
Chem. Mater. 1994,6, 1575-1580 1575 

Paraelectric-Ferroelectric Transition in the Lamellar 
Thiophosphate CuInP& 

A. Simon and J. Ravez 
Laboratoire de Chimie du  Solide du  CNRS, Universith de Bordeaux I, 

351 cours de la Libhration, 33405 Talence Cedex, France 

V .  Maisonneuve, C.  Payen, and V. B. Cajipe* 
Institut des Mathriaux de Nantes, CNRS-UMR 110, 2, rue de la Houssinibre, 

44072 Nantes Cedex 03, France 

Received February 28, 1994. Revised Manuscript Received May 22, 1994@ 

The occurrence of a first-order paraelectric-ferroelectric phase transition at TC = 315(5) 
K in CuInP2S6 is revealed by calorimetry, X-ray powder diffraction, and dielectric measure- 
ments. This is the first observation of such a phenomenon in a thiophosphate of the lamellar 
MPS3 family. The data are consistent with the polar character of the room-temperature 
structure attributable to the acentric positions of the CUI and InlI1 ions and may be related 
to  the probable T dependence of the site-occupation ratios for the former cation and 
displacement of the latter. Results of the dielectric measurements are suggestive of a two- 
component phase transition. 

Introduction 

With the synthesis of phases derived by heterocharge 
substitution for the divalent cation M in lamellar MPS3,l 
interest in this family of thiophosphates has shifted 
from the properties traditionally associated with a 
layered morphology to the novel structural and physical 
characteristics of the two different cationic sublattices 
thus formed. 

The principal substituted compounds M1M'111P2S62-7 
and M12M11P2S6,8,9 where MI = Ag, Cu, M I 1  = Mn, Zn 
and M I I 1  = Cr, V, In, Sc, consist of [ S M ~ / ~ M ~ / ~ ( P ~ ) I / ~ S I  
or [ S M ~ / ~ M ~ / ~ ( P ~ ) I / ~ S I  layers in which the cations and 
P-P pairs fill the octahedral holes defined by the sulfur 
framework. A good example of the coloring problem5 
is encountered in the a-b plane of the layer with the 
appearance of either zigzag chains or next-nearest- 
neighbor triangles of M and M'. Magnetic phenomena 
due to the low-dimensional arrangements of moment- 
carrying M'1112-4 have been extensively investigated, 
notably in AgVPzSs and AgCrP2S6 which have provided 
excellent model systems for the study of quasi-one- 
dimensional Heisenberg antiferromagnetism.lO Work 
focusing on the other cation, MI, has been motivated by 
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the presence of an extended electronic density around 
its central octahedral site; this feature has until now 
been explored from a predominantly structural view- 
~ 0 i n t . l l - l ~  

The CuM'P2S6 (M'"' = Cr, V) phases are most il- 
lustrative of the various questions and possibilities 
raised by the occurrence of smeared electronic or nuclear 
densities in these materials. At room temperature (RT) 
for both compounds, difference Fourier maps calculated 
to locate the CUI within its octahedron reveal an 
electronic density continuum perpendicular to the layer.2!6 
Three types of vertically disposed and partially filled 
"split" positions with large anisotropic thermal factors 
have been employed to model the copper distribution: 
a distinctly off-center Cul, a nearly central or octahedral 
Cu2, and a third tetrahedral Cu3 in the van der Waals 
(vdW) gap between the layers (see Figure 1, top). A 
2-fold axis along b in the two RT structures leads to 
twice as many possible positions per copper octahedron. 
In cUVP2s6 all three positions are occupied with respec- 
tive ratios of 0.53, 0.278, and 0.132 per octahedron,6 
while in CuCrP2S6 only the first two are filled with 0.66 
and 0.34 occupation ratios.2 

Low-temperature (LT) neutron powder diffraction 
studies have further differentiated these compounds vis- 
a-vis the behavior of the copper ions. On one hand, a 
repartitioning of the cations between two equivalent 
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Figure 1. (top) Sulfur octahedral cage showing the various 
types of copper sites, namely, the off-center Cul,  the nearly 
central Cu2, and the tetrahedral Cu3 in the vdW gap. The two 
off-center sites become inequivalent when unequally occupied, 
leading to the appearance of the distinguishable Cul" (up) and 
Culd (down) positions. (bottom) Two layers of CuInP& 
separated by the vdW gap.7 At room temperature (RT) the CUI 
are predominantly in the upper off-center Cul" site and the 
In"' is slightly displaced downward from the octahedral center. 
The RT monoclinic lattice parameters7 are a = 6.0956(4) A, b 
= 10.5645(6) A, c = 13.6230(8) A and ,B = 107.101(3)"; the 
perpendicular to  the layers is the e* axis which is about 17" 
forward of the plane of the page. 

Cul  sites per octahedron, i.e., an emptying of the Cu2 
and Cu3, was observed in cuvP2s6 a t  20 K.12 On the 
other, the formation of an antipolar copper sublattice 
was reported in CuCrPzS6 below 150 K13 an array of 
alternating dipoles appears with the complete occupa- 
tion of inequivalent Cul" (up) and Culd (down) sites 
related by a (l/2,l/2,0) translation. While both results 
favor a thermal hopping over a spatial disorder inter- 
pretation13 of the RT copper distribution in these 
phases, the second experiment moreover ruled out the 
debated existence of Cu-Cu pairs6,13r14 in CuM'P2S6. 

The prospects for unusual properties associated with 
a CuM'P2S6 composition intensified very recently with 
the determination of the crystal structure of C U I ~ P ~ S ~ . ~  
This compound has a practically polar copper sublattice 
at room temperature: the CUI ions occupy inequivalent 
Cul" and Culd sites, each off center by about 1.58 A 
and with respective ratios of 0.875-0.100 per octahe- 
dron so that the RT structure is noncentrosymmetric 
with space group Cc (see Figure 1, bottom). Note that 
in the thermal hopping model, this copper distribution 
would correspond to an incipient freezing of the motion 
between two potential minima of unequal  depth^.^ 
Furthermore, the In"' was found to be displaced x0.2 
A downward from the center of its octahedron following 
the preponderant occupation of the upper Cul" site. It 
is obvious from these features that, first, a phase 
transition involving a loss of polarity should exist in this 
compound at a temperature not very different from 
ambient, and second, interesting T-dependent dielectric 
behavior accompanying the structural transformation 
may be expected. 

In this paper, we present calorimetry, X-ray powder 
diffraction, and more importantly dielectric measure- 
ment evidence for the occurrence of a first-order paraelec- 
tric-ferroelectric transition at TC = 315(5) K in 
CuInP2S6. The data from the last-mentioned technique 
represent the first investigation of the dielectric proper- 
ties of a lamellar MPS3-type phase. Structurally and 
chemically, CuInPzS6 is significantly different from the 
well-studied ferroelectric, SnzPaSs, in which the (P2s6)- 

anions are linked together by S-Sn contacts to yield a 
three-dimensional connectivity, and which exhibits a 
second-order, predominantly displacive transition at 
around 333 K.15 It may then be said that the results 
described here mark the discovery of a new class of 
layered thiophosphate ferroelectric materials. 

Experimental Section 
CuInPzSs was prepared as previously described7 in both 

powder and crystal form; samples were analyzed via EDS with 
a scanning electron microscope. Differential scanning calo- 
rimetry (DSC) measurements were made on %60 mg powder 
samples under nitrogen using a Perkin-Elmer DSC-4 ap- 
paratus calibrated with cyclohexane (melting point at T = 
279.69K with A H  = 7.47 cal/g); temperature cycling was done 
at  10 Wmin. 

X-ray powder diffraction patterns were obtained with a 
Siemens D5000 diffractometer in a Bragg-Brentano configu- 
ration employing Ni-filtered Cu Ka radiation and a NazCas- 
AlzF14-calibrated linear detector subtending a 6" angle. To 
carry out temperature-dependent studies, the diffractometer 
was equipped with an evacuated chamber with a kapton 
window and a flat-plate sample mount cooled by a flow of liquid 
nitrogen and heated by an appropriate resistance; the tem- 
perature was regulated and measured to  an accuracy of &lo. 
The unit-cell parameters at  different temperatures were 
extracted by performing full-profile fits on the corresponding 
diffraction patterns.16 

Dielectric measurements were performed under dry nitrogen 
at  temperatures between 290 and 360 K, using a Wayne-Kerr 
6425 automatic component analyzer operating in a 20 Hz- 
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Figure 2. Warming and cooling differential scanning calo- 
rimetry thermograms of a 66 mg powder sample of CuInPzSs; 
the vertical white arrowheads indicate the onset temperatures 
for each cycle. 

300 kHz frequency range. For these, crystal samples ap- 
proximately 10 mm2 in area and 16 pm thick were used. Gold 
electrodes were deposited on the flat faces of each sample 
across which an electric field of about 625 V/cm was applied; 
measurements were thus made perpendicular to the layers (see 
Figure lb). The heatingkooling rate was 1.5 Wmin. 

Results and Discussion 

Calorimetry. Evidence for a phase transition in 
CuInPaS6 was first given by DSC measurements made 
on powder samples. A n  endothermic peak was observed 
during a warming scan (Figure 2) with an onset 
temperature of 310(1) K and energy AH = O.lO(1) call 
g. Upon cooling, the transition shifts to a slightly lower 
T = 308(1) K. Cycling the standard cyclohexane through 
its melting point under similar conditions reveals a 
thermal hysteresis of the same magnitude, i.e., 280(1) 
K versus 278(1) K. Moreover, the temperature widths 
of the sample and cyclohexane thermogram peaks were 
both found to be about 2 K. The CuInPzSs transition 
thus appears to be as narrow and weakly hysteretic as 
the fusion of the calibrating standard. 

X-ray Powder Diffraction. A preliminary study of 
the transition a t  310 K was subsequently undertaken 
by monitoring the lattice parameters and the relative 
powder diffraction peak intensities as a function of 
temperature. 

The evolution of a, b, c, p, and the cell volume V with 
heating is traced in Figure 3; these results coincide 
within experimental error with those from a cooling 
cycle (not shown). It is clear from these curves that the 
CuInPzS6 cell dimensions increase much more rapidly 
between 273 and 350 K than elsewhere on the tempera- 
ture axis; the inflection point for the lattice lengths is 
a t  T = 310 K. An average coefficient of volume 
expansion av = AV/(VoAT), where VO is the room 
temperature volume, AT = T - 293 K and AV = V - 
VO, may be calculated to  yield a maximum around T = 
310 K (inset t o  middle frame of Figure 3). As might be 
expected from the compound's morphology, the thermal 
expansion is up to 3 times larger along c than in the 
plane of the layers. The degree of anisotropy is con- 
served as the dilation induced by the transition occurs. 
This anomalous volume increase however spans a much 
wider temperature range than inferred from the DSC 
data, suggesting that the structural transformation 
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Figure 3. Evolution of the lattice parameters a, b,  c ,  /3, and 
V of CuInPzSs with temperature. Middle panel inset: variation 
of the average coefficient of volume expansion av = AV/(VoAn, 
where VO is the room-temperature volume, AT =T - 293 K 
and AV = V - VO. Bottom panel: the upper curve is c0s-l 
(-2a/3c) t o  be compared with the lower /3 plot, while the inset 
shows b/a values greater than 4 3  marked by the dashed line. 

involves more than the single thermal event measured 
by calorimetry. 

Chalcogen stacking distortions are known to arise in 
the substituted MPS3 phases as a consequence of the 
unequal cation sizes1' These have been described in 
terms of the deviations of bla and p from their respective 
ideal values 43  and cos-l(a/3co), where co is the inter- 
layer distance, equal to cl2 in the present case: the first 
quantity characterizes in-plane and the second, out-of- 
plane packing deformations. The bottom panel of 
Figure 3 shows that b/a becomes increasingly larger 
than 43  as T is raised, while the difference between /3 
and c0s-~(2a13c) decreases above 310 K. Similar ten- 
dencies with heating have been noticed in the related 
compound AgzMnP~S6.l~ The enhanced planar distor- 
tions therein were attributed to the distribution of the 
AgI ion over more sites, including the tetrahedral ones 
in the vdW gap, a t  high T; the filling of these latter in 

(17) Ouvrard, G.;  Brec, R. Eur. J. Solid State Inorg. Chen.  1990, 
27, 477. 
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ZTheta 
Figure 4. Comparison of part of the X-ray powder diffraction 
pattern of CuInPzSs at  120 K (top) and 470 K (bottom) showing 
the cooling-enhanced (021), ( l l l ) ,  and (11-3) intensities and 
(004) to (002) intensity ratio. 

turn leads to strengthened interlayer bonding, i.e., 
reduced interplanar distortions. Assuming this inter- 
pretation to be correct, it would appear that raising T 
above the transition temperature in CuInPzS6 likewise 
induces the occupation of all three Cul-, Cu2-, and Cu3- 
type sites, each of which exists in pairs within a copper 
octahedron. On the other hand, the quantities b/a and 
p conceal local effects such as the swelling of the upper 
S-triangles of the CUSS units and the concurrent twist- 
ing of the PS3 groups and In octahedra observed at  RT:’ 
along with the copper distribution, these strains should 
certainly evolve with temperature and influence the 
lattice parameters. 

Additional insight into the transition mechanism may 
be obtained by comparing the relative intensities of 
certain reflections at different temperatures. The (0211, 
(111)) and (11-3) peaks, which are weak but very visible 
below 310 K, are observed to lose intensity at  higher T 
and are no longer detectible when T > 328 K (see Figure 
4 inset). Powder pattern simulations show that these 
reflections are appreciably stronger in a CuInPsS6 
structure with a completely polar Cu sublattice (100% 
occupation of upper Cul’ site) than in one where the 
Cu equally occupies two off-center sites straddling its 
octahedral center (see Figure 1, top). The (004) to (002) 
intensity ratio was also smaller in the pattern calculated 
for the nonpolar case and found to diminish further with 
the introduction of partially filled Cu2 and/or Cu3 sites. 
As Figure 4 demonstrates, such a Z(004)/Z(002) ratio 
decrease indeed occurs with increased temperature. 

To summarize, the powder diffraction data suggest 
that, in a heating cycle, the transition involves an 
anomalous volume increase accompanying a more fun- 
damental polar to nonpolar change in symmetry of the 
structure (Cc to C2/c). This change is most likely 
b2ought about by the temperature variation of the 
occupation ratios of the different CUI sites and the 
concomitant In”’ displacement. Whereas the expansion 
between 273 and 350 K conceivably reflect gradual 
structural rearrangements associated with changing 
copper site occupancies or motions, the loss of polarity 
itself probably occurs abruptly around 310 K as indi- 
cated by DSC. The rapid volume increase thereafter 
until 350 K may be related to the CUI hopping into the 
vdW gap. 
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Figure 5. Temperature dependence of E; and tan 6 measured, 
perpendicular to the layers (along c* ) ,  on a crystal sample 
during heating at 1 kHz. 

Dielectric Measurements. Confirmation of the 
polar nature of the transition was then sought by 
performing dielectric measurements. Figure 5 shows 
the temperature dependence of both the real permit- 
tivity E ;  and the tangent of the dielectric loss angle, tan 
6, measured on a crystal at  1 kHz upon heating. The 
E;  maximum associated with a tan 6 minimum is 
consistent with the occurrence of a ferroelectric-paraelec- 
tric phase transition at  TC = 319(5) K, Le., the disap- 
pearance with heating of the spontaneous polarization 
at this temperature. Since the electrodes were attached 
to the flat faces of the crystal sample, the effective 
polarization axis in these measurements lies along the 
perpendicular to the layers, i.e., the along c* (see Figure 
1, bottom). 

Data obtained at various frequencies yield the 6; = 
fln curves of Figure 6, which imply a dielectric disper- 
sion: the E;  maximum decreases from 410 to 190 as the 
frequency increases from 500 to lo5 Hz. The tempera- 
ture at  which the dielectric anomaly occurs does not 
change with frequency, so CuInPzS6 behaves like a 
normal ferroelectric rather than a relaxor ferroelectric 
typified by the perovskite PbMg1/3Nbw303 (PMN).ls 

The shape of the dielectric peak, measured on warm- 
ing as shown in Figures 5 and 6, is suggestive of a two- 
component phase transition: the steep rise of the 
permittivity at  around 315 K is followed, not by a cusp 
as in BaTi0319 or N ~ N O Z , ~ ,  but by a somewhat round 
maximum. Note that the dielectric loss minimum has 
a similar round shape (Figure 5). Also, the tempera- 

(18) In PMN, it  has been suggested that the Mg and Nb ions do 
not order and thus Mg:Nb composition fluctuations exist leading to 
large fluctuations in the transition temperature and a mixture of polar 
and nonpolar micro regions over a wide temperature range. The 
temperature of the <,I maximum therein increases with frequency in 
a manner typical of a relaxation dielectric. See: Cross, L. E. Ferro- 
electrics 1987, 76, 241. 

(19) Lines, M. E.; Glass, A. M. Principles and Applications of 
Ferroelectrics and Related Materials; Clarendon Press: Oxford, 1979; 
pp 133-141. 
(20) In ref 19, p 327. 
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Figure 6. Real permittivity along c* measured as a function 
of temperature, on a crystal and on heating, a t  various 
frequencies. 

Figure 8. Inverse permittivity (dots) given for the cooling 
data of Figure 7, fitted with a Curie-Weiss law (solid line 
through data a t  T > 310 K extended with dashed line to lower 
n. 

The Curie constant C calculated from Figure 8 is 4700 
K. This is much smaller than those found in displacive 
ferroelectrics with oxygen octahedra, e.g., C(BaTiO3) = 
1.6 x lo5 K, and that in Sn2PzS6 (C = lo5 K)15h but is 
close to the values obtained for order-disorder ferro- 
electrics, e.g., C(NaN02) = 5000 K.21 It would thus be 
tempting to  say that CuInPzS6 is an order-disorder 
ferroelectric, especially since the assumed T dependence 
of the copper distribution in this compound lends itself 
easily to such an interpretation. However, the possibil- 
ity of a displacive contribution from the indium ions 
cannot be dismissed. 

The low frequency ( ~ 1 0 ~  Hz) data of Figure 6 also 
show that the permittivity increases above 340 K, 
signaling the probable occurrence of ionic conductivity 
at  these temperatures. This hypothesis accords with 
the presence of CUI ions in the vdW gap at  T > 310 K 
as inferred from the powder diffraction data. In addi- 
tion, it would seem from Figure 7 that the temperature 
a t  which this conductivity is activated depends on the 
direction of the cycling: while the conductivity tail 
persists down to 330 K on the cooling curve, its rise upon 
warming is observed only after 340 K. Such a difference 
may be understood by considering that whereas the 
copper ions are presumably highly mobile before cooling 
from 350 K, their motions in the vdW gap are retarded 
by the requisite crossing of the basal triangles of the 
CUSS groups when heating from RT. 

A final point to be addressed is the seeming discrep- 
ancy between the transition temperatures and thermal 
hysteresis widths indicated by DSC and the dielectric 
measurements. The calorimetry was done on a powder 
sample, i.e., an ensemble of small, conceivably single- 
domain crystallites, while the permittivity measure- 
ments were made on crystals which are most probably 
multidomain at RT. It is possible that relaxation effects 
associated with domain walls in a crystal slightly raises 
the transition temperature in a warming cycle. Heating 
the CuInPzSs crystal sample yields a E;  maximum at 
319(5) K which is fairly different from the DSC peak at 
310(1) K, while cooling leads to an anomaly at  311(5) K 
which, within experimental error, overlaps with the 
DSC exothermic event at  308(1) K. The coincidence of 

(21) Burfoot, J. C .  Ferroelectrics: An Introduction to the Physical 
Principles, D. Van Nostrand: London, 1967; p 224. 
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the cooling cycle results is consistent with the absence 
of domains in the initial paraelectric state. On the other 
hand, it might be argued that calorimetry measures only 
the sharp component of the transition ( E ;  discontinuity 
a t  315 K), i.e., is insensitive to the second one ( E ;  
maximum at 319 K). In any case, the nonidentical 
measurement conditions may also be partly responsible 
for the temperature differences. All things considered, 
the Curie point may be given as TC = 315(5) K. 

Simon et al. 

Conclusion 

In this work, the occurrence of a first-order paraelec- 
tric-ferroelectric phase transition at  TC = 315(5) K in 
CuInPsSs was demonstrated using calorimetry, X-ray 
powder diffraction and dielectric measurement data. 
This is the first time that such a phenomenon has been 
observed in a thiophosphate of the extended lamellar 
MPS3 family. The existence of a ferroelectric state is 
consistent with the polar character of the room structure 
in which CUI predominantly occupies an upper off-center 
position and the In"' is shifted downward from the 
midplane through the layer. Although the expectation 
of a temperature-dependent distribution of the copper 
over its possible sites implies an order-disorder transi- 

tion, a displacive contribution from the indium is also 
conceivable. 

We are presently investigating the structural aspects 
of this transition through detailed T-dependent X-ray 
studies on a single crystal. Also in progress are 
hysteresis loop, pyroelectric, piezoelectric and optical 
measurements which should reveal the magnitudes of 
various exploitable physical properties of this new 
ferroelectric (the spontaneous polarization, pyroelectric 
current, etc.). We are likewise studying the ionic 
conductivity associated with the supposed presence of 
copper in the vdW gap at high temperatures. Local 
probe experiments (high-resolution NMR, vibrational 
spectroscopies) are envisioned t o  test the thermal hop- 
ping model of the copper distribution, as well as confirm 
the displacive nature of the indium offset in this 
compound. Finally, it is obvious from the present 
results that the dielectric properties of the related 
C U M P A  (X = S, Se) would be worthwhile investigat- 
ing. 
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