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Abstract

Detailed pressure-temperature phase diagrams of heavy lanthanide sesquisul-
fides LnyS3 (Ln=YDb and Lu) have been investigated by in-situ x-ray diffrac-
tion experiments under high pressure and high temperature using synchrotron
radiation and multi-anvil press. Based on the results of the in-situ obser-
vation, the single y-phase (Th3P4-type structure, 743d) samples of Ln,Ss
(Ln=YDb and Lu) have been synthesized under high pressure. The physical
properties of the compounds were studied by electrical resistivity, specific
heat, and magnetic susceptibility measurements between 2 K and 300 K.

Keywords: high-pressure synthesis, sesquisulfide, in-situ x-ray diffraction,
crystal structure

1. Introduction

Heavy-lanthanide sesquisulfides LnyS3 (Ln=Lanthanide) have seven forms
of crystal structure [1]. Among them, the y-phase (cubic, 143d), which has
ThsP4-type structure, is expected for high-performance thermoelectric mate-
rials or optical materials [2, 3, 4]. However, the y-phase of heavy-lanthanide
sesquisulfides LnyS3 are difficult to synthesize at ambient pressure. While
it has been reported that Lu,S; was about 50% converted from the e phase
(thombohedral, R3c) to the y-phase under high pressure and high tempera-
ture [5], a high-quality single phase sample of y-LusS3 has not been obtained
so far. In this study, we have tried to synthesize samples of v-LusS3 un-
der high pressure using a low-pressure phase (named (-phase, orthorhombic
ScoS3-type structure, Fddd) [6] and the elements as starting materials. In
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order to obtain the optimum condition for preparing high-quality samples of
7-LusS; under high pressure, detailed pressure-temperature (P-T) phase di-
agrams of LuyS3 and a analogue compound YbyS3 for comparison have been
investigated by in-situ x-ray diffraction experiments using synchrotron radi-
ation. Based on the optimum condition decided by the in-situ observation,
the single v-phase samples of LnyS3 (Ln=Yb and Lu) have been synthesized.
Furthermore, the fundamental physical properties have been investigated.

2. Experimental

In-situ x-ray diffraction patterns were taken by an energy dispersive
method using synchrotron radiation and a solid-state detecter. High pressure
was applied using a multi-anvil assembly 6-6 (MAG6-6) [7] with a cubic-anvil
high-pressure apparatus, the MAXS80 system, installed at the beam line AR-
NES5C, at Photon Factory (PF) in High Energy Accelerator Research Orga-
nization (KEK) (Tsukuba, Japan). The MAG6-6 consists of six small second-
stage anvils with an anvil guide, and can be compressed by a cubic-anvil
apparatus. The truncated edge length (TEL) of the second-stage anvil made
of tungsten carbide is 4 mm. The anvil guide is made of tool steel (SUS304),
with an outer edge length of 28 mm. The anvil guide has holes along one of
the diagonal direction for access to the incident and exiting x-rays. The TEL
of the first-stage anvil is 27 mm. The sample container made of phyrophilite
is formed into a cube of 7 mm on an edge. The starting materials, which are
(-phase (Fddd) powder samples or mixture of rare earth metals and sulfur,
are put into a BN crucible. The crucible with a graphite heater is inserted in
a cube-shaped phyrophilite solid pressure medium. Pressure was determined
by the lattice constant of NaCl internal pressure marker. The details of the
in-situ observation method were described in previous report [8]. To measure
in-situ x-ray diffraction pattern of LuySs above 8 GPa, we used a Kawai-type
double-stage multi-anvil high-pressure apparatus, the SPEED-1500 system
9], installed at the beam line BLO4B1 at SPring-8, Japan. The powder sam-
ples of (-YbyS3 and (-LuySs3 for the starting materials were synthesized by
means of CS, gas sulfidation method [10].

X-ray powder diffraction patterns of (-LusS; (Fddd) at room tempera-
ture and high pressures were measured with a diamond-anvil cell (DAC) and
an imaging plate using synchrotron radiation. High-pressure diffraction ex-
periments were performed at the beam line 18C at PF in KEK. We employed
the DAC with diamond culet diameters of 500 gm. The sample was finely



ground and loaded in the 180 pum diameter hole drilled in a stainless steel
(T301) gasket. The pressure in the DAC was measured before and after each
exposure based on the shifts of the ruby R1 and R2 fluorescence lines. A 4:1
methanol-ethanol solution was used as the pressure medium.

Large bulk samples of 7-YbyS3 and v-LuyS3 (743d) were prepared at
high temperatures and high pressures using a Kawai-type multi-anvil high-
pressure apparatus. The sample cell assembly is similar to that used for
the high-pressure synthesis of filled skutterudite compounds [11, 12]. The
compounds were prepared by transition from (-phases (Fddd) or reacting
stoichiometric amounts of 3N (99.9% pure)-Yb, Lu chips, and 6N-S powder
at 3-8 GPa. The reaction temperatures were between 1200 and 1800 °C.
The prepared samples were characterized by powder x-ray diffraction using
Co Ka; radiation and silicon as a standard. The chemical compositions were
verified by scanning electron microscope (SEM) with energy dispersive x-
ray spectrometer (EDX, JEOL). Resistivity was measured by a standard dc
four-probe method. Magnetization was measured with a Quantum Design
MPMS superconducting quantum interference device magnetometer. The
specific heat was measured by a thermal relaxation method (PPMS; Quan-
tum Design).

3. Results and discussion

3.1. Sample preparation and P-T phase diagram of YbySsz

Figure 1 shows some of the in-situ x-ray diffraction patterns of YbsS;
using (-YbeS; (Fddd) powder as starting materials. Figure 1(a) shows x-ray
diffraction pattern of the starting material (-YboS; (Fddd) at room tem-
perature and 3 GPa. Solid squares indicate the characteristic x-ray for Yb.
Open circles indicate the Bragg peaks of (-YbySs (Fddd). On increasing
the pressure, no changes in the diffraction patterns could be observed except
shifting of peaks due to lattice compression. This trend is observed until
5.5 GPa. Absence of any additional diffraction peak with pressure indicates
that the material is structurally stable under compression up to 5.5 GPa
at least. With increasing temperature, the Bragg peaks of (-YbyS3 (Fddd)
faded out, and then the peaks of YbS; ;7 (tetragonal NdS,-type structure [13],
P4b2) were observed above 400 °C (Fig. 1(b)). At the same time, Yb oxy-
sulfide YboO5S (monoclinic, P2;/c) [14] as an impurity phase was detected.
Above 1100 °C YbS;; (P4b2) started to change to III-YbyS3 (orthorhom-
bic UsSs-type structure [1], Pnma) (Fig. 1(c)) and at 1250 °C the Bragg
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peaks of (-YbyS3 (Fddd) disappeared and the peaks of III-YbyS3 (Pnma)
and YboOsS (P2;/c¢) were observed (Fig. 1(d)). With increasing temper-
ature up to 1360 °C, III-YbeS; (Pnma) made phase transition to y-YbeS3
(I43d) (Fig 1.(e)). After a temperature quench, v-phase (/43d) was also
observed (Fig 1.(f)). In series of the experiments at several pressures, we
summarized P-T phase diagram of YbyS3 using (-YbyS3 (Fddd) as starting
materials in Fig. 3(a).

Figure 2 shows the x-ray diffraction patterns of synthesizing process of
YbyS3 using the starting materials, which are mixture of Yb and S powder
in the atomic ratio of Yb : S =2 : 3, at 5 GPa. Figure 2(a) shows x-ray
diffraction pattern of the starting material at room temperature. Open stars
designate the Bragg peaks of Yb and solid squares indicate the characteristic
x-ray for Yb. With increasing temperature, the Bragg peaks of Yb faded
out, and then the peaks of YbS; 7 (P4b2) were observed above 400 °C (Fig.
2(b)). With increasing temperature up to 1480 °C, YbS;; (P4b2) made
phase transition to y-YbyS3 (143d) (Fig 2.(c)). After a temperature quench,
y-phase (743d) was also observed (Fig 2.(d)). In series of the experiments
at several pressures, we summarized P-T phase diagram of YbyS3 using Yb
and S elements as starting materials in Fig. 3(b).

In this study, using the (-phase (Fddd) as the starting material, P-T
phase diagram of YbyS3 was obtained for the first time while P-T phase
diagram of YbyS3 using the e-phase (R3c) as the starting material has been
reported [1]. As shown in Fig. 3(a), [I-phase (monoclinic F-type structure,
P2,/m) [1] and Ill-phase (Pnma) were observed. The results are consistent
with previous report [1]. Furthermore, (-YbyS; (Fddd) shows the transition
to YbS;7 (P4b2) and subsequently to v-phase (143d). The transition from
YbS;; (P4b2) to y-phase (143d) via IlI-phase (Pnma) was also observed
around 3 GPa. On the other hand, II-phase (P2;/m) and III-phase (Pnma)
were not observed in P-T phase diagram of YbsS3 using Yb and S elements
as starting materials (Fig. 3(b)), which is consistent with previous report
[13]. As shown in Fig. 3(b), Yb reacts with S to form YbS; 7 (P4b2) at first
and then changes to y-phase (143d) same as previous report [13]. We expand
the region of the P-T phase diagram using elements as starting materials up
to 5 GPa and 1500 °C.

We have actually synthesized 7-YbyS3 (143d) at 3 GPa and 1400 °C us-
ing a Kawai-type muti-anvil high-pressure apparatus based on the synthesis
condition obtained by the in-situ experiments. Figure 4 shows x-ray diffrac-
tion patterns of y-YbySs (743d) prepared under high pressure using mixture
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Figure 1: X-ray diffraction patterns of heating process of (-YbyS3 (Fddd) at 3 GPa. Open
circles designate the Bragg peaks of (-YbySs (Fddd). Solid squares indicate the character-
istic x-ray for Yb. Solid triangles, open squares and solid circles designate the Bragg peaks
of YbS;.7 (P4b2), I1I-YbsS3 (Pnma) and +-YbyS3 (143d), respectively. Open triangles
indicate the peaks of YbyOa2S (P21/¢). (a) The starting materials ((-YbyS3) at room

temperature, (b) 450°C, (c) 1150°C, (d) 1250°C, (e) 1360°C and (f) room temperature
after quenching.
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Figure 2: X-ray diffraction patterns of synthesizing process of YbsS3 at 5 GPa. Open stars
indicate the Bragg peaks of Yb and solid squares indicate the characteristic x-ray for Yb.
Solid triangles and solid circles designate the Bragg peaks of YbS; 7 (P4b2) and 7-YbyS3
(I43d), respectively. (a) The starting materials at room temperature, (b) 1050°C, (c)
1480°C and (d) room temperature after quenching.
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Figure 3: (a) P-T phase diagram of YbyS3 using ¢-YbaS; (Fddd) as starting materials.
Open circles, solid triangles, solid diamonds, solid squares and solid circles designate (-
phase (Fddd), YbS; 7-phase (P4b2), II-phase (P2;/m), II-phase (Pnma) and v-phase
(I43d) observed by the in-situ x-ray diffraction experiments, respectively. (b) P-T phase
diagram of YbyS3 using Yb and S elements as starting materials. Open circles, solid
triangles and solid circles designate starting materials (Yb, S), YbS; 7-phase (P4b2) and
v-phase (143d) observed by the in-situ x-ray diffraction experiments, respectively.
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Figure 4: X-ray diffraction patterns of 4-YbsSs (143d) prepared under 3 GPa.

of Yb and S powder in the atomic ratio of Yb : S = 2 : 3 as the start-
ing materials. The most observed diffraction lines were indexable using the
ThsP,-type structure. Using elements as the starting materials, single phase
sample of y-YbyS3 (743d) was obtained. The lattice parameter determined
by a least-squares fit of indexed peaks to d-spacing formula is given in Table
1 along with the literature value [5]. To determine the actual element distri-
bution, elemental mapping and point analysis of SEM-EDX were conducted.
For the point analysis, dozens of different points were carefully chosen to re-
duce errors. The point analysis implies that a fluctuation of the composition
around 2%. The analyzed composition decided by SEM-EDX is also given
in Table 1.

3.2. X-ray powder diffraction of (-LuySs under high pressure at room tem-
perature

It has been reported that a reversible phase transition from e-LuyS3 (R3c¢)
to y-phase (743d) above 5 GPa at room temperature [15]. Therefore, in
order to investigate the stability of (-LuySs (Fddd) under high pressure, we
have studied the x-ray powder diffraction of (-LuyS; with the DAC up to
12.4 GPa at room temperature. Lattice parameters at each pressure are
given in Table 2. Figure 5 shows powder x-ray diffraction patterns of (-
LusyS; (wavelength A = 0.6199 A) at room temperature and high pressures.



Table 1: Crystal data and lattice parameters decided by x-ray diffraction and analyzed
compositions decided by SEM-EDX of the «-lanthanide sulfides prepared under high pres-
sure.

Compound YbySs LusSs
Crystal system Cubic Cubic
Space group 143d 143d
Lattice parameter a(A)
This work 8.214(1) 8.182(2)
Reference 5 8.224 8.198
Analyzed mole ratio S/Ln 1.41-1.44 1.39 - 1.44

decided by SEM-EDX

Table 2: Lattice parameters a, b, ¢ and cell volume V of {-LusSs (orthorhombic, Fddd)
decided by x-ray diffraction at each pressure and room temperature.

Pressure (GPa) a(A) b(A) c(A) V(A?)
0.3 10.7976(2) 7.7076(2) 22.9543(5) 1910.34(7)
3.2 10.6357(2) 7.5732(2) 22.6635(6) 1825.47(7)
6.0 10.5019(3) 7.4526(2) 22.4077(8) 1753.78(9)
8.5 10.4013(3)  7.3557(3) 22.2008(7) 1698.5(1)
12.4 10.209(1)  7.2427(6) 21.971(2)  1638.9(2)

Absence of any additional diffraction peak with pressure indicates that the
compound is structurally stable under compression up to 12.4 GPa. Figure
6 shows the relative cell volume (V' /V ) vs. pressure curve for ¢-LuySs. The
cell volume of (-LuyS3 monotonically decreases with increasing pressure up
to 12.4 GPa. The data can be fitted by the Birch equation of state: [16]

N CER (G B

where By, By’, V and P are the bulk modulus, its first derivative, the volume
and pressure. A least-squares fit to the data of (-LuyS3 gives the following
values: By = 56(3) GPa and By’ =4.2(8).

7
3

3.3. Sample preparation and P-T phase diagram of LuySs

Figure 7 shows some of the in-situ x-ray diffraction patterns of LusS3
using (-LuyS3 (Fddd) powder as starting materials. Figure 7(a) shows x-ray
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Figure 5: X-ray diffraction patterns of (-LusSs (Fddd) at room temperature and high
pressures.
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Figure 6: Relative cell volume plotted as a function of pressure for ¢-LusS3 (Fddd).
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diffraction pattern of the starting material (-LuyS3 (Fddd) at room temper-
ature and 10 GPa (Solid squares). The characteristic x-ray of Lu and Bragg
peaks of (-LuyS3 (Fddd) were observed. Absence of any additional diffraction
peak with pressure indicates that the phase is stable up to 10 GPa already
shown above. With increasing temperature up to 500 °C, (-LuySs (Fddd)
made phase transition to LuS;; (tetragonal, P4nmm) (Fig 7(b)). At the
same time, Lu oxysulfide LuyO2S (P2 /c¢) as an impurity phase was detected
same as YbeS3. Above 800 °C LuS; 7 (P4nmm) made phase transition to
LuS; 7 (P4b2) (Fig 7(c)). In the temperature range up to 1500 °C, a tran-
sition from LuS;; (P4b2) to y-phase (143d) was not observed at 10 GPa
(Fig 7(d). After a temperature quench, LuS;; (P4b2) was also observed
(Fig 7(e)). In series of the experiments at several pressures, we summarized
P-T phase diagram of LusS; using (-phase (Fddd) as starting materials in
Fig. 8(b). Using the (-phase (Fddd) as the starting material, P-T phase
diagram of Lu,S3 was obtained for the first time while P-T phase diagram of
LuyS3 using the e-phase (R3c) as the starting material has been reported [1].
As shown in Fig. 8(b), transitions to II (P2;/m) and III (Pnma) phases via
LuS; 7 (P4b2) were observed. The results are consistent with previous report
[1]. However, IV-phase (orthorhombic, NdYbS;-type, €'222;) and ~-phase
(I143d) were not detected in the observed range (up to 10 GPa and 1500 °C).

It has been reported that LuyS3 was about 50% converted from the e phase
(R3c) to the y-phase (743d) under 7.7 GPa and 2000 °C [5]. Therefore, we
have investigated P-T phase diagram of LuySs in the range up to 7 GPa and
1800 °C by quenching experiments using elements as the starting materials.
In series of the experiments at several pressures, we summarized P-T phase
diagram of LuyS; using elements as starting materials in Fig. 8(a). ~-phase
(I43d) was detected at 1800 °C from 5 GPa to 7 GPa.

Figure 9 shows x-ray diffraction pattern of y-LuyS3 (143d) prepared at 7
GPa and 1800 °C using mixture of Lu and S powder in the atomic ratio of Yb
: S =2: 3 as the starting materials. The most observed diffraction lines were
indexable using the Th3P4-type structure while a small amount of impurity
phase (Lu oxysulfide, open triangles). The lattice parameter determined by
a least-squares fit of indexed peaks to d-spacing formula is given in Table 1
along with the literature values [5]. To determine the actual element distri-
bution, elemental mapping and point analysis of SEM-EDX were conducted.
The point analysis implies that a fluctuation of the composition around 4%.
The analyzed composition decided by SEM-EDX is also given in Table 1.
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Figure 7: X-ray diffraction patterns of heating process of (-LusS; (Fddd) at 10 GPa.
Open circles designate the Bragg peaks of (-LusSs (Fddd). Solid squares indicate the
characteristic x-ray for Lu. Solid down-pointing triangles and solid triangles designate the
Bragg peaks of LuS; 7 (P4nmm) and LuS; 7 (P4b2), respectively. Open triangles indicate

the peaks of LuyO2S (P2;1/¢). (a) The starting materials at room temperature, (b) 500°C,
(¢) 800°C and (d) 1500°C.
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Figure 8: (a) P-T phase diagram of LusS3 decided by the quenching experiments using
Lu and S elements as starting materials. Solid triangles, solid squares and solid circles
designate YbS; 7-phase (P4b2), I1I-phase (Pnma) and v-phase (143d), respectively. (b)
P-T phase diagram of LusSs using (-LusSs (Fddd) as starting materials. Open circles,
solid triangles, solid diamonds, solid squares and open squares designate (-phase (Fddd),
LuS; 7-phase (P4b2), Il-phase (P2;/m), Ill-phase (Pnma) and LuS; 7-phase (P4dnmm)
observed by the in-situ x-ray diffraction experiments, respectively.
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Figure 9: (a) X-ray diffraction patterns of v-LusS3 prepared under 7 GPa. Open triangles
indicate the peaks of LusO5S.

3.4. Electrical resistivity

Figure 10 shows the temperature dependence of the electrical resistivity
p for v-YboS3 and 7-LuyS3. Both compounds show the behavior of semicon-
ductor. However, there is a large discrepancy between the absolute values.
As sulfur content decreases, the electrical resistivity of rare-earth sesquisul-
fides tends to decrease because the carrier concentration increases [3]. The
atomic ratios of sulfur to rare-earth metal x were 1.41-1.43 for v-Yb,S3 and
1.39-1.44 for 7-LuyS3 by SEM-EDX results (Table 1). The reason for this
discrepancy seems to be due to the difference of impurity phases or intrinsic
energy gap because there is no essential difference of mole rations. In or-
der to clarify this point, band calculations and the investigation of sample
dependence are desirable.

3.5. Magnetic measurements

Figure 11 shows the temperature dependences of magnetic susceptibility x
and inverse magnetic susceptibility xy ! at a magnetic field of 1 T for 4-Yb,Ss.
Above 100 K, x(7") can be described by the modified Curie-Weiss law x(7') =
Xo + C/(T —6,), where C is the Curie constant, 6, is the paramagnetic Curie
temperature and yj is a temperature-independent susceptibility contribution.
Least-squares fits from 100 K to 300 K yield effective moments of 4.51-4.53

15
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Figure 10: Temperature dependence of the electrical resistivity for v-YbsS3 and «-LusSs.

pup/Yb and 6, is approximately -18 K. The estimated effective moment is
close to the expected value for trivalent Yb of 4.54 pp/Yb. This suggests
that the Yb ion is trivalent in the compound and the negative 6, implies
an antiferromagnetic correlation. In Fig.11, the solid line shows a fit to the
modified Curie-Weiss law above 100 K.

3.6. Specific heat

Figure 12 shows temperature dependence of specific heat C(T') for ~-
YbySs and 7-LugS;. The C(T)/T data of ~-LuySs below 5 K were fit-
ted by C(T)/T = v + BT? (Debye T° law); Debye temperature 0p =
(127*nR/58)"/3, where R is the gas constant and n = 5 and 7 is the electronic
specific heat coefficient. Thus, we obtained p = 242 K and ~y is almost zero
for v-LuySs. Gadzhiev et al. reported Debye temperatures 6p of v-LnySs
(Ln=La, Pr, Gd and Dy) are 266, 264, 261 and 257 K, respectively [17]. In
general, materials with larger masses exhibit smaller Debye temperatures.
Thus, 0p = 242 K for 7-LuyS3 follows this tendency. The inset of Fig. 12
shows enlarged low-temperature region of C(T"). An upturn of C(7T') for ~-
YbyS3 below 8 K was observed. This suggests an appearance of a long-range
ordering below around 2 K. This ordering seems to be an antiferromagnetic
one because the paramagnetic Curie temperature is negative.

The difference between v-YboS3 and y-LusS3 could be due to the magnetic

16
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Figure 11: Temperature dependence of the magnetic susceptibility x and inverse suscep-
tibility x~! for 7-YbySs at 1 T. The solid line shows a fit to the modified Curie-Weiss law
above 100 K.
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Figure 12: Temperature dependence of the specific heat for 7-YboS3 and ~-LusSs.
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Figure 13: (a) Temperature dependence of the magnetic specific heat for v-YboSs. Solid
line represents contribution calculated from Yb** (4f'3) 2F 5, 0(doublet) and 400 K
(quartet). (b) Temperature dependence of the magnetic entropy for 4-YbsSs.
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contribution of Yb moment. We calculated the magnetic contribution C',4,4
to specific heat of 7-YbsS3 by subtracting the specific heat of v-Lu,S3. Fig.
13(a) shows temperature dependence of C,,,, for v-YbySs. A broad peak is
observed around 150 K. The temperature dependence of the magnetic entropy
S was calculated by numerical integration of C',q,/T with respect to 7' (Fig.
13(b)). The results of the magnetic susceptibility measurements of v-YbsSs3
indicate that the valence of the Yb ions is trivalent. The ground-state of Yb3*
(4f'3) is ?F7/2 by Hund’s rules. The ground-state multiplet of J=7/2 is split
into two doublets and one quartet by cubic symmetric crystalline electric field
(CEF). The magnetic entropy related with the upturn at low temperature is
close to RIn2. This suggests CEF ground state is a doublet rather than a
quartet. The broad peak around 150 K in C,,,, could be Shottky anomaly
CEF level splitting. The observed similarity to the theoretical curve that the
ground state doublet (0) and the excited state quartet (400 K) implies that
the splitting is approximately 400 K.

4. Summary

In this study, using the (-phase (Fddd) as the starting materials, the
phase diagrams of YbyS3 and LuyS; were investigated for the first time.
Furthermore, we expanded the temperature and pressure region of the phase
diagrams using elements as the starting materials. The P-T phase diagram
of LuyS3 is basically similar to that of YbyS;. However, the sequence of each
crystal structure shifts to much higher temperature and pressure region for
LusS3. In order to obtain single phases of v-YbyS3 and ~-LusS3, appropriate
temperature and pressure conditions are needed (for v-YbsS3, pressure above
2.5 GPa and temperature above 1400 °C, for v-LuyS3, pressure range between
5 and 7 GPa, above 1600 °C). Based on the P-T phase diagram, we succeeded
in synthesizing single y-phase (I43d) of the compounds under high pressure
and the low-temperature transport, thermal and magnetic properties of the
samples were investigated. Further research on specific heat below 2 K would
be desirable to clarify the magnetic order of v-YbyS3. Thermoelectric and
optical properties are currently in progress.
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