressure dependence of Ty and Tnp.

preliminary electrical resistivity measurements under
high pressure, the resistivity decreases to 0.1 times value
at 10 GPa. The susceptibility and electrical resistivity
measurements are in progress at higher pressures.
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Abstract

The electrical resistivity p(7T) of Y;_,U,Pd; (x = 0,0.05 and 0.2) and the
lattice constants for x = 0 have been measured at high pressure. It is found
that the cubic CuzAu structure is stable up to 12 GPa at room temperature.
The Kondo temperature 7x was extracted from the p(7) curve and it was
found that it increases with pressure. A logarithmic temperature dependence
characteristic of the Kondo effect was found for x = 0.2 in the temperature
range above about 0.57x. Fermi liquid behaviour in p(7') for x = 0.05,
i.e., p(T) o T?, is observed and its stability at high pressure is discussed.
The pressure dependence of the Kondo temperature 7k is discussed using the
Griineisen parameters at Tk, ['x. It appears that the values of 'k are the same
for these two compounds (x = 0.05and 0.2): ['yx = 12. The T'-linear behaviour
in p(T) for x = 0.2, which is characteristic behaviour for non-Fermi liquids,
is collapsed by an application of pressure and typical Fermi liquid quadratic
temperature dependence recovers at high pressure. From the result forx = 0.2,
the power n of the temperature in p(7) o< T" is determined as 1.0 at ambient
pressure and 1.9 at 5.8 GPa. It is pointed out that the hybridization effect due
to the application of pressure gives rise to a crossover from a non-Fermi liquid
state to Fermi liquid state. But the crossover temperature 7, shows a pressure
dependence different from that predicted by the two-channel Kondo model.

1. Introduction

It has been reported that some intermetallic compounds including U or Ce show a lot
of interesting electronic properties such as heavy fermions (HF), the Kondo effect and

0953-8984/04/203385+16$30.00  © 2004 IOP Publishing Ltd  Printed in the UK 3385
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superconductivity [1]. Among them, the compounds showing behaviour substantially different
from the normal Landau Fermi liquid (FL) type have been extensively studied [2-4]. The
electronic state displaying these behaviours has been called the ‘non-Fermi liquid’ (NFL)
state. As for the electrical resistivity, p(T') for these compounds shows a weak power law at
low temperatures, such as 7" (n = 1-1.5) [5, 6], which is in sharp contrast to that for normal
FL behaviour: T2 at low temperature. Anomalous behaviours have been observed for other
physical quantities such as magnetic susceptibility and specific heat [3—5]. Several theoretical
models from different points of view for interpreting these anomalous properties have been
presented [4]. But the origin of the NFL state has not been completely understood yet.

The instability of the NFL state under the influence of perturbation or changing the control
parameters has been studied extensively by many investigators [5—7]. In this area, high pressure
study of NFL gives us a lot of important information because high pressure is considered as
a ‘uniform perturbation’ and it gives rise to an electronic and structural phase transition or
crossover in the materials having highly correlated marginal electronic states, which supplies
a lot of crucial information for clarifying the electronic and magnetic structures of these
materials [8]. Furthermore, since the disorder in the doped sample has been pointed out to
play an important role in these systems [9, 10], high pressure study of undoped materials
showing NFL behaviours is highly desired.

Until now, we have reported mainly, for several Ce compounds, on the pressure-induced
crossover from the concentrated Kondo (CK) state or the HF state to the intermediate valence
(IV) state in which the valence of the rare earth elements is not integer [11]. Since HF
compounds generally have low Kondo temperature Tx but IV compounds have high T, the
crossover is usually accompanied by a large increase of the Kondo temperature and a large
decrease of the Griineisen parameter for Tk at high pressure [12]. On the basis of high pressure
work on the NFL, it has been reported that the NFL state becomes unstable at high pressure,
showing a crossover to the normal FL.[7, 13—16]. The results have been discussed on the basis of
several different viewpoints. This also emphasizes the importance of pressure as a perturbation
in tuning the electronic state of NFL compounds. However, in most work on pressure-induced
crossover in NFL compounds (mostly for Ce compounds), almost all experimental research
has been focused mainly on the ground state properties around 1 K or below, i.e., on the low
temperature properties. But for Ce based compounds, we have pointed out the importance of
the high temperature properties in connection with the Kondo effect [17].

Y _.U,Pd; exhibits a variety of interesting magnetic behaviours such as spin glasses, the
Kondo effect and magnetic ordering, depending on x [3, 5, 18, 19]. Among these properties,
the most interesting aspect of this pseudobinary compound is the NFL behaviours observed
near x = (.2: the approximately 7-linear dependence (n = 1.0—1.1) in the electrical resistivity
and a T log T dependence in the specific heat have been observed. In the high temperature
range above about 80 K, a logarithmic temperature dependence in p(7) was also observed,
but there is no antiferromagnetic ordering at least down to 0.2 K [20]. This compound is
a prototypical material showing NFL behaviour. With decreasing x, Tk increases, the NFL
state quickly becomes unstable and then finally FL is stabilized at a low concentration of U
(x < 0.1). As was mentioned in the foregoing section, Tx for CK and HF systems changes
drastically on applying pressure. We expect also a lot of variety in the electronic states of
Y_,U,Pd; compounds on tuning 7x by applying pressure. However, the crossovers from
NFL to FL reported until now were mainly for doped samples at ambient pressure or limited
to a relatively low pressure range below 2 GPa, which may not be enough to induce the
crossover in the sample with x = 0.2. It is interesting to observe an electronic crossover of
this prototypical NFL compound at high pressure above 2 GPa and to compare the electronic
state with those of other materials showing NFL and/or FL behaviour.
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In the present work we measured the temperature dependent electrical resistivity p(T)
for Y,_,U,Pd; compounds having x = 0.05 and 0.2 at high pressure in order to examine the
electronic crossover from the NFL to the FL state (and vice versa) induced by high pressure and
furthermore the stability of the Kondo state under pressure. The lattice constants for x = 0
(YPd3) are observed to obtain the bulk modulus and to check the pressure-induced crystal
structure change. The present results are explained in connection with the x—T phase diagram
and the Griineisen parameters for the Kondo temperature Tx. The electronic state for x = 0.2
at low temperature will be discussed, taking into account critical fluctuation near the phase
boundary, and then compared with several theoretical models.

2. Experimental procedures

2.1. Sample preparation

The polycrystalline samples of Y,_,U,Pds; with x = 0,0.05 and 0.2 were prepared by arc
melting the constituent elements under an argon atmosphere [18]. All the samples were
remelted several times to ensure homogeneity and annealed in evacuated quartz tubes for
100 h at 900 °C. X-ray diffraction analysis shows that all the samples are single phase with the
cubic CuzAu type crystal structure. The lattice parameter a (A) changes linearly as a function
of U concentration x as a = 4.0701 + 0.0193x (A).

2.2. X-ray diffraction study under high pressure

Crystal structure and lattice constants under high pressure were investigated by means of x-ray
diffraction. Hydrostatic pressure was generated by using WC Bridgman anvils having a face
of 3 mm diameter [21]. A 4:1 methanol/ethanol mixture was used as a pressure transmitting
medium. The powdered sample and NaCl were placed in a 0.3 mm hole at the centre of a
beryllium disc gasket having 0.5 mm thickness. In order to obtain diffraction patterns with
sharp lines and low background, we used a Guinier type focusing camera with a bent quartz
monochromator. The diffraction lines were recorded on highly sensitive curved film. The
pressure was determined by using Decker’s equation of states for NaCl [22]. The P-V relation
was observed only for YPd; (x = 0) at room temperature.

2.3. Electrical resistance measurements under high pressure

Electrical resistance was measured in the temperature range between 4.2 and 300 K by using
a standard dc four-probe method. Hydrostatic pressure below 2 GPa was generated by using
a WC piston and a Cu—Be cylinder device. A 1:1 mixture of Fluorinert, FC70 and FC77,
was used as a pressure transmitting medium. Above 2 GPa, we used a cubic anvil type high
pressure apparatus. The pressure was changed only at room temperature in order to minimize
the internal strain in the sample and kept constant within 1% throughout each measurement.
The details of the high pressure systems were reported previously [23, 24].

3. Results

3.1. Pressure dependence of the volume and electrical resistance at room temperature

Figure 1 shows the lattice constants of YPd3 as a function of pressure below 12 GPa at room
temperature. The cubic CuszAu crystal structure is stable up to 12 GPa since no new diffraction
lines were observed at high pressure. It was found that the compression curve could be



3388 G Oomii et al

T T T T T T T T
i
.\.\.
N
N "
X 0.95- .
I .
0'90""5"‘["':15

10
P(GPa)
Figure 1. The pressure dependences of the lattice constants of YPd3 at room temperature.
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Figure 2. The relative change of the electrical resistivity, p(P)/p(0), for x = 0.05 and 0.2 at room
temperature.

approximated by a straight line, as shown in the figure. The bulk modulus B (=—VaP/9V)
is estimated to be 148 GPa, which is smaller than that of URu,Si, (B = 215 GPa) [25] but
larger than that of UGe, (B = 69 GPa) [26]. Considering the fact that the lattice constant for
x = 0.2 is almost the same as that for x = 0 [5], the bulk moduli for x = 0, 0.05 and 0.2 may
be nearly the same. This result will be used in the following section when we calculate the
Griineisen parameters.

The normalized electrical resistivity p(P)/p(0) forx = 0.05 and 0.2 at room temperature
is shown in figure 2 as a function of pressure up to 2 GPa, where p (0) is the resistivity at ambient
pressure. p for the two samples increases with increasing pressure, approximately in a linear
fashion. The pressure coefficient of p is estimated to be (1/0)(dp/dP) = 30 x 107> GPa™!
for x = 0.05. The pressure coefficient of p for x = 0.2 is 46 x 1073 GPa~!, which is 1.5
times larger than that for x = 0.05, suggesting that the conduction electrons are scattered in a
complex way on the border of the instability of the electronic state near x = 0.2, which may
give rise to an increase in the pressure coefficient of p. The electrical resistivity for x = 0.2
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Figure S. The Kondo temperature 7g for x = 0.05asa  Figure 6. p(T) as a function of 72 for x = 0.05 at high
function of pressure. pressure.

is found to increase with pressure up to 6 GPa at room temperature, having almost the same
pressure coefficient as mentioned above.

3.2. Temperature dependent electrical resistivity for x = 0.05 under high pressure

Figure 3 shows the p(T') curve at various pressures up to 2.1 GPa. p(T) shows a smooth
decrease with increasing temperature even at high pressure; all p(7") curves seem to be almost
parallel without any crossing but the values of p increase with pressure as was mentioned in
relation to figure 2. The magnetic part of the resistivity ppy,, was estimated by the equation
Pmag(T) = p(T,x = 0.05) — p(T,x = 0(YPd3)), assuming that the p(7T") of YPd; (see
figure 8 in the following section) is mainly dominated by phonon scattering. Figure 4 shows
the results; ppmag(T') is shown with a logarithmic scale for T" at various pressures.

In the present work, we define the value of the Kondo temperature Tk as the temperature
where the value of pyag(T)/Pmag(T = 4.2 K) is 0.5 [27]. Tk for x = 0.05 was obtained by
an extrapolation of the present pp,, (7)) curve to high temperature. Figure 5 shows Tk as a
function of pressure. Tk increases almost linearly with pressure up to 2 GPa having a rate of
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p(T) as a function of T for x = 0.2 at high pressure including p(7") for x = 0 as a

3Tk /9P = 50 K GPa~!. Usually p(T) for Kondo compounds shows normal Fermi liquid
properties such as a 72 dependence at low temperature. In order to examine this temperature
dependence, we plotted the values of ppmae (T) as a function of T2, infigure 6. A T? dependence
in the pmqe(T) curve, pmae(T) = po — A'T? (po: residual resistivity), is found over the wide
range of temperature below 50 K, which indicates that the ground state for x = 0.05 is well
described as a Fermi liquid. The values of A’ are plotted in figure 7 as a function of pressure.
It is found that A" decreases with pressure: A’ is decreased by about 30% on applying 2 GPa.
Considering that A’ is proportional to Ty, 2 [28], this implies that Tk increases with pressure,
which is consistent with the result in figure 5. We will discuss this point in detail later.
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Figure 9. p(T) for x = 0.2 below 60 K at various pressures. A small deviation from the linear
temperature dependence is observed below 12 K at 2.1 GPa, which is shown by an arrow.

3.3. Temperature dependent electrical resistivity for x = 0.2 at high pressure

p(T) forx = 0.2 is shown in figure 8 at various pressures together with that for x = 0 (YPd3).
Itisevident that the p (T') curve at 5.8 GPa s very different from those below 2 GPa, particularly
below 100 K. Figure 9 shows the electrical resistivity below 60 K as a function of 7" at 0, 0.6
and 2.1 GPa. It is found that the linear temperature dependence in p, which is evidence of
NFL behaviour, is well observed below 50 K; i.e., o(7T") below 50 K is approximated by the
equation p(T) = po(1 — T/ T1), where py is the residual resistivity and 7] is the characteristic
temperature which may be related to the Kondo or spin fluctuation temperature. Butat2.1 GPa,
a small deviation from the linear temperature dependence is found below about 12 K, which
may be a precursor of the collapse of the NFL state. We will discuss later the origin of this
deviation. Figure 10 shows the coefficients A of the T-linear term, A = py/ T}, and 7} as a
function of pressure. The magnitude of A at ambient pressure (0.72 u$2 cm K~') is nearly
the same as those reported previously [4]. The value of A is found to decrease with increasing
pressure, having a rate (1/A)(dA/dP) = —5.7 x 107> GPa~!. From the linear extrapolation
of A(P), A is 0 around 18 GPa, where the NFL state is expected to disappear.

Figure 11 shows the magnetic part of the electrical resistivity pmae (1) at various pressures
with alogarithmic scale for 7', which was estimated by means of the same method as mentioned
in section 3.2. The Kondo temperature 7x was also defined in the same way as that for
x = 0.05. The results are shown in figure 12. Tx increases almost linearly with increasing
pressure below 2 GPa, but the point at 5.8 GPa deviates upwards slightly from that extrapolated
from low pressure below 2 GPa. It should be noted that the effect of pressure on Tk is opposite
to the effect of the U concentration x [5, 18]: Tk decreases with x but increases with pressure.
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Figure 11. The magnetic part of the electrical resistivity pmag(7) for x = 0.2 on a logarithmic
scale at high pressure.

4. Discussion

In this section we discuss the experimental results obtained in the present work in connection

with the Kondo effect and the crossover from a NFL state to a FL. one. We divide the discussion
into four parts.
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Figure 12. The Kondo temperature 7Tk for x = 0.2 as a function of pressure.

4.1. Stability of the Kondo state under high pressure—high temperature electronic properties
above 100 K

We discuss the high temperature behaviour of p(7"), in which Kondo scattering dominates
p(T). In the foregoing section, we obtained the Kondo temperature Tk as a function of
pressure, where we found an approximately linear dependence against pressure. Tx may be
described by the following equation in the single-impurity regime:

1
T“O‘exp[ |JN<0>|}’ W
where J is the s—f exchange interaction and N (0) is the density of states at the Fermi level. J
is written as
2
J ~ @, 2)
€sf
where Vi is the strength of hybridization and es; is the energy difference between the 5f level
and the Fermi level. €5 may be expressed as e€s¢ ~ €y + €;x — wP, where €, €; and w are
constants [5, 29]. This indicates that the effect of x on J or Tx is opposite to that of pressure,
which is the same as the case for CeR alloys (R: rare earth element) [29].

Since Vg increases and es¢ decreases with increasing pressure, J shows an increase on
applying pressure. This indicates that Tk is enhanced by applying pressure. The pressure
dependence of Tk is derived from equations (1) and (2) as Tx ~ (Tx)oe””, where (Tk)o is
Tx at P = 0 and y is a positive constant. In this derivation, we assumed that (fo) and N(0)
are constant and pressure is not too high. The solid line in figure 12 was plotted by assuming
y = 7.3 x 1072 GPa~! and Tx(0) = 215 K; the experimental results are well reproduced
by this equation. On the same assumptions, when pressure is constant, we can derive the
following relation for the concentration (x) dependence of Tx: Tx = Tk (0) exp(—6x), where
0 is a positive constant. This means that Tk (x) decreases with increasing U concentration.

On the other hand, the value of y is obtained as 8.0 x 1072 GPa~! for x = 0.05 by using
the data for Tx shown in figure 5. These two values are approximately the same. This means
that as far as the effect of pressure on the Kondo state is concerned, there is no significant
difference between x = 0.05 and 0.2. In other words, the high temperature behaviour of p(T)
can be treated in the framework of the Kondo single-impurity model.
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Figure 13. In[7k (P)/ Tk (0)] as a function of pressure for x = 0.2.

4.2. Estimation of Griineisen parameters for Y1_,U, Pd;

The Griineisen parameter is often used to evaluate the electronic state of highly correlated
electron systems [8, 11, 12, 17, 25]. So we attempt to estimate this parameter for 7x. The
Griineisen parameter of T is defined as

dIn TK dIn TK
Tk = — =B : 3)
olnV oP
where B is the isothermal bulk modulus. The pressure dependences of Tx were shown
in figures 5 and 12 for x = 0.05 and 0.2, respectively. Equation (3) is rewritten as
'k = BoIn(Tx(P)/Tx(0))/d P, where T (0) is Tx at ambient pressure. Figure 13 shows
the pressure dependence of the value of In[7x (P)/ Tk (0)] for x = 0.2. The slope of the plot
corresponds to 'k /B [12]. The value of 'k /B is estimated to be 0.08 GPa~!. 'k forx = 0.2
is 12 at ambient pressure, assuming the value of B to be the same as that of YPd; (=148 GPa),
which is smaller than those of UAI, (I" ~ 20) [8] and URu,Si, (I" ~ 30) [25]. It is interesting
to note that the magnitude of I'x for x = 0.2 is comparable with that for the intermediate
valence compounds CePds (I" ~ 6) [30] and CeNi (I" ~ 9) [31]. 'k forx = 0.05 is calculated
in the same way, using the data in figure 5, to be 12, which is the same as that for x = 0.2.
This result indicates that there is no significant difference in pressure effect on the Kondo
state above 100 K between the x = 0.05 and 0.2 cases, as was pointed out in the foregoing
section.
Here we apply the compressible Kondo model [32] to equation (1). The volume change
of |[JN(0)] is assumed as

B V-V
|[JN©O)] = [JN(0)]oexp| —¢ A )

where ¢ is a constant between 6 and 8 and |J N (0)]|o is |J N(0)| at ambient pressure. By using
equations (1) and (4) we obtain
TN = L. (5)
[k
When we derived equation (5), we used the following approximation: exp(g(V — Vy)/ Vo) =
1+q(V —Vy)/ Vo, which s valid at low pressure because the volume change is small. Assuming
q = 6[32], we obtain 0.5 for both x = 0.2 and 0.05. This is larger than those for URu,Si; (0.2)
and UAl, (0.3), but the same as that for a-Ce(~0.5) [33]. The results indicate that the 5f
electrons for x = 0.2 and 0.05 are more itinerant than those in URu,Si, and UAl,.
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Figure 14. The coefficients of the log 7' term m for x = 0.2 as a function of pressure.

It is well known that the Kondo effect is manifested in the existence of a log T term in the
electrical resistivity. The electrical resistivity of dilute Kondo alloys may be described as

p(T) = pg — CIIN(O)] log T, (6)

where C is the constant and pg is the temperature independent resistivity calculated from Born
first-order perturbation of J. From the above equation (6), the slope m in the p versus log T
curve is derived to be

m = C|JN©)]’. (7)

The values of m for x = 0.2 are plotted in figure 14 as a function of pressure. In this
calculation of m, we used the data in the range 0.57x < T < 1.17x (Tx = 215 K at ambient
pressure for x = 0.2). For this reason, we did not calculate the values of m for x = 0.05
because Tk forx = 0.05is 620 K at ambient pressure and then 0.57 is 310 K, which is outside
the temperature range in the present experiment. So in this section we limited our discussion
to the x = 0.2 case. It is found that the value of m increases substantially with pressure for
x = 0.2, as has been observed in many Ce based HF systems [12].

On the basis of the compressible Kondo model, we can explain the results in figure 14 as
follows. |JN(0)|? is described from equation (4) as

IINO) ~ |JN<0)|3(1 +3q V°V_O V>. ®)

From equations (7) and (8), we get the magnitude of m as proportionalto 1+3¢g(Vo—V)/Vy =
1+ 3q« P, where « is the compressibility. This implies that m increases with pressure, which
explains qualitatively the results in figure 14.

4.3. Pressure-induced crossover from the NFL to the FL—low temperature electronic
properties

Here we discuss first the relation between the values of Tk and the coefficients of the 72 term
for x = 0.05. In the Kondo compounds, the electrical resistivity at low temperature (7 < Tx)
is approximated by the following temperature dependence:

T 2
p(T) = Po(l - (T—) ) ©)
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Figure 15. Tk as a function of 1/+/ A’ for x = 0.05.

where py is the residual resistivity. In this approximation, the value of A’is roughly proportional
to 1/TZ. Figure 15 shows the relation between Tk and 1/ VA’ at different pressures for
x = 0.05. It is found that there is a good linear relationship between Tk and 1/+/A’. Using
equation (9), we obtain the value of I'x as 13, which is in good agreement with the value
obtained in section 4.2: 12. This suggests that the behaviour for x = 0.05 is well described
by the single-impurity Kondo model over a wide range of temperature.

Next we consider the ground state for x = 0.2 at high pressure. The NFL behaviour
below 2.1 GPa is evidenced by the existence of T -linear behaviour in p(7), which was also
observed below about 50 K at ambient pressure in the present work, as shown in figure 9.
The coefficient A of the T-linear term decreases with increasing pressure, which may be
explained by the increase of 7; at high pressure. 7 is related to some kind of fluctuation such
as a spin or spatial one. Critical fluctuations associated with antiferromagnetic ordering were
observed for x = (.2 at low temperature down to 0.2 K using neutron scattering [20]. In this
sense, the decrease of A (or the increase in 77) suggests that the critical fluctuations near the
phase boundary (x ~ 0.2) between the NFL state and spin glass state [5] are suppressed by
application of pressure. If antiferromagnetic ordering took place, 7; would become 0 and A
would diverge near a critical value of a control parameter.

To allow comparison of the electronic state at 5.8 GPa and that at ambient pressure, the
Pmag (T) curves are shown in figure 16 along with that for x = 0.05, which shows the typical
FL behaviour. It is easily seen that the overall behaviour of ppm,e(7) at 5.8 GPa is similar to
that for x = 0.05 at ambient pressure. This implies that the electronic state for x = 0.2 at
5.8 GPa can be considered as a normal FL one.

Figure 17 shows the normalized resistivity pmag(7T)/Pmag(4.2 K) as a function of the
reduced temperature 7/ T at various pressures. The data below 2.1 GPa are found to fall on
a universal curve. This indicates that the electronic state or NFL state is almost independent
of pressure up to 2.1 GPa. But the curve at 5.8 GPa substantially deviates from the universal
curve below 2.1 GPa. The large change in the temperature dependence suggests a crossover
in the electronic state from the NFL to another state on applying pressure.

In order to see the result more clearly and examine the power law in 7', we plot the values
of 1 — Pmag(T')/ Pmag (0) below 30 K in figure 18 both at ambient pressure and at 5.8 GPa as
a function of T on a logarithmic scale. It is found that pp,.(7) at low temperature below
30 K changes from a T-linear dependence (n = 1.0) at ambient pressure to a 7" (n = 1.9)
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Figure 18. The magnetic part of the electrical resistivity for x = 0.2, pmag(7'), as a function of
log T'. The data for x = 0.05 are also shown for comparison.

dependence below about 17 K and the line for x = 0.05, which shows FL behaviour, is almost
parallel to that at 5.8 GPa.

The change in the power from 1 to 1.9 suggests a collapse of the NFL state followed by
the recovery of the FL state at high pressure. This result indicates that the crossover from NFL
to FL states takes place at a pressure between 2.1 and 5.8 GPa, which is smaller than 18 GPa,
where the value of A may vanish as was mentioned before. This is the first report of such a
crossover induced by pressure for the prototype NFL compound x = 0.2.

Several theoretical models based on different viewpoints, for example the two-channel
Kondo effect [34, 35], proximity to a quantum critical point [3, 36] and distribution of Kondo
temperatures [37], have been proposed to explain the transport and thermodynamic properties
of NFL compounds. However, there have been no theories succeeding in explaining all aspects
of NFL behaviours [4]. Furthermore, it is not clear at present which model should be applied
to explain the high pressure behaviour of NFL compounds. It is well known that the strength
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of hybridization is increased by application of pressure and the electronic properties of the
Kondo compounds have been interpreted in terms of a change in the hybridization caused by
doping or pressure.

The effect of hybridization on the stability of FL and/or NFL compounds has been
investigated by Koga and Shiba [38, 39] on the basis of the two-channel Kondo model. They
calculated the phase diagram of the stability region of the FL. and NFL as a function of Coulomb
U and Hund couplings Jy.

According to their calculation, the enhancement of the strength of hybridization is found to
stabilize the FL state compared with the NFL state. In other words, the application of pressure,
which implies an increase of hybridization, gives rise to a crossover from NFL to FL behaviour.
The present result seems to be explained qualitatively by taking their result into account as far
as the crossover from the NFL to the FL state is concerned. Furthermore, the theory predicts
that the temperature of crossover from NFL to FL behaviour, 7., decreases as the electronic
state of the system approaches the NFL/FL boundary. T, may be described approximately
as Ty o |Ju — Jupl®, where Jyp is the value of Jy at the boundary and « is a constant,
in the range 8-9 [40]. If we assume T,, = T, the present result indicates that T¢; increases
with increasing pressure as shown in figure 10, i.e., T, increases as the system approaches the
FL/NFL boundary, which is in sharp contrast to the theoretical prediction. In other words, the
present result suggests that there is no such boundary in the pressure change of the electronic
state for x = 0.2 and the two-channel Kondo model may not be applicable in explaining the
pressure change of characteristic temperatures or the pressure-induced crossover for x = 0.2.

The electrical resistivity p(7T) for NFL compounds has been calculated by Moriya
and Takimoto on the basis of the self-consistent renormalization (SCR) theory of spin
fluctuations [41]. Around the critical boundary, p(T) shows a T3/ dependence followed by a
T -linear dependence as 7 increases. Off the critical boundary region, p(7') is proportional to
T2, indicating the recovery of FL behaviour. As was shown in figure 18, p(T) for x = 0.2 at
5.8 GPa s similar to that for x = 0.05, the Fermi liquid compound, which is also proved by the
existence of a T2 dependence at low temperature. The facts suggest that the spin fluctuation for
x = 0.21s expected to be suppressed by the application of pressure, which indicates an increase
of T, and then the NFL behaviour is collapsed to give rise to the recovery of the FL behaviour.

Recently, a phase diagram of heavy fermions including the quantum critical point has
been presented by Continentino [42]; the Fermi liquid behaviour is expected to be stable
off the critical region and the coherence temperature 7t increases as the value of |J N (0)|
(or pressure) increases. If we assume T.on as 7T or Tk, the low temperature properties of
Y;_,U,Pd; (x = 0.2) may be qualitatively explained according to this diagram. In other
words, since the sample for x = 0.2 is basically just on the quantum critical point, we expect
the non-Fermi liquid behaviour and the pressure to have the effect of moving this sample off
the critical point, which also gives rise to an increase in 7} or Tx.

Roughly speaking, the common feature of these theories is that the NFL behaviours may
collapse at high pressure showing a recovery of FL behaviour, but there is a difference between
the semiquantitative explanations of the characteristic temperatures such as 77 or Tx. Judging
from the present results and the above-mentioned discussion, it is plausible to consider that
the sample with x = 0.2 exists near or just on the quantum critical point [3, 36, 42] with a
large magnetic fluctuation showing NFL behaviour, but with increasing pressure the quantum
fluctuation is suppressed resulting in a crossover from the NFL to the FL state. In order to
discuss which model is suitable for the pressure dependence of the NFL behaviour in the
present work, more quantitative analysis of the experimental results is needed, not only for the
resistance but also for the susceptibility or specific heat at high pressure. It seems difficult to
explain all aspects of NFL behaviours by applying one theoretical model.
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4.4. The relation between the U concentration x and the effect of pressure

In the compounds Y;_,U,Pds, the lattice constants increase slightly with x, i.e., the lattice
expands with x, which is opposite to the pressure effect. Here we derive the quantitative relation
between the pressure P (GPa) and x by using the Kondo temperature 7x and lattice constant
a as implicit variables. The fractional increase Aa (A) in the lattice constant is obtained from
the result in section 2.1 as a function of the U concentration x: Aa = 19.3 x 1073Ax. On
the other hand, the relation between the lattice constant and the pressure is obtained from the
bulk modulus. From the bulk modulus in section 3.1, we obtain Aa(P) = —9.2 x 1073AP,
where A P is in GPa. Using these two relations, we get the following equation:

AP = —-2.1Ax. (10)

Since the difference in x between x = 0.05 and 0.2 is —0.15, the value of A P is estimated
to be 0.3 GPa from the above equation (10). This result implies that the electronic state for
x = 0.2 becomes similar to that for x = 0.05 on applying 0.3 GPa. But in section 4.3,
we observed that the electronic state for x = 0.2 becomes the same as that for x = 0.05
above 4-5 GPa, which is extremely large compared to the estimated value—by an order of
magnitude. This indicates that scaling using the lattice constants or the volume is impossible
for this compound and the pressure-induced crossover from NFL to FL behaviour for x = 0.2
cannot be explained by just considering the lattice compression.

The Kondo temperature Tk of this material decreases with increasing x [5, 18]. Next
we consider this using 7x as an implicit parameter. In section 4.1, we showed that Tk
can be described as Tx(P) = (Tx)oexp(y P). The fractional change in Tx is derived as
ATx/Tx = yAP. On the other hand, In Tk at ambient pressure is well known to be a
linear function of x because of the relation Tx (x) = Tx(x = 0)exp(—6x) [5]. We get

ATx/Tx = —6Ax. Thus we get the relation AP = —60/yAx. By using the pressure
dependence of Tx and 6 = 7.1, we obtain
AP = —88Ax. (11

If we put Ax = —0.15, we get AP = 13 GPa. This means that about 13 GPa is needed for
x = 0.2 to get the same electronic state as for x = 0.05. It is interesting to note that a pressure
of several GPa is needed to destroy the NFL state for x = 0.2, which is comparable with the
pressure mentioned above. This indicates that the change in the ‘effective pressure’, AP, is
not due to just a change in the lattice constant but also a change in the electronic state followed
by a small change in the lattice constant. Taking these results into account, the electronic state
for Y;_,U,Pd; compounds, particularly for x = 0.2, can be considered to be a marginal state
on the border of magnetic instability.

5. Conclusion

In the present study, we have measured the electrical resistivity of Y;_,U,Pd; (x = 0, 0.05
and 0.2) and lattice constant of YPd; at high pressure. The main conclusions are summarized
as follows:

(1) The CusAu structure of YPd; is stable up to 12 GPa at room temperature.

(2) As far as the pressure effect on the Kondo state above 100 K is concerned, there is no
great difference between x = 0.05 and 0.2 because the Griineisen parameter for Tk for
x = 0.2 is the same as that for x = 0.05.

(3) The non-Fermi liquid behaviour at ambient pressure for x = 0.2 shows a crossover at
high pressure above 4-5 GPa, followed by a recovery of Fermi liquid behaviour.
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(4) The quantitative relation between pressure and U concentration has been discussed and the
change in the internal (or effective) pressure is mainly dominated by the contribution from
a change in the electronic state induced by a small compression in the lattice constant.
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Abstract

A number of attention has been paid for RuSr,GdCu,0Og because of the coexistance of ferromagnetic state and
superconducting state below about 30 K. In order to investigate the character of the superconducting state which
coexists with ferromagnetism, the pressure experiments on a ferromagnetic transition temperature have been per-
formed. The enhancement of ferromagnetic transition temperature was observed with increasing pressure. High-

pressure X-ray experiments on this material are in progress.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

RuSr,GdCu,0g (Rul212) discovered in recent years
is an interesting material in which ferromagnetic state
and superconducting state coexist. The lattice structure
of Rul212 is similar to that of YBa,Cu;0;_s (YBCO).
Rul1212 is derived from the YBCO structure by replac-
ing Y with Gd, Ba with Sr, and the CuO chains with a
RuO, plane, respectively. This system was first reported
by Bauernfeind et al. [1] as superconducting but not
magnetic material. However, Rul212 have a Curie
temperature (7cye) ~ 135 K and bulk superconducting
transition temperature (7¢) ~ 0-46 K, depending on the
heat treatment. Although there is a judgment that fer-
romagnetic impurities STRuO; with Tcy ~ 160 K is
contained [2], field-induced ferromagnetism was ob-
served by neutron diffraction measurements [3]. It is
reported that Ru moments with parallel to c-axis incline
gradually to ab-plane with applying field. Yamada et al.

* Corresponding author.
E-mail address: happyjun@sol.dti.ne.jp (J. Shibata).

[4] reported pressure effect on the 7c up to 8 GPa by
electrical resistivity measurements. They observed the
onset temperature increase and the offset temperature
decreases with applying pressure. However, since the
average of onset and offset temperature does not change
so much, they indicated that the pressure effect on 7¢ is
small and transition width broadened with pressure.
Yamada et al. synthesized another superconductor
FeSr,GdCu,0g (Fel212) with the same crystal structure
as Rul212 in which ferromagnetism does not exist. They
observed both onset and offset 7 of Fel212 increase
with applying pressure, in contrast to Rul212. In this
work the pressure effect of a ferromagnetic transition
temperature has been measured by AC susceptibility
method, in order to study the ferromagnetic state and
the relation between ferromagnetic and superconducting
state.

2. Experimental

Rul212 was synthesized by solid-state reaction of
stoichiometric powders of RuO,, SrCO;, and CuO.

0921-4534/03/$ - see front matter © 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0921-4534(02)02397-3
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The mixture was first decomposed in air at 950 °C and
heated for 24 h. It was pressed into pellets and heated at
960 °C for 24 h in air. Next sintering step took place in
flowing nitrogen at 960 °C for 24 h, and heated at 1060
°C for 44 h in flowing oxygen. Last sintering step took
place in flowing oxygen at 300 °C under 100 atm for 36
h. This Rul212 shows superconducting transition tem-
perature 7c = 31 K and ferromagnetic transition tem-
perature Tcyie = 135 K. Pressure generating equipment
is a cubic-anvil apparatus that was used to generate
hydrostatic pressures up to 8 GPa at temperatures down
to 15 K in NIMS. The mixture of Fluorinert FC70 and
FC77(1:1) was used for the pressure transmitting me-
dium.

3. Results and discussion

Fig. 1 shows the output signal of AC susceptibility
measurements as a function of temperature at each
pressures. The sudden change at around 30 K and the
cusp at around 140 K correspond to 7¢ and T¢ye, re-
spectively. The pressure dependence of 7c and Tcyse are
shown in Figs. 2 and 3. From Fig. 2 Tce increases with
pressure at a rate of 6 K/GPa. However, this pressure
effect is larger than the previous results measured at the
magnetic field of 2 T [4]. It seems that the ferromagnetic
state is strongly affected by the external field. On the
other hand, the cusp-shape anomaly accompanied by
ferromagnetic transition becomes sluggish at higher
pressure. This behavior is considered that the ferro-
magnetic moment in Ru is suppressed by pressure.
Concerning superconductivity, 7c does not change so
much with applying pressure as shown in Fig. 3, which is
consistent with the electrical resistivity measurements
[4]. Thus this pressure dependence is considered to de-
pend on whether the system has ferromagnetic state or
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Fig. 1. Temperature dependence of the susceptibility of Rul212
under various applied pressures.
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Fig. 2. Pressure dependence of the ferromagnetic transition
temperature of Rul212.
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Fig. 3. Pressure dependence of the superconducting transition
temperature of Rul212.

not. High-pressure experiments with changing magnetic
field are in progress. High-pressure X-ray measurements
for Rul212 and Fel212 have been carried out. Precise
refinements are now in progress in order to clarify the
relation between crystal structure and magnetic prop-
erties.
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PACS. 72.15.Nj — Collective modes (e.g., in one-dimensional conductors).

PACS. 74.25.Fy — Transport properties (electric and thermal conductivity, thermoelectric ef-
fects, etc.).

PACS. 74.72.Jt — Other cuprates.

Abstract. — We have investigated the evolution of the electronic state of hole-doped two-leg
ladder compounds, Sri4—;Ca;Cu24041 with Ca content x (x = 0-12) and hydrostatic pressure
P (P < 8 GPa) by measuring anisotropic resistivity on single crystals. An insulator-to-metal
transition occurs by applying P ~ 6.5 GPa for Sr14Cu24041 which is activation-type insulating
at low P. The compounds with z < 8 show an insulating behavior at all P, though the doped
hole density is fairly high (0.07-0.17 holes/Cu). On the other hand, the compounds with
x > 10 become a superconductor by applying pressure P = 3-5 GPa. From these results, we
constructed an z-P phase diagram.

Ladder materials show many novel and interesting properties, such as spin gap, hole pair-
ing, and superconductivity, which are characteristics in common with high-T,. cuprates. The
most intensively studied material is Sr14Cus4041, since this is the only known system capable
at the moment of carrier doping into a two-leg ladder system. A spin gap with ~ 500 K [1]
is observed. Carrier density (n) can be controlled by substituting Sr by Ca [2]. The most
intriguing fact is an occurrence of superconductivity in heavily Ca-substituted material under
pressure [3], which is theoretically predicted for a ladder system [4].

However, superconductivity in this system has been explored for only heavily Ca-substituted
compounds [3,5]. Although Sry14Cu2404; compound has fairly high hole density n ~ 0.07 per
ladder Cu [2], which is a sufficient amount in order to realize high-T, superconductivity for
two-dimensional (2D) cuprates, it is an insulator at ambient pressure [6]. The reason for the
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insulating nature of Sry4Cug404; is not well understood. Several measurements, such as re-
sistivity (p) [7], NQR [8], and microwave conductivity [9], suggest that a charge-ordered state
might be realized in this compound. Theories also predicted that a charge-ordered state is a
possible phase competing with superconducting phase in the ladder system [10]. This charge-
ordered state at Sr14Cug4041; might make this system insulating in spite of its considerable
high hole density.

We can make the compound conductive by substituting Ca for Sr, and even realize a
metallic behavior (dp/dT > 0) at moderate temperatures 7' above ~ 100 K for > 10 [6].
However, even in this case the compound is an insulator with the resistivity increasing diver-
gently as T'— 0, which was also ascribed to the charge ordering of the hole pairs formed on
ladders [11,12].

To get better understanding of the competition between charge order and superconduc-
tivity and make the roles of pressure and Ca substitution clear, we measured resistivity as a
function of T for Sr14—,Ca,;Cu40y4; with various z’s (z = 0-12) under hydrostatic pressure
P (P < 8 GPa). Due to the restriction of measurements under very high P (P > 3 GPa),
the resistivity is only an available and reliable probe to explore the electronic state under
such high P. It is found that the compound with x < 8 continues to be an insulator with
its resistivity increasing divergently as 7" — 0 up to the highest P, except for x = 0 which
undergoes an insulator-to-metal transition at P ~ 6.5 GPa. On the other hand, for z > 10, we
observed a superconducting transition at P > 3-5 GPa. From these results, we can construct
an z-P phase diagram of this system.

We prepared single crystals of Sri4_,Ca,CugsO41 (=0, 3, 6, 8, 10, 11, and 12) grown by
the traveling-solvent-floating-zone (TSFZ) method [6]. The growth was done using an infrared
furnace under oxygen gas at 1 MPa. The single crystals have typically about 4 mm diameter
and 50 mm length. These single crystals were characterized using a Laue diffractometer and
found to be composed of a single domain. The resistivity measurements were performed by
the 4-probe method in the T-range between 2 K and 300 K. Dots of silver paste were heated
as electrodes on the samples at 300 °C in oxygen. To generate hydrostatic pressure up to
8 GPa, a cubic-anvil-type apparatus was used [13].

In fig. 1, we show the P-dependence of the resistivity for Sr14Cus404; parallel to the c-axis
(along the ladder legs, p.), and c-axis (along the ladder rungs, p,) [14]. p. and p, show an
activation-type (activation energy ~ 0.21 eV) insulating behavior at ambient pressure. Upon
applying P, the resistivity in both directions decreases drastically (note the logarithmic scales
for resistivities in fig. 1). With increasing P a step-like increase of the resistivity becomes
apparent, indicative of some underlying transition to the insulating state. The resistivity
step shifts toward low temperatures with P. Above 6 GPa, both p. and p, show metallic
T-dependences over the whole T-range, although a bump remains in p, due possibly to an
incomplete transition to the metallic state by inhomogeneity in P. For P = 8 GPa the value of
pe is ~ 2 m2 cm at room temperature and decreases to ~ 300 p€) cm at ~ 10 K. These values
are comparable to those of the in-plane resistivity for two-dimensional (2D) Las_,Sr,CuO4
with hole density  ~ 0.07 and T, ~ 22 K. However, no superconductivity is observed in this
metallic state down to 2 K.

In fig. 2(a), p.(T) for x = 3, 6, 8, and Sr13Y;Cuz4041 compound are shown at various P’s.
The Sr13Y1Cug4 041 has slightly lower hole density in the ladders (n ~ 0.05) than Sr14Cug4O4;.
The magnitude of p, continuously decreases with increasing P for all compounds investigated.
Although there appears a T-range in which dp/dT > 0 for x = 6, all three compounds are
insulators with the resistivity increasing divergently as T — 0 at any P’s, up to 8 GPa. It
never becomes metallic even at very high P. The high-P metallic phase has so far been
observed only for x = 0 (Sr14Cug4041).
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Fig. 1 — The temperature-dependences of p. and p, for Sri4Cu24041 at various P’s between 0 and
8 GPa (from top to bottom curves in each panel). The geometrically averaged resistivity pav = \/pcpa
at three P’s near the metal-insulator transition is plotted in the bottom panel.

The x = 10 compound shows a different behavior from those for x < 8 compounds
(fig. 2(b)). Even at P ~ 0, p. shows a metallic T-dependence (dp/dT > 0) at moderate
temperatures. With the increase of P, the metallic T-range widens, though the resistivity
eventually goes up at low T. Finally, an onset of superconductivity is observed at 5 GPa (see
the right panel of fig. 2(b)). The critical pressure P, of the superconducting (SC) onset de-
creases with the increase of z. In the present experiment P, ~ 4 GPa and 3.5 GPa for x = 11
and 12 [15], respectively (the value of P, is indicated by the cross mark in fig. 3 together with
the results of the previous work for = 11.5 [5] and 13.6 [3]). After an abrupt onset of super-
conductivity T, gradually decreases with increasing P, and the onset is no longer seen above
2 K for P = 8 GPa. From this, we infer that the SC region might have an upper bound for
P. An indication that SC tends to degrade at higher P was seen in the previous experiment
on x = 11.5 [5] and 13.6 [3]. The nature of the “over-pressure” state is not clear. After the
onset of SC at P, T, gradually decreases with increasing P. The x = 11 and 12 compounds
show essentially the same behavior as that for = 11.5. However, the disappearance of SC at
“over”-pressures is not seen below 8 GPa. These data suggest that the superconducting phase
has an upper bound in P and beyond this bound the compound would become a “non-SC”
metal [5]. In order to clarify the nature of the high-P non-SC phase, the experiment above
8 GPa is necessary. The z = 10 compound appears to show a re-entrance to the insulating
state at 8 GPa. Probably, x = 10 is marginal because the insulating phase of the lower x
would be mixed up with the P-induced superconducting phase due to the fluctuation of x in
the sample. Based on these results and the extrapolated behaviors to T' = 0 K, we illustrate
the x-P phase diagram in the ground state as shown in fig. 3.

Coming back to the insulator-to-metal transition in Sr14Cug4041, Carter et al. [7] reported
that the resistivity for x = 0 shows a crossover by cooling at T" ~ 150 K at ambient pres-
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Fig. 2 — (a) The results for Sri4—;Ca;Cu24041 (z = 3, 6, and 8) and Sri13Y1Cu24041 at various P’s.

(b) pe(T) for SraCai9oCuz404;1 at various P’s. The data near the onset of the superconductivity are
shown in the right panel. (c) The same set of p.(T) data for SroCai2Cu2404;.

sure. We observed in our resistivity measurements under P that this crossover transforms
into a sharp transition probably due to an increase in the interladder coupling strength with
increasing P. Such a sharp resistivity jump is reminiscent of a charge-density-wave (CDW)
transition in quasi-one- and two-dimensional systems [16]. As mentioned earlier, several mea-
surements [7-9] suggest that a charge ordering may occur in this system. Hence, the insulating
state of the x = 0 compound at moderate P is understood as a charge localization associated
with the charge ordering. At higher P, the charge-ordered state is destroyed and gives way to
a metallic state. In this metallic state, the anisotropic ratio p,/p. is 3-5, nearly independent
of T, and the magnitude of anisotropy is comparable to the result of the band calculation [17].
This fact indicates that this metallic state is at least 2D, or even 3D. In fact the insulator-
metal transition takes place at the geometrically averaged resistivity pay = \/pcpa ~ 1.6 mQcm
which is near the Mott-Ioffe-Regel critical resistivity for 3D localization (inset of fig. 1).

An alternative scenario to explain this P-induced insulator-to-metal transition in the x = 0
compound is that more holes may be transferred from chains into ladders by P like the case
of Ca-substitution [2]. At the moment we have no way to estimate how many holes increase
under high P. However, considering that the magnitude of the resistivity in the metallic state
at 8 GPa (fig. 1) is comparable to that of Las_,Sr, CuO4 with x ~ 0.07, the estimated hole
density n = 0.07 at P ~ 0 may not increase appreciably at high P.

In fig. 3 we see that the insulating phase occupies most part of the x-P phase diagram
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Fig. 3 — The x-P phase diagram for Sri4—;CazCu24041. The “minus” z-axis is for Sr14—5 Y Cu24041
and LagCagCu24041. The ladder hole density (nn(ladder)) estimated by the optical spectrum is also
indicated in the transverse axis (nn is not necessarily linear with z). The crossover in the nature of
the insulating state is indicated by the thick-dashed vertical line. The SC phase is restricted at high
P and for z > 10 and the experimentally determined critical pressure P, is plotted as cross marks.

(T = 0 K). For compounds with z > 10, there is a T-region where dp./dT > 0 and dp,/dT < 0
even at low pressures [5,6]. At P = 0, the minimum (7y,) in p.(T") gradually shifts to
higher temperatures with decreasing = from 12 (ny ~ 0.21, T3, ~ 60 K) to 10 (ny ~ 0.19,
T ~ 140 K). However, upon reducing x from 10, T}, accelerates its increase, and for x = 8
(np ~ 0.17) the resistivity minimum, é.e. the high-T" metallic behavior, is not seen (below
400 K) even at P = 8 GPa. In addition, the optical conductivity spectrum of = = 11 for light
polarized parallel to the rungs (o,(w)) [12] gave evidence for the development of a pseudogap
with lowering T" which would be associated with a formation of hole pairs. The hole pairs
tend to be localized at low T' by quantum interference effects in the presence of disorder [18]
or by forming a charge-ordered array which is pinned by defects or impurities on the ladders.
The pseudogap width rapidly increases, from ~ 700 em™! for 2 = 11 to ~ 1100 ecm™! for
x = 8 [12], and for = 6 04(w) no longer shows a well-defined pseudogap [19].

From these results we speculate that the nature of the insulating state would rapidly change
upon reducing z from 10. At high hole densities (Insulator 2) the insulating state is likely
a charge-ordered state of hole pairs which would be weakly pinned. At low hole densities
(Insulator 1) the doped holes could no longer form pairs, and single holes form a charge-
ordered state in # = 0. Randomness introduced by Ca-substitution and/or oxygen excess
or oxygen deficiency may also play a role in the robustness of a localized state in the low-x
compounds. Probably, the different nature of the two insulating states might be connected
with the occurrence or non-occurrence of superconductivity.

The fact that the superconducting state is observed only in high- P and large-x regions sug-
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gests that superconductivity in this system requires the following two effects simultaneously:
i) promotion of hole-pair formation by increasing the hole density in the ladders via heavy
Ca-substitution, and ii) increase of interladder coupling (dimensionality) by applying high P.
The anisotropic resistivity measurement for = 11.5 [5] demonstrated that the superconduct-
ing transition occurs when p,, per ladder plane comes near h/4e?, the universal 2D resistivity
suggestive of an increase in electronic dimensionality from one to two. We conclude that the
primary effect of P is to increase the dimensionality of the electronic state by way of increas-
ing interladder coupling and hence dissociating hole pairs. A collapse of the spin gap at high
P [20] is a direct evidence for the pair dissociation. We speculate that the pairing correlation
remains in the ladder planes at high P, which would trigger the formation of Cooper pairs in
the 2D ladder planes. More systematic NMR measurements under P are necessary in order
to confirm this scenario and to fully understand the phase diagram presented in this work.
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Abstract

X-ray diffraction of a single crystal of PrRuyP;, has been studied at ambient pressure. PrRusP;, has a filled
skutterudite-type structure; space group: Im3, lattice constant: a = 8.055(4) A, Z =2, Degic = 5.826 g/em®. Positional
parameters and interatomic distances in the phosphide were determined. By use of synchrotron radiation, powder X-ray
diffraction patterns of PrRuyP;, were measured up to 50 GPa at room temperature. The lattice constant monotonically
decreases with increasing pressure. The cell volume vs. pressure curve for PrRuyPy, is fitted with the Birch equation of
state. The bulk modulus of the phosphide is 207+ 12 GPa. The resistivity of PrRuyP;, was measured as a function of
temperature at high pressures. The metal to insulator transition is found at around 62 K under ambient pressure. The
transition temperature (7y) rapidly increases with pressure at the rate of about 0.9 K/GPa up to 4.5GPa. Above
6 GPa, Ty abruptly decreases with increasing pressure. The semiconductor-like behavior below Ty for PrRuyPy, is
markedly suppressed at around 8 GPa. The metal to insulator transitions at low temperatures and high pressures are
discussed. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Metal-insulator transition; Resistivity; Skutterudite compound; High pressure; X-ray diffraction

1. Introduction dite-type structure [1,2]. This structure is cubic,
space group Im-3, Z = 2. Ln atoms locate at (000)

Ternary metal pnictides with a general formula and (311) of a cubic structure like BCC. The

LnT4X;, (Ln=lanthanide; T=transition metal,
X =pnicogen) crystallize with a filled skutteru-

*Corresponding author. Tel.: +81-143-46-5544; fax: +81-
143-46-5501.

E-mail address: sirotani@eee.elec.muroran-it.ac.jp
(I. Shirotani).

transition metal atoms (T) are in the center of a
distorted octahedral environment of six pnicogen
atoms. The skutterudite-type structure is charac-
terized by formation of well-defined X3~ groups.
The skutterudite compounds show interesting
electrical and magnetic properties at low tempera-
tures [3,4].

0921-4526/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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We have found an interesting metal to insulator
(MI) transition for PrRuyP;, at around 60 K under
ambient pressure [5]. Anomalous behavior in the
magnetic susceptibility is not observed at around
60K. This suggests that the MI transition in
PrRu4P;, is not caused by magnetic ordering [5].
PrL2-edge XANES measurements indicate that
the valence state in the Pr atoms is trivalent down
to 20 K [6]. Below the transition temperature (7wr)
an energy gap of PrRuyP, is estimated to be about
100cm ™! from the optical reflection spectrum [7].
The Raman spectra of the phosphide are measured
between 6 and 300 K; the 380 cm ™' mode assigned
to the vibration involving P atoms shows softening
and broadening below the Ty [8]. A slight jump in
the thermal expansion coefficient is found at the
Twvi [9]. The small anomaly in the specific heat
appears at the 7wy [10]. Recently, using the
electron diffraction technique, superlattice spots
in the single crystal of PrRusP,, are observed
below the Ty [11].

We have studied X-ray diffraction of a single
crystal at ambient pressure and powder X-ray
diffraction of PrRu4P;, up to 50 GPa at room
temperature. The resistivity of PrRu4P;, has
been measured at low temperatures and high
pressures. In this report, the metal to insulator
transition of PrRu4P;, at high pressure is dis-
cussed.

2. Experimental details

X-ray diffraction of a single crystal of PrRuyP;»
was studied at room temperature (295K). Inten-
sity data were collected on a Rigaku automatic
four-circle diffractometer using graphite-mono-
chromated MoKa radiation. The structure
was refined with a full-matrix least-squares
program; space group: Im-3, lattice constant:
a=8.0554)A, Z =2, Dec = 5.826 g/cm’, Fypo =
830.00, w(MoKa) = 119.96. The conventional re-
sidual (R) and the weighted residual (Ry) are 0.032
and 0.034, respectively. Single crystals of PrRuyP;»
were grown by a Sn flux method. The mixtures
with atomic ratio Pr:Ru:P:Sn=1:4:20:50 were
heated at 1000°C for a week and then cooled
down slowly to 600°C at 2°C/h [11].

By use of synchrotron radiation, powder X-ray
diffraction patterns of PrRusP;, were measured
with a diamond-anvil cell and an imaging plate up
to 50 GPa at room temperature [12]. The incident
beam was monochromatized with Si (11 1) double
crystals to a wavelength of 0.6888 A. The pressure
in the diamond-cell was determined from a
pressure shift in the sharp R-line fluorescence
spectrum of ruby. A 4:1 methanol-ethanol solu-
tion was used as the pressure-transmitting fluid.

A high-pressure apparatus with a cubic-anvil
device was used for the resistivity measurement of
PrRu4P;, under hydrostatic conditions up to
8 GPa at low temperatures down to 4.2K [13].
Polycrystals of PrRuyP;, were used for measure-
ments of the resistivity and the powder X-ray
diffraction. These samples were prepared at high
temperatures and high pressures [5].

3. Results and discussion

Fig. 1 shows the crystal structure of PrRuyP,
determined from X-ray data of the single crystal.
The resulting positional and thermal parameters
are given in Table 1. The interatomic distances and
angles are listed in Table 2. This structure is
similar to that of LaFe4P;, that has already been
determined from single crystal counter data by

S

Fig. 1. Crystal structure of PrRuyP;,. The Ru atom is taken as
the origin (000).
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Table 1
Positional and thermal parameters in PrRu4P;, at ambient
pressure

Pr Ru P
Im3 2(a) 8(c) 24(g)
X 0 0.2500 0
y 0 0.2500 0.3579
z 0 0.2500 0.1437
U 0.0074 (3) 0.0019 (3) 0.0051 (4)
U Uy, U, 0.0033 (4)
Uss Ui Ui 0.0035 (4)
Beg 0.582 (4) 0.151 (4) 031 (2)

Table 2
Interatomic distances and angles in PrRu4P;, at ambient
pressure

Interatomic distances (A) Interatomic angle (deg)

Pr-P 3.107 (1) (12 %) Pr-P-Ru 78.04 (3)
Pr-Ru 3.488 (1) 8 x) Pr-P-P' 158.13 (2)
Ru-P 2.355 (1) (6 x) Pr—P-P” 68.13 (2)
PP’ 2.314 (2) (1 x) Ru-P-P' 111.67 (2)
P-P” 2.289 (2) (1 x) Ru-P-P” 111.33 (2)
Ru-P-Ru 117.56 (5)
P'-P-pP” 90

Patterson and Fourier methods [1]. The skutter-
udite-type structure is characterized by formation
of rectangular P§~ clusters. The P-P distances in
PrRu4P;, are 2.289A along the shorter edge and
2314A along the longer edge. These are rather
shorter than the P-P distances (2.289 and 2.356 A)
in LaFe4P;, although the cell volume of PrRu,P;»
is considerably larger than that of the iron
compound. The Ru-P distance is shorter than
the sum of atomic radius (1.34 A) of Ru atom and
the covalent radius (1.06 A) of P atom. The Pr-P
distance almost agrees with the sum of the atomic
radius (1.82A) of the Pr atom and the atomic
radius (1.28 A) of the P atom. These distances
in PrRuyP;, suggest metallic bond character. The
X-ray diffraction of PrRusP;, has been studied at
low temperatures. The positional parameter of the
phosphorus atom is insensitive to temperature.
The ratio of lattice constant (ay — ar/aop; ap—
room temperature, ar—low temperatures) of
PrRu4P;, decreases with decreasing temperature

PrRu,P,, latm

Intensity (a.u.)

T T T T

10.4GPa

10 15 20 25 30
20 (degree)

Fig. 2. Powder X-ray diffraction patterns of PrRusP;, at high
pressures.

at the rate of —8.7 x 10~*/K. This value is slightly
smaller than the result of the linear thermal
expansion measured by the three terminal capaci-
tance method [9].

Fig. 2 shows powder X-ray diffraction patterns
of PrRu4P;, with synchrotron radiation at high
pressures and room temperature. The diffraction
lines shift to the high angle region with increasing
pressure. The width of the diffraction lines
becomes broad at higher pressures. Fig. 3 shows
the lattice constant vs. pressure curve for PrRuyP;»
up to 50 GPa at room temperature. The structural
anomaly in PrRuy4Py, is not observed up to 50 GPa
at room temperature. The ratio of the lattice
constant (ap—ap/ay, ap—ambient pressure, ap—
high pressures) decreases at the rate of
—2.1x107%/GPa up to 4.5GPa. Thus, the pres-
sure dependence of the lattice constant is much
larger than its temperature dependence. The
pressure vs. volume curve for PrRusP;, can be
fitted by a Birch equation of state [14]. The bulk
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o

Fig. 3. Lattice constant vs. pressure curve for PrRuyP,.

modulus obtained by a least-squares fit is
207+ 12 GPa for PrRu4P;,. This value is about
2.8 times that of PrP with a NaCl-type structure
[12]. PrRu4P, is a very hard material.

Fig. 4 shows the electrical resistivity vs. tem-
perature curves for PrRu4P;, at high pressures.
The resistivity decreases with increasing pressure
up to 8 GPa under hydrostatic conditions. When
the temperature dependence of the resistivity of
the phosphide is measured at constant pressures,
the MI transitions are observed at low tempera-
tures and high pressures. The semiconductor-like
behavior below the Ty in PrRuyP;, is markedly
suppressed at around 8 GPa. Fig. 5 shows the
effect of pressure on Ty for PrRuyPir. Ty
rapidly increases with pressure at the rate of about
0.9K/GPa up to 4.5GPa. Above 6GPa, Ty
abruptly decreases with increasing pressure.

PrRu4P;», shows the MI transition at around
62K under ambient pressure. This anomalous
behavior does not arise from magnetic ordering
and valence fluctuations based on the f electrons in
Pr [5,6]. A Z-like second order-type anomaly in the
specific heat appears at Tyy; this does not depend
on the magnetic field at least up to 12T [10].
Superlattice spots in the single crystal of PrRuyP,,
are observed below the Ty; this may arise from

'E<—1.5(3Pa
I fe—— 3.0GPa

PrRu P,

Resistivity (Qcm)

102 |

0 50 100 150 200 250 300
Temperature (K)

Fig. 4. Resistivity vs. temperature curves for PrRusP;, at high
pressures.

66 T

PrRu,P,,

65.5 -

65

Temperature (K)

64.5 -

64

Pressure (GPa)

Fig. 5. Twy plotted as a function of pressure for PrRuyPy,.

the opening of a band gap due to a nesting of the
Fermi surface [11]. The appearance of the super-
lattice structure provides two possible origins of
the MI transition, a charge density wave (CDW)
transition or antiferro-quadrupolar (AFQ) order-
ing. Matsuhira et al. suggest that the M1 transition
in PrRu4Py, is due to the CDW transition rather
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than the AFQ transition from the detailed study of
the electronic specific heat [15].

We have studied the magnetic susceptibility and
electrical resistivity of the alloys La;_,.Pr,RusPi,
diluted by La atom [16]. As the lattice constant in
the alloys increases with increasing La concentra-
tion, the average Pr—Pr distances increase. Ty of
the alloys shifts to lower temperatures with
increasing La concentration.

The lattice constant of PrRu,P;, decreases from
8.057 A at ambient pressure to 7.887 A at 4.5 GPa.
Thus, the distance between the nearest Pr atoms
decreases from 6.98 A at ambient pressure to
6.82A at 4.5GPa. The increase of inter-site
interactions between Pr atoms drives up 7Ty. This
tendency is consistent with the result of the alloys
La;_,Pr,Ru4P;,. However, Ty surprisingly de-
creases with increasing pressure above 4.5 GPa
although the Pr—Pr distances shorten successively
with pressure. The resistivity of PrRuyP;, below
Twi is remarkably suppressed at around 8 GPa.
The f-electrons in PrRusP;, may easily be itinerant
in the crystal at higher pressures. Thus, these
results suggest that the MI transition in PrRuyP,
may disappear at very high pressures. As
PrRuyAs;, shows superconductivity at around
2.4K [17], PrRusP;» may behave as a super-
conductor at very high pressures.
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Recent Progress in High-Pressure Apparatus

=is 1B

Hiroki TAKAHASHI

Recently there has been a lot development in high-pressure work in physics. The quality of hydrostatic pressure
is an important factor. In this article recent advances in the high-pressure apparatuses for precise experiments are
reviewed. A piston-cylinder cell, opposed-type anvil cells, and a cubic-type anvil cell are described.

[high pressure apparatus, piston-cylinder cell, DAC, Bridgman anvil cell, cubic anvil cell]
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Fig. 1. Piston-cylinder type high pressure cell.
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Fig. 3. Sample cell for electrical resistivity measurement
by a DC four terminal method.
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Abstract

Electrical resistivity of layered vanadium oxides Na; _,Ca,V,0O5 and Ca,_;Lig 3 V,0O5 has been measured under high
pressures of up to 10 GPa. These compounds have V-O networks forming a two-leg spin-ladder layer in some
composition range. In the spin-ladder compound Na, _,Ca,V,Os, electrical resistivity measurements show semicon-
ducting behavior. However, the electrical resistivity has been significantly reduced under high pressure, although it
remains semiconducting up to 8 GPa. On the other hand, the electrical resistivity of Caq ;Lig.3V,O5 which also has
a two-leg spin-ladder layer is lower than Na; _,Ca,V,0Os by several orders of magnitude. The electrical resistivity of
Caq.;Lip 3V, O5 was greatly reduced even at low-temperature range by applying pressure. © 2001 Elsevier Science B.V.

All rights reserved.

Keywords: Spin ladder; Metal-insulator transition; Pressure

1. Introduction

Great attention has been paid to the so-called spin-
ladder materials. While several cuprate high-T¢ super-
conductors have been found out, discovery of new super-
conducting materials is strongly desired to elucidate the
high-Tc mechanism and find out new superconductors
having higher T¢. In such an investigation spin-ladder
materials were thought to be good candidates as new
superconducting systems. Spin-gap behavior which is
one of the characteristic properties of cuprate supercon-
ductors was theoretically predicted [1,2] and later ob-
served in even-leg spin-ladder materials such as
SrCu, 03 [3,4]. Sri4-.Ca,Cu,,O4; has also been
studied as a spin-ladder material; its electrical resistivity
is greatly reduced by substituting Ca for Sr showing
semiconducting behavior over the entire composition

* Corresponding author. Fax: + 81-3-5317-9432.
E-mail address: hiroki@chs.nihon-u.acjp (H. Takahashi).

ranges. However, insulator-metal transition occurs un-
der high pressure. In addition to the insulator-metal
transition, superconductivity was discovered at pressure
larger than 4 GPa [5] with T increasing up to 12K at
6 GPa. The effect of high pressure seems to play an
important role for the delocalization of carriers in the
ladder layer. Although the characterization of this super-
conductivity is difficult due to the necessity of a high-
pressure technique, a recent advanced high-pressure
technique revealed the magnetic properties of this super-
conducting material [6].

Recently, doping effects on vanadate spin-ladder ma-
terials have been intensively investigated in relation to
low-dimensional magnetic and electrionic properties
[7.8]: spin-gap behavior has been reported in CaV,0s;
[9], and substitution of Na for Ca has been achieved,
leading to a greatly reduced electrical resistivity in the
Na,;_,Ca,V,0;5 system [10,11]. However, they show
semiconducting behavior over the entire substitution
range. Hence, high-pressure techniques are expected to
be a powerful tool to study metallization in this system.
Here we report the pressure effects on the electrical

0304-8853/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Fig. 1. Pressure dependence of the electrical resistivity for
Nao ;1 Cag.oV,0s5, Nag 3Cag 7 V,0s, and Cag ;Lig 3V, Os.

resistivity of this system and lately synthesized
Cag.,Lip3V,0s. The electrical resistivity  of
Cag,Lip3V,05 is much smaller than that for the
Ca;_,.Na,V,0s5 system.

Polycrystalline samples of Na,_,Ca,V,0s5 and
Cag.7Lig.3V,0O5 have been synthesized under high-pres-
sure conditions. The lattice constants along the a and
b-axis remain almost constant with changing x, while the
one along the c-axis decreases with decreasing x. Details
of sample preparations are described elsewhere [10,11].
Electrical resistivity measurements were carried out un-
der high pressures at low temperature by means of a DC
four-probe technique. A cubic-anvil apparatus was used
to generate hydrostatic pressures up to 10 GPa at tem-
peratures down to 4 K. During these measurements the

108
Na, ,Ca,V,05
107,
T 108}
(&]
c
e 10° 4 atm
2 GPa
4 GPa
10t 6 GPa
8 GPa
103 N EERTRTEEN BT R AR
50 100 150 200 250 300
(a) T (K)

pressure was controlled to be kept constant on both
cooling and heating processes.

Fig. 1 shows the pressure dependence of the electrical
resistivity at room temperature for Nay CagoV,Os,
Nay.3Cag;V,05, and Cag5Liy3V,0s. The electrical
resistivity is greatly reduced under high pressure for each
material, as shown in Fig. 1. While the electrical resistivi-
ties of Nay ;Cag.oV,05 and Na, 3Caq ,V,0O5 decrease
to 159 the value at 8 GPa compared with the one at 1 atm,
the electrical resistivity of Ca, 5 Lig 3 V,O5 decreases to 4
the value at 10 GPa. Figs. 2(a) and (b) show the temper-
ature dependence of the electrical resistivity at several
constant  pressures for NayCagoV,0s and
Cag.;Lig.3V,Os, respectively. From Fig. 2(a) the electri-
cal resistivity of Nag ;CagoV,05 decreases with pres-
sure and the shape of the p(T) curve does not change
significantly up to the maximum pressure. On the other
hand, it is observed from Fig. 2(b) that the electrical
resistivity of Cag ,Lip3V,0s decreases with pressure
especially in the low-temperature range. However, the
electrical resistivity still displays semiconducting behav-
ior even at the maximum pressure of 10 GPa.

In spin-ladder materials it is thought that the conduc-
tion of carriers occurs through the ladder layer. All these
experiments make it clear that the pressure plays an
important role in delocalizing carriers in the ladder layer,
which is similar to the pressure effect observed in the
Sri4-,.Ca,Cu,y, Oy, system. From Fig. 1 the lowest resis-
tivity for Cag.,Lig.3V,05 is 4 x 107! Qcm at 300K and
10GPa. In the superconducting Sr, sCa;; sCuy, Oy
spin-ladder system, the electrical resistivity is about
4x107%Qcm at 300K and 3GPa [12]. The electrical
resistivity in usual high-T'¢ superconductors is less than
1x1073Qcm at 300K. Thus, further carrier doping
and/or applying higher pressure are thought to be neces-
sary to give rise to the insulator-metal transition in this

UL B IR L IS B
Cay,Li5V,04 2 GPa
4 GPa
neq 6 GPa
101+ 8 GPa
_ 10 GPa
e
(&)
<)
Q.
100}
(b) T (K)

Fig. 2. Temperature dependence of the electrical resistivity for (a) Nay ;CagoV,05 and (b) Ca, ;Lip3V,05 measured at constant

pressures, respectively.
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system. Superconductivity is also expected in such a me-
tallic phase.

This work was partly supported by Grant-in-Aid Nos.
10440114 and 11554015 from the Ministry of Education,
Science and Culture of Japan.
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The semiconductor-metal-semiconductor transitions in stoichiometric FeS compounds were observed under

nearly hydrostatic pressure condition up to 8 GPa and a temperature down to 4 K. In the low-pressure
semiconductor state, the energy gap caused by the electron correlation decreases with a volume reduction. On
the other hand, FeS in a high-pressure semiconductor state is a band insulator and the energy gap increases
with pressure when the gap is formed between the occupied nonbonding and unoccupied antibonding bands. In
the metallic phase at intermediate pressure range FeS can be regarded as a strongly correlated metal because of
the large quadratic temperature dependence of resistivity at low temperature.

DOI: 10.1103/PhysRevB.63.115203

I. INTRODUCTION

It is well known that the electron correlation plays an
important role in 34 transition-metal compounds since con-
ventional one-electron band-structure calculations do not ex-
plain some of the experimental results in many of these com-
pounds. Accordingly, there is a tendency for 3d electrons to
be localized in these compounds and then systems become
antiferromagnetic insulators. The electronic properties of
these compounds have been renewed as interesting subjects
since the discovery of high-7'. superconductors because the
parent compounds are antiferromagnetic insulators. One of
the interesting properties in these compounds is an insulator-
metal transition. Recently Zaanen, Sawatzky, and Allen
(ZSA) have developed a general framework for these com-
pounds using the three-band Hubbard model.! The ligand-to-
metal charge-transfer energy A and the ligand-to-metal hy-
bridization interaction 7,;, as well as the d-d Coulomb
interaction U are explicitly included as parameters in their
model Hamiltonian.

The possible ground states of transition-metal compounds
can be classified into four regimes based on the relative mag-
nitudes of A, U, and the bandwidth W according to the ZSA
scheme. In the Mott-Hubbard regime for U<A, there are an
insulating state with a gap due to U for U>W and a d-type
metallic state for U<W where both holes and electrons are
in the d bands. On the other hand, for U>A, compounds
become the charge-transfer insulators if A>W and p-type
metals if A<<W where holes are in the anion valence band.
Although the character of elements in these compounds is
dominant in these high-energy-scale charge fluctuations, this
ZSA scheme has been successful to describe the ground-state
properties of these compounds. Since pressure can change a
bond length as well as a bond angle, these parameters such as

0163-1829/2001/63(11)/115203(6)/$15.00
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A, U and W can be varied much larger by pressure than by
temperature and magnetic field. Thus there is great interest to
study pressure-induced phase transitions in these com-
pounds.

In 3d transition-metal chalcogenides the ligand-to-metal
hybridization interaction generally becomes stronger than
that in oxides because of the large covalency between the
transition-metal d orbitals and the anion p orbitals. At the
ambient conditions, stoichiometric FeS has the troilite crystal
structure that is closely related to a NiAs type and is an
antiferromagnetic semiconductor with 7,=589K. The
phase transition from the troilite to NiAs type structures
occurs at about 420 K.>3 FeS is believed to belong to
the intermediate regime, where A<U and U is not so
large.*> As indicated by high-pressure x-ray diffraction
measurementsﬁ’9 it undergoes two successive first-order
phase transitions with increasing pressure at room tempera-
ture. The first transition occurs at 3.5 GPa and the structure
transforms to a MnP type. The second transition takes place
at 6.5 GPa with about 7% volume reduction. The structure
above 6.5 GPa was determined to have a monoclinic unit cell
with space group P2,/a."

The previous high-pressure resistance measurement!! in-
dicated that FeS shows a slight increase in resistance with
temperature above 8 GPa. On the other hand, recently non-
metallic behaviors in resistance were observed at 6 and 10
GPa down to about 80 K.'? The measurement of 3’Fe Moss-
bauer spectra was carried out under pressure up to about 15
GPa.’® Tt was found that the significant change in volume
dependence of the center shift occurs around 6.5 GPa. This
result indicates a distinct change of the 3d electron configu-
ration on Fe ion at the second phase transition. Recently, the
Mossbauer study showed the nonmagnetic quadrupole spec-
trum down to 5 K at 12 GPa and the x-ray emission experi-

©2001 The American Physical Society
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ments under pressure observed the pressure-induced reduc-
tion of the satellite amplitude in these spectra around 6.3
GPa.'>'* These results strongly suggest that this second
phase transition is the high-spin to low-spin transition in the
Fe* ion.

It was indicated that FeS belongs to the boundary between
the charge-transfer and Mott-Hubbard insulators in the ZSA
scheme.!* Its pressure-induced phase transitions have been
very controversial since the two successive structural phase
transitions were observed. The electrical resistivity of
stoichiometric FeS compound was measured under hydro-
static pressure up to 8 GPa in the temperature range from 4 K
to room temperature. We report evidence of pressure-
induced semiconductor-metal-semiconductor transitions in
FeS and discuss the electronic properties in each phase from
the temperature dependence of resistivity.

II. EXPERIMENT

Polycrystalline samples were prepared using the follow-
ing procedure. Appropriate amounts of starting materials Fe
(99.998% purity) and S (99.9999% purity) were sealed in an
evacuated silica tube and then were heated to 900 °C for
several days; the product was ground in an Ar atmosphere
and kept at 900 °C for further several days. Sulfur vapor
reacted to the iron block completely during these processes.
The almost stoichiometric FeS compound was produced by
slow cool from 800 °C. The obtained sample was analyzed
by the x-ray diffraction using Cu K « radiation and was con-
firmed to be in single phase with the troilite structure. The
estimated lattice parameters, a and c, are (5.965*+0.001) and
(11.757+0.002) A, respectively. Iron sulfide, Fe,_ S, has a
substantial deficiency at the iron sites in the range O<ux
=0.15. The obtained sample has a purely stoichiometric
composition with experimental accuracy as determined using
the empirical relation for the concentration of Fe in Fe;_ S
vs the (102) interplanar spacing with the NiAs-type
structure,'® which corresponds to the (114) interplanar spac-
ing with the troilite structure.

A cubic-anvil type apparatus was used to measure the
electrical resistance under pressure up to 8 GPa at tempera-
ture down to 4 K.'°® The force applied to the apparatus was
controlled to keep constant during measurements; these mea-
surements were always performed at constant pressure. Pres-
sure was retained nearly hydrostatic in a Teflon cell filled
with Fluorinert as a pressure-transmitting medium. Pressure
was calibrated by a measurement of resistance of Bi metal
under applied force at room temperature. The electrical re-
sistance under high pressure was measured by a standard dc
four-probe technique. Gold wires of 20 wm in diameter were
used as electrical leads with silver paint contact on the sur-
face of sample. The typical size of sample under pressure is
about 0.7X0.3X0.3mm’. The temperature dependence of
resistance was measured with increasing temperature at vari-
ous pressures and the pressure was always increased at room
temperature. All resistance data were obtained in the Ohmic
relation between applied current and observed voltage. The
absolute accuracy of resistivity under pressure is limited be-
cause of the uncertainties in determinations of length be-
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FIG. 1. Pressure dependence of resistivity p in stoichiometric
FeS compound at room temperature.

tween the electrical leads and area perpendicular to the cur-
rent. Then the obtained resistance data under pressure were
normalized to the absolute resistivity determined at the am-
bient conditions although the estimated resistivity in the
cubic-anvil type apparatus at the ambient conditions is
roughly consistent with the absolute one.

III. EXPERIMENTAL RESULTS

Figure 1 shows the room temperature electrical resistivity,
p, of FeS as a function of pressure. Initially the p value
decreases exponentially with increasing pressure up to 2.5
GPa and abruptly decreases around 3.5 GPa. Furthermore, p
decreases up to 6.6 GPa and then increases with increasing
pressure. These two anomalies in pressure dependence of p
indicate the occurrence of two successive phase transitions
and these transition pressures are consistent with those of the
structural phase transitions.®!° Although the phase transition
at 6.6 GPa is a first order one with about 7% volume reduc-
tion, the pressure dependence of p varies with no discontinu-
ity around 6.6 GPa and there is no observable hysteresis with
pressure. The about two orders decrease of magnitude in p
around 3.5 GPa suggests that a activation energy in p should
go to zero. From now on, we call the phases below 3.5 GPa,
between 3.5 and 6.6 GPa, and above 6.6 GPa as phases I, II,
and III, respectively.
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FIG. 2. Typical temperature dependencies of resistivity p in sto-
ichiometric FeS compound at various pressure (a) and a plot of
(p—po) vs T at 4.4 GPa as logarithmic scales, (b) where p; is the
residual resistivity. The solid line represents the result of fitting.

Figure 2(a) shows the typical temperature dependencies
of p at various pressure. As seen in this figure, the resistivity
exhibits nonmetallic behavior below 3 GPa, where a tem-
perature coefficient of p is negative in the whole observed
temperature range. Although there are some tendencies for p
to saturate at low temperature, the resistivity exhibits acti-
vated behavior above 150 K, which is referred to as the
intrinsic property. Since the electronic contribution in low-
temperature specific heat of FeS is almost zero at ambient
pressure,'’ the ground state has an insulating character. Thus
the value of activation energy E, is estimated from the re-
sistivity curves in the intrinsic temperature region by the
equation

pP=poexp(E 12kyT), (1)

where p., is the high-temperature resistivity and kp is the
Boltzmann’s constant.

The E, values estimated by this way are shown in Fig. 3
as a function of pressure. The E, value at ambient pressure
(38.9£0.1) meV, is in good agreement with the value 40
meV determined previously by measurements of resistivity
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FIG. 3. Pressure dependence of the activation energy E, in the
semiconductor states of FeS. The solid lines represent the results of
fitting.

on a single crystal FegooS.” Since the E, value decreases
with pressure, we obtained a linear fit of the form

E,=(39.020.3)—(45+02)P(GPa) meV  (2)

within the accuracy of the data. The critical pressure is
evaluated to be (8.7%0.1) GPa by extrapolating E, to zero, a
value that is much higher than the critical pressure, 3.5 GPa,
at room temperature.

As seen in Fig. 2(a), the temperature dependence of p at
4.4 GPa clearly shows a metallic behavior down to 4 K.
Accordingly the anomaly in pressure dependence of p
around 3.5 GPa at room temperature corresponds to a
pressure-induced semiconductor-metal transition in FeS. The
residual resistivity p, is 11.90 u{) cm and the residual resis-
tivity ratio is 32 at 4.4 GPa. These values are comparable
with those of pressure induced metallic state of V,05.'® The
po value is much smaller than those of metallic states in
carrier-doped systems.'” The temperature dependence of p is
markedly different from a usual metal. Figure 2(b) shows a
plot of (p—pg) vs T at 4.4 GPa as logarithmic scales. Ex-
perimental results indicate a relation (p—py)«T”, and the v
value is estimated to be (2.09%=0.05) at 4.4 GPa. This nearly
quadratic temperature dependence of p implies that the
electron-electron collision is an important effect in low-
temperature resistivity in phase II. It was found that p is
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almost independent of temperature above 270 K. The similar
tendency for resistivity to saturate was observed above 300
K in the metallic state of V,05.'

Further increasing pressure above 6.6 GPa, the tempera-
ture dependence of p shows nonmetallic behavior again as
seen in Fig. 2(a). This result is consistent with that of the
recent resistance measurement at 10 GPa down to about 80
K.'? In our previous paper,'* we proposed the nonmagneti-
cally metallic state of FeS in this phase. However, our pro-
posed electronic state is inconsistent with the present result
of p. The anomaly in pressure dependence of p around 6.6
GPa at room temperature, thus, indicate a re-entrant metal-
semiconductor transition. As observed in phase I, there are
similar tendencies for p to saturate at low temperature. How-
ever, p exhibits activated behavior above 200 K. Thus the E,
value is estimated from the resistivity curves in the intrinsic
temperature region using Eq. (1). As shown in Fig. 2(a),
significant anomaly is found at 55 K in the temperature de-
pendence of p at 6.2 GPa. At higher temperature p behaves
like metallic and at lower temperature p nonmetallic. Ac-
cordingly the E, value at 6.2 GPa is estimated in the tem-
perature between 30 and 50 K. The obtained E, values are
also shown in Fig. 3 as a function of pressure. In contrast
with the pressure dependence of E, in phase I, it is found
that E, increases with pressure in phase III. Within the ac-
curacy of the data, we also obtained linear fit of the form

E,=(—125+6)+(21.8+0.5)P(GPa) meV. (3)

If p., in Eq. (1) is assumed to be independent of pressure and
E,=a(P—P,), the resistivity would increase exponentially
with pressure. It is noted that « as determined from the slope
of p at room temperature for P=6.8 GPa is 20.4 meV/GPa in
good agreement with dE,/dP determined from Eq. (3).

IV. DISCUSSION

As shown in Fig. 3, it seems that £, depends linearly on
pressure in phase I. However, the critical pressure 8.7 GPa,
determined from Eq. (2), is much higher than 3.5 GPa where
pressure dependence of p shows anomaly at room tempera-
ture. According to the ZSA scheme, the pressure dependence
of gap in electronic structure is related to the pressure depen-
dence of U or A, W, and the hybridization of the electron
configurations. These values do not depend directly on pres-
sure but on a bond length as well as bond angle. From the
pressure dependence of volume®’ and Eq. (2), we approxi-
mately obtained a linear dependence of E, on the volume
with the form

E,=(38.8%0.1)—(335+4)AV/V, meV, 4)

where AV/V,=[V(0)—V(P)]/V(0). The critical value of
AV/IV, is estimated to be (0.11%0.01), which corresponds
to be the volume of phase II with MnP-type structure. Thus it
is suggested that the volume reduction induced by pressure
in phase II is sufficient to close the gap caused by the elec-
tronic correlation in phase I.

It is confirmed that the semiconductor-metal transition
takes place at around 3.5 GPa in FeS. At least, the structure
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of FeS transforms from the troilite to the MnP-type with this
transition at room temperature. Thus, this transition is possi-
bly caused by the electronic correlation and/or electron-
phonon coupling. First we will discuss a distortion in the
FeSg octahedra with this structural transition. The FeS¢ octa-
hedra in the troilite structure with hexagonal symmetry have
more complex distortion than the trigonal one from O; sym-
metry. A quantitative measure of distortion in octahedra is
given by a quadratic elongation, A, and an octahedral angle,

o%, which are linearly correlated.”” The mean values of \

and a’% are defined as
_ S
=21 /¢ .

1
and

12
o2= >, (6,—90°)/11, (6)
i=1

respectively, where [ is the center-to-vertex distance for an
octahedron with O, symmetry whose volume is equal that of
the distorted octahedron with bond lengths /;, and 6; are

bond angles. At the ambient conditions, A=1.019 and 0'%,
=59.92 of the FeSq octrahedra with the troilite structure.®
Although the MnP-type structure has an orthorhombic sym-
metry, the value of 8(=c¢/v3b—1), which is a measure of
orthorhonbic distortion from the hexagonal symmetry, is
evaluated to be just 0.7% in phase II. In 3d-monopnictides
with the MnP-type structure,”! these & values are about 7%,
which are 10 times larger than that in phase II. Thus the b-c
plane has the pseudohexagonal cell matrix in phase II. At 6.3

GPa and room temperature,6 A=1.018 and a%= 63.04, which
are comparable to those in phase I. Consequently, the distor-
tion of the Fe atom’s coordination polyhedra does not essen-
tially change at this structural phase transition.

Next we will discuss the electronic states of Fe ion in
phases I and II. It was found by Mossbauer spectroscopy
under pressure!>!? that the Fe state in FeS has divalent with
high-spin configuration up to 6.3 GPa. Recently this result is
confirmed by x-ray emission spectroscopy under pressure
where well-defined satellite below 13 eV from the main peak
was observed in the emission spectra up to 6.3 GPa.'* Since
the center shift of Fe in FeS decreases linearly with decreas-
ing volume up to 6.3 GPa, there is no discontinuous charge
transfer between Fe and S ions at the semiconductor-metal
transition. Therefore the electronic correlation plays an im-
portant role in this pressure-induced collapse of energy gap
in spite of the structural transformation. It is noticed that
there is antiferromagnetic order in FeS up to 6.6 GPa at room
temperature, >3

The temperature dependence of p in phase II is well char-
acterized with the relation, p=py+A T2, at least up to 30 K.
The coefficient A was obtained to be (7.52%0.02)x 103
and (5.4+0.3) X107 % uQ cm/K? at 4.4 and 5.5 GPa, respec-
tively, by the least-squares fitting in the temperature range
between 4 and 25 K. These values are about 500 times larger
than the typical values of transition metals*® and comparable
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with those of the highly correlated electron systems.'®! This
large A value suggests that the electronic state in phase II is
a highly correlated metal. The pressure-induced decrease in
A is attributed to the decrease of the electron correlation
because W increases with pressure and U decreases because
of increasing a screening effect.

At higher temperature in phase II, p linearly increases
from 80 K and is almost independent of temperature above
270 K. It seems that the tendencies for p to saturate in the
metallic V,05 above 300 K are caused by the strongly
electron-electron scattering effect because the large A value
was observed. In normal metals, the characteristic tempera-
ture of flattening in resistivity is an order of the Fermi en-
ergy. However, the large enhancement of effective mass due
to the correlation in metal decreases this characteristic tem-
perature. If we regard the flattening in p of FeS as the effect
of large mass enhancement, the characteristic temperature is
evaluated to be an order of room temperature. This evaluated
characteristic temperature is probably too low because the A
values in FeS are five times smaller than those in the metallic
V,05. Thus, whether the observed anomaly in p of metallic
FeS at high temperature is coupled with the highly correlated
metal state is still an open question for experiment.

It was found by the present electronic measurements that
the phase III shows nonmetallic behavior down to 4 K. The
estimated E,, value increases with pressure at the rate of 21.8
meV/GPa in phase III, while E, decreases with pressure in
phase I. This increment of E, with pressure cannot be ex-
pected for the insulators where the electronic correlation
causes to open up a gap in electronic structure. Accordingly,
phase III is most likely to be a band insulator rather than the
Mott-Hubbard or charge-transfer insulator.

This nonmetallic behavior is consistent with the results of
previous and recent Mossbauer and x-ray emission measure-
ments where the Fe state in this phase is suggested to have
the low-spin Fe(Il) state.'>!'* Even though the lower local
symmetry and the probability of covalent bonding compli-
cate the situation in FeS, the large volume reduction at this
phase transition suggests that not only the bandwidth but also
the hybridization of the electron configurations is increased.
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These increments with the compression would induce the
high-spin to low-spin transition in the Fe?* ion as observed
in the system FeS,-MnS,. 2%

Although the local symmetries at Fe sites in this phase are
more distorted from O, symmetry than those in phases I and
II, the orbitals of Fe 3d with an e < doublet character would
have a large overlap with the S 3p orbitals. This o-type over-
lap forms the antibonding state with highest energy and the
bonding state with lowest energy around the Fermi level
where the former is predominantly of Fe3d character and
the later predominantly of S3p character. Therefore, the
low-spin Fe(Il) state in FeS consists of the occupied non-
bonding band with a mainly 7,, triplet character where de-
generacy is lifted by the distortion and the unoccupied anti-
bonding band. Since the increment of E, with pressure was
observed in this phase, the gap between the nonbonding and
antibonding bands increases more rapidly with the pressure-
induced overlap than the bandwidth.

V. CONCLUSION

We have measured the electrical resistivity of stoichio-
metric FeS compound under pressure. It was found that the
semiconductor-metal and metal-semiconductor transitions
occur at 3.5 and 6.6 GPa, respectively. In phase I, E, de-
creases linearly with AV/V, and the estimated critical
AV/V, value corresponds to be the volume of phase II with
the MnP-type structure. The volume reduction induced by
pressure in phase II is sufficient to close the gap caused by
the electronic correlation in phase 1. On the other hand, E,
increases with pressure and then phase III is most likely to be
a band insulator. As result of the large volume reduction in
phase III, the Fe state changes from the high-spin to low-spin
Fe(II) state and the electronic structure consists of the occu-
pied nonbonding and unoccupied antibonding bands around
the Fermi level. In phase II, the resistivity rises quadratically
with temperature at low temperature. It was found that the A
values are much larger than the typical values of transition
metals. This large A value suggests that the electronic state in
phase II is a highly correlated metal.
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Abstract

We report on the resistive upper critical field, H.,(T) for the hole-doped two-leg ladder Sry4_,Ca,Cu,, 04, (x = 12)
single crystal, which becomes superconducting with T, ~ 5K in a pressure above ~ 3.0GPa. From the results of
magneto-transport measurements on a single sample at a pressure of 3.5GPa, H.,(T) has been determined up to 20T
along the a-axis (L ladder) and up to 7T both along the b-axis (L ladder-plane) and along the c-axis (|| ladder). A clear
difference in H.,(T) is observed among these three directions, indicating that this system has an anisotropic supercon-
ducting ground state. Also, it is found that H?,(T) shows non-linearity near T at zero field and no saturation down to
T/T.~0.03, exhibiting an upward curvature. Furthermore, H¢, is found to exceed the Pauli limit by a factor of more
than 2. This fact suggests a possibility of triplet superconductivity. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Spin ladders; Superconductors; Low-dimensional system; High pressure

Since the discovery of superconductivity in the hole-
doped two-leg ladder compound Sry,-,Ca,Cu,,O04,
[1,2], the study of ladder materials has been one of the
most attractive and active ones in the field of low-dimen-
sional systems [3]. This spin-ladder system becomes
superconducting with T, ~ 5K in a pressure above
~ 3.0 GPa, and, at present, is the only known supercon-
ducting ladder material, although its superconducting
properties have been reported only in a previous paper
[4], describing preliminary results for the upper critical
field of the Sr,Ca;,Cu,4 0,4, single crystal. Those results
suggest that superconducting correlations along the
interladder direction are stronger than along the ladder
direction, although the normal state conductivity is

* Correspondence address: Department of Physics, College of
Humanities and Sciences, Nihon University, 3-25-40, Sakura-
josui, Setagaya-ku, Tokyo 156-8550, Japan. Tel.: + 81-3-3329-
1151, ext. 5514; fax: + 81-3-5317-9432.

E-mail address: tn@chs.nihon-u.acjp (T. Nakanishi).

higher along the c-axis (||ladder) than along the a-axis
(|linterladder) [2]. However, in those experiments three
different batches of the single crystal were used for each
AC susceptibility measurement in the field along different
axis. Therefore, a possibility still remains that the results
depend on the measured batches because the supercon-
ductivity begins to appear at a certain critical pressure,
the value of which may depend on the batch. In other
words, it is difficult to reproduce the same high-pressure
condition, which induces the superconductivity, in each
measurement. In order to eliminate the above possibility,
here we perform magneto-transport measurements on
a single sample to clarify the anisotropy of the upper
critical field of Sr,Ca;,Cu,,Oy4;.

Single crystals of Sr,Ca;,Cu,404; were grown by the
travelling-solvent floating zone method using an infrared
furnace under oxygen gas. Using a newly developed self-
clamped high-pressure cell [5,6] which employs Bridg-
man anvils with a Teflon capsule filled with a pressure
transmitting medium (a 1:1 mixture of Fluorinert FC 70
and FC 77), we can pressurize a delicate sample such as
oxide or organic crystals under hydrostatic conditions up

0304-8853/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Fig. 1. Temperature dependence of resistivity along the c-axis,
pe, of Sr,Ca;,Cu,, 04, at 3.5GPa in various magnetic fields
applied along the a-axis.

to ~ 6 GPa and measure the absolute values of electrical
resistivity by four-probe technique. Because of its com-
pact body, we can attach the high-pressure cell to a dilu-
tion refrigerator which can be set in a superconducting
magnet of cylindrical 20T or horizontally rotatable
split-type 7T. By using these apparatuses, the temper-
ature dependence of resistivity along the c-axis was mea-
sured on a single sample in fields up to 20T along the
a-axis (L ladder) and up to 7T along the b-axis (L lad-
der-plane) and the c-axis (|| ladder) at temperatures down
to ~140mK.

As a typical result, the temperature dependence of the
resistivity along the c-axis, p., of Sr,Ca;,Cu,,04; at
a pressure of 3.5 GPa in various magnetic fields applied
along the a-axis up to 20 T is shown in Fig. 1. As seen in
the figure, the transition shifts to lower temperatures as
the magnetic field is increased although a resistive hump,
the origin of which is unknown at present, is observed in
the transition. Fig. 2 shows the resistive upper critical
field, H., for H||a, defined by several ways as illustrated
in the inset. This figure indicates that essential feature of
the behavior of H,, is independent of the way determin-
ing T.. From the result, H,,, defined as a midpoint of the
transition, is summarized in Fig. 3, together with the
results for H||b and H||c, where the measuring current is
always parallel to the c-axis. As seen in Fig. 3, the temper-
ature dependence of H,, is different for these three direc-
tions such as H¢, > H%, > H%, within this measured
temperature and magnetic field range, which are in line
with the normal state conductivity anisotropy [2,7] and
in contrast to the previous result [4]. One of the possible
reasons of this discrepancy may be due to the sample
dependence in the previous measurements. Fig. 3 clearly
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Fig. 2. Temperature dependence of the resistive upper critical
field, H.,(T), of Sr;Ca;,Cu,4,04; at 3.5GPa for H||a-axis,
where several ways determining T are used as illustrated in the
inset.
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Fig. 3. Temperature dependence of the resistive upper critical
field, H.,(T), of Sr,Ca;,Cu,,04; at 3.5GPa for H|a-axis
(closed circles), H||b-axis (open squares) and H||c-axis (open
circles). A broken line indicates the Pauli limit, Hp.

indicates that the superconducting phase in the present
ladder system is an anisotropic one in the three direc-
tions. If we use the Werthamer-Helfand-Hohenberg
formula [8] as H.;(0) = —0.7T.(0(dH.»/dT¢)r.0) by
using the slope near T.(0), we obtain the following esti-
mated values: H%,(0)~8 T, H%(0)~0.7T, H,(0)~27T
which corresponds to the Ginzburg-Landau coherence
length as &, ~ 120A, & ~ 10 A, ~400A. As easily
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seen in Fig. 3, these estimated values of H,(0) are well
below the obtained experimental values, indicating that
the behavior of H., in this ladder material is not de-
scribed by the conventional picture. In particular, it is
found that H%, shows non-linearity near T,(0) and no
saturation down to T/T.~0.03, exhibiting an upward
curvature. These behaviors are quite different from those
of conventional BCS superconductors in which H,,
exhibits negative curvature with saturation at low
temperatures. Such anomalous temperature dependences
of H., are similar to that of some high-T. super-
conductors (HTSC) in the case of applying magnetic
fields perpendicular to the CuO, planes, which have been
recently observed in T1, Ba, CuOg [9], Bi, Sr, CuO,, [10]
and La,_,Sr,CuO, [11]. Thus, this anomalous behav-
ior of H, is found to be a similarity between the ladders
and HTSC in the superconducting properties in the
magnetic field while some similarities in the normal
state properties have been pointed out so far [3]. The
other important fact seen in Fig. 3 is that HZ, exceeds the
value of the Pauli limit (in this case ~9.0T as indicated
by a broken line in Fig. 3) by a factor of more than 2,
which is given by H,(T = 0) = 1.84 T.(0) for isotropic
s-wave pairing without spin—orbit scattering [12,13] (or
being reduced by a factor of 0.86 for anisotropic singlet
pairing [147]). Such a large evolution of H., at low
temperatures has been observed in the quasi-one-dimen-
sional molecular superconductor (TMTSF), PF¢ [15]
in which the spin-triplet pairing may be realized [16].

Therefore, the behavior of H3, exceeding the Pauli limit
suggests a possibility of triplet superconductivity in
Sri14-xCa,Cuyzs0y4.
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Low Temperature Measurements Using a Diamond Anvil Cell

=i s
Hiroki TAKAHASHI

Recent developments of DAC (diamond anvil cell) experiments at low temperatures are briefly reviewed.
Magnetic susceptibility measurements have been improved and the SQUID system is applied to the DAC
measurements. Electrical resistivity measurements in the DAC are also reviewed. A DAC is a powerful tool
in the investigation of superconductors and magnetic materials.

[DAC, low temperature, magnetic susceptibility, electrical resistivity, superconductivity, high-TC

superconductor]
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Fig. 1. Essential parts of diamond anvil cell.
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Fig. 2. Schematic view of typical diamond anvil cells, (a)
piston-screw type and (b) pneumatic loading type.
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Fig. 4. AC susceptibility measurement assemly for DAC.
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Fig. 5. (a) Assembly of AC susceptibility measurement
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susceptibility for HgCa;Ba,Cu;Ogs. The superconducting
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Fig. 8. Schematic drawing of the sample assembly for
electrical resistivity measurement using DAC.
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High-pressure effect on transport properties of spin-ladder
compounds Na;_,Ca,V,05 and Cag,Lip3V,05
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Abstract

Electrical resistivity of layered vanadium oxides Na; _,Ca,V,0O5 and Ca,_;Lig 3 V,0O5 has been measured under high
pressures of up to 10 GPa. These compounds have V-O networks forming a two-leg spin-ladder layer in some
composition range. In the spin-ladder compound Na, _,Ca,V,Os, electrical resistivity measurements show semicon-
ducting behavior. However, the electrical resistivity has been significantly reduced under high pressure, although it
remains semiconducting up to 8 GPa. On the other hand, the electrical resistivity of Caq ;Lig.3V,O5 which also has
a two-leg spin-ladder layer is lower than Na; _,Ca,V,0Os by several orders of magnitude. The electrical resistivity of
Caq.;Lip 3V, O5 was greatly reduced even at low-temperature range by applying pressure. © 2001 Elsevier Science B.V.

All rights reserved.

Keywords: Spin ladder; Metal-insulator transition; Pressure

1. Introduction

Great attention has been paid to the so-called spin-
ladder materials. While several cuprate high-T¢ super-
conductors have been found out, discovery of new super-
conducting materials is strongly desired to elucidate the
high-Tc mechanism and find out new superconductors
having higher T¢. In such an investigation spin-ladder
materials were thought to be good candidates as new
superconducting systems. Spin-gap behavior which is
one of the characteristic properties of cuprate supercon-
ductors was theoretically predicted [1,2] and later ob-
served in even-leg spin-ladder materials such as
SrCu, 03 [3,4]. Sri4-.Ca,Cu,,O4; has also been
studied as a spin-ladder material; its electrical resistivity
is greatly reduced by substituting Ca for Sr showing
semiconducting behavior over the entire composition

* Corresponding author. Fax: + 81-3-5317-9432.
E-mail address: hiroki@chs.nihon-u.acjp (H. Takahashi).

ranges. However, insulator-metal transition occurs un-
der high pressure. In addition to the insulator-metal
transition, superconductivity was discovered at pressure
larger than 4 GPa [5] with T increasing up to 12K at
6 GPa. The effect of high pressure seems to play an
important role for the delocalization of carriers in the
ladder layer. Although the characterization of this super-
conductivity is difficult due to the necessity of a high-
pressure technique, a recent advanced high-pressure
technique revealed the magnetic properties of this super-
conducting material [6].

Recently, doping effects on vanadate spin-ladder ma-
terials have been intensively investigated in relation to
low-dimensional magnetic and electrionic properties
[7.8]: spin-gap behavior has been reported in CaV,0s;
[9], and substitution of Na for Ca has been achieved,
leading to a greatly reduced electrical resistivity in the
Na,;_,Ca,V,0;5 system [10,11]. However, they show
semiconducting behavior over the entire substitution
range. Hence, high-pressure techniques are expected to
be a powerful tool to study metallization in this system.
Here we report the pressure effects on the electrical

0304-8853/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Fig. 1. Pressure dependence of the electrical resistivity for
Nao ;1 Cag.oV,0s5, Nag 3Cag 7 V,0s, and Cag ;Lig 3V, Os.

resistivity of this system and lately synthesized
Cag.,Lip3V,0s. The electrical resistivity  of
Cag,Lip3V,05 is much smaller than that for the
Ca;_,.Na,V,0s5 system.

Polycrystalline samples of Na,_,Ca,V,0s5 and
Cag.7Lig.3V,0O5 have been synthesized under high-pres-
sure conditions. The lattice constants along the a and
b-axis remain almost constant with changing x, while the
one along the c-axis decreases with decreasing x. Details
of sample preparations are described elsewhere [10,11].
Electrical resistivity measurements were carried out un-
der high pressures at low temperature by means of a DC
four-probe technique. A cubic-anvil apparatus was used
to generate hydrostatic pressures up to 10 GPa at tem-
peratures down to 4 K. During these measurements the

108
Na, ,Ca,V,05
107,
T 108}
(&]
c
e 10° 4 atm
2 GPa
4 GPa
10t 6 GPa
8 GPa
103 N EERTRTEEN BT R AR
50 100 150 200 250 300
(a) T (K)

pressure was controlled to be kept constant on both
cooling and heating processes.

Fig. 1 shows the pressure dependence of the electrical
resistivity at room temperature for Nay CagoV,Os,
Nay.3Cag;V,05, and Cag5Liy3V,0s. The electrical
resistivity is greatly reduced under high pressure for each
material, as shown in Fig. 1. While the electrical resistivi-
ties of Nay ;Cag.oV,05 and Na, 3Caq ,V,0O5 decrease
to 159 the value at 8 GPa compared with the one at 1 atm,
the electrical resistivity of Ca, 5 Lig 3 V,O5 decreases to 4
the value at 10 GPa. Figs. 2(a) and (b) show the temper-
ature dependence of the electrical resistivity at several
constant  pressures for NayCagoV,0s and
Cag.;Lig.3V,Os, respectively. From Fig. 2(a) the electri-
cal resistivity of Nag ;CagoV,05 decreases with pres-
sure and the shape of the p(T) curve does not change
significantly up to the maximum pressure. On the other
hand, it is observed from Fig. 2(b) that the electrical
resistivity of Cag ,Lip3V,0s decreases with pressure
especially in the low-temperature range. However, the
electrical resistivity still displays semiconducting behav-
ior even at the maximum pressure of 10 GPa.

In spin-ladder materials it is thought that the conduc-
tion of carriers occurs through the ladder layer. All these
experiments make it clear that the pressure plays an
important role in delocalizing carriers in the ladder layer,
which is similar to the pressure effect observed in the
Sri4-,.Ca,Cu,y, Oy, system. From Fig. 1 the lowest resis-
tivity for Cag.,Lig.3V,05 is 4 x 107! Qcm at 300K and
10GPa. In the superconducting Sr, sCa;; sCuy, Oy
spin-ladder system, the electrical resistivity is about
4x107%Qcm at 300K and 3GPa [12]. The electrical
resistivity in usual high-T'¢ superconductors is less than
1x1073Qcm at 300K. Thus, further carrier doping
and/or applying higher pressure are thought to be neces-
sary to give rise to the insulator-metal transition in this

UL B IR L IS B
Cay,Li5V,04 2 GPa
4 GPa
neq 6 GPa
101+ 8 GPa
_ 10 GPa
e
(&)
<)
Q.
100}
(b) T (K)

Fig. 2. Temperature dependence of the electrical resistivity for (a) Nay ;CagoV,05 and (b) Ca, ;Lip3V,05 measured at constant

pressures, respectively.
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system. Superconductivity is also expected in such a me-
tallic phase.

This work was partly supported by Grant-in-Aid Nos.
10440114 and 11554015 from the Ministry of Education,
Science and Culture of Japan.
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Abstract

We report on the resistive upper critical field, H.,(T) for the hole-doped two-leg ladder Sry4_,Ca,Cu,, 04, (x = 12)
single crystal, which becomes superconducting with T, ~ 5K in a pressure above ~ 3.0GPa. From the results of
magneto-transport measurements on a single sample at a pressure of 3.5GPa, H.,(T) has been determined up to 20T
along the a-axis (L ladder) and up to 7T both along the b-axis (L ladder-plane) and along the c-axis (|| ladder). A clear
difference in H.,(T) is observed among these three directions, indicating that this system has an anisotropic supercon-
ducting ground state. Also, it is found that H?,(T) shows non-linearity near T at zero field and no saturation down to
T/T.~0.03, exhibiting an upward curvature. Furthermore, H¢, is found to exceed the Pauli limit by a factor of more
than 2. This fact suggests a possibility of triplet superconductivity. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Spin ladders; Superconductors; Low-dimensional system; High pressure

Since the discovery of superconductivity in the hole-
doped two-leg ladder compound Sry,-,Ca,Cu,,O04,
[1,2], the study of ladder materials has been one of the
most attractive and active ones in the field of low-dimen-
sional systems [3]. This spin-ladder system becomes
superconducting with T, ~ 5K in a pressure above
~ 3.0 GPa, and, at present, is the only known supercon-
ducting ladder material, although its superconducting
properties have been reported only in a previous paper
[4], describing preliminary results for the upper critical
field of the Sr,Ca;,Cu,4 0,4, single crystal. Those results
suggest that superconducting correlations along the
interladder direction are stronger than along the ladder
direction, although the normal state conductivity is

* Correspondence address: Department of Physics, College of
Humanities and Sciences, Nihon University, 3-25-40, Sakura-
josui, Setagaya-ku, Tokyo 156-8550, Japan. Tel.: + 81-3-3329-
1151, ext. 5514; fax: + 81-3-5317-9432.

E-mail address: tn@chs.nihon-u.acjp (T. Nakanishi).

higher along the c-axis (||ladder) than along the a-axis
(|linterladder) [2]. However, in those experiments three
different batches of the single crystal were used for each
AC susceptibility measurement in the field along different
axis. Therefore, a possibility still remains that the results
depend on the measured batches because the supercon-
ductivity begins to appear at a certain critical pressure,
the value of which may depend on the batch. In other
words, it is difficult to reproduce the same high-pressure
condition, which induces the superconductivity, in each
measurement. In order to eliminate the above possibility,
here we perform magneto-transport measurements on
a single sample to clarify the anisotropy of the upper
critical field of Sr,Ca;,Cu,,Oy4;.

Single crystals of Sr,Ca;,Cu,404; were grown by the
travelling-solvent floating zone method using an infrared
furnace under oxygen gas. Using a newly developed self-
clamped high-pressure cell [5,6] which employs Bridg-
man anvils with a Teflon capsule filled with a pressure
transmitting medium (a 1:1 mixture of Fluorinert FC 70
and FC 77), we can pressurize a delicate sample such as
oxide or organic crystals under hydrostatic conditions up

0304-8853/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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p, [mQcm]
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Fig. 1. Temperature dependence of resistivity along the c-axis,
pe, of Sr,Ca;,Cu,, 04, at 3.5GPa in various magnetic fields
applied along the a-axis.

to ~ 6 GPa and measure the absolute values of electrical
resistivity by four-probe technique. Because of its com-
pact body, we can attach the high-pressure cell to a dilu-
tion refrigerator which can be set in a superconducting
magnet of cylindrical 20T or horizontally rotatable
split-type 7T. By using these apparatuses, the temper-
ature dependence of resistivity along the c-axis was mea-
sured on a single sample in fields up to 20T along the
a-axis (L ladder) and up to 7T along the b-axis (L lad-
der-plane) and the c-axis (|| ladder) at temperatures down
to ~140mK.

As a typical result, the temperature dependence of the
resistivity along the c-axis, p., of Sr,Ca;,Cu,,04; at
a pressure of 3.5 GPa in various magnetic fields applied
along the a-axis up to 20 T is shown in Fig. 1. As seen in
the figure, the transition shifts to lower temperatures as
the magnetic field is increased although a resistive hump,
the origin of which is unknown at present, is observed in
the transition. Fig. 2 shows the resistive upper critical
field, H., for H||a, defined by several ways as illustrated
in the inset. This figure indicates that essential feature of
the behavior of H,, is independent of the way determin-
ing T.. From the result, H,,, defined as a midpoint of the
transition, is summarized in Fig. 3, together with the
results for H||b and H||c, where the measuring current is
always parallel to the c-axis. As seen in Fig. 3, the temper-
ature dependence of H,, is different for these three direc-
tions such as H¢, > H%, > H%, within this measured
temperature and magnetic field range, which are in line
with the normal state conductivity anisotropy [2,7] and
in contrast to the previous result [4]. One of the possible
reasons of this discrepancy may be due to the sample
dependence in the previous measurements. Fig. 3 clearly

30 T T T T T T T

7
H=05T
25 | 0.8 %—90% 14
/ ]
.6 + II, 4
!

S 20 L son |
= |
£k ch
Q -2 F——50 % 1
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g o ./ A - - 10)%
) 4 6]
‘2“ 10 Temperature [K] l
Sr,Ca,,Cu,,0,
3 35GPa ]
H//a
0 1 1
6 7 8

Temperature [K]

Fig. 2. Temperature dependence of the resistive upper critical
field, H.,(T), of Sr;Ca;,Cu,4,04; at 3.5GPa for H||a-axis,
where several ways determining T are used as illustrated in the
inset.
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Fig. 3. Temperature dependence of the resistive upper critical
field, H.,(T), of Sr,Ca;,Cu,,04; at 3.5GPa for H|a-axis
(closed circles), H||b-axis (open squares) and H||c-axis (open
circles). A broken line indicates the Pauli limit, Hp.

indicates that the superconducting phase in the present
ladder system is an anisotropic one in the three direc-
tions. If we use the Werthamer-Helfand-Hohenberg
formula [8] as H.;(0) = —0.7T.(0(dH.»/dT¢)r.0) by
using the slope near T.(0), we obtain the following esti-
mated values: H%,(0)~8 T, H%(0)~0.7T, H,(0)~27T
which corresponds to the Ginzburg-Landau coherence
length as &, ~ 120A, & ~ 10 A, ~400A. As easily
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seen in Fig. 3, these estimated values of H,(0) are well
below the obtained experimental values, indicating that
the behavior of H., in this ladder material is not de-
scribed by the conventional picture. In particular, it is
found that H%, shows non-linearity near T,(0) and no
saturation down to T/T.~0.03, exhibiting an upward
curvature. These behaviors are quite different from those
of conventional BCS superconductors in which H,,
exhibits negative curvature with saturation at low
temperatures. Such anomalous temperature dependences
of H., are similar to that of some high-T. super-
conductors (HTSC) in the case of applying magnetic
fields perpendicular to the CuO, planes, which have been
recently observed in T1, Ba, CuOg [9], Bi, Sr, CuO,, [10]
and La,_,Sr,CuO, [11]. Thus, this anomalous behav-
ior of H, is found to be a similarity between the ladders
and HTSC in the superconducting properties in the
magnetic field while some similarities in the normal
state properties have been pointed out so far [3]. The
other important fact seen in Fig. 3 is that HZ, exceeds the
value of the Pauli limit (in this case ~9.0T as indicated
by a broken line in Fig. 3) by a factor of more than 2,
which is given by H,(T = 0) = 1.84 T.(0) for isotropic
s-wave pairing without spin—orbit scattering [12,13] (or
being reduced by a factor of 0.86 for anisotropic singlet
pairing [147]). Such a large evolution of H., at low
temperatures has been observed in the quasi-one-dimen-
sional molecular superconductor (TMTSF), PF¢ [15]
in which the spin-triplet pairing may be realized [16].

Therefore, the behavior of H3, exceeding the Pauli limit
suggests a possibility of triplet superconductivity in
Sri14-xCa,Cuyzs0y4.

This work was supported by a Grant in Aid for Scient-
ific Research from the Japanese Ministry of Education,
Science and Culture.
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