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Ferrielectric ordering in lamellar CuInP 2S6

V. Maisonneuve and V. B. Cajipe*
Institut des Mate´riaux de Nantes, CNRS UMR 6502, 2, rue de la Houssinie`re, B.P. 32229, 44322 Nantes Cedex 3, France

A. Simon, R. Von Der Muhll, and J. Ravez
Institut de Chimie de la Matie`re Condense´e de Bordeaux, Chaˆteau Brivazac, Avenue du Dr. A. Schweitzer, F-33600 Pessac, Franc

~Received 18 May 1997!

The lamellar compound CuInP2S6 is presented as an unusual example of a collinear, two-sublattice ferri-
electric system. Single-crystal x-ray diffraction is used to study the thermal evolution of the polar character of
its structure. The results are consistent with the occurrence of a first-order, order-disorder transition atTc

5315 K and provide indirect evidence for copper hopping motions. Estimates for the spontaneous polarization
are calculated at various temperatures from the atomic coordinates and found to agree well with dielectric
measurements. The example of CuInP2S6 suggests that cooperative dipole behavior may generally arise when
d10 cations~e.g., CuI and InIII ! susceptible to second-order Jahn-Teller distortions are embedded in a matrix of
restricted dimensionality.@S0163-1829~97!01238-1#
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I. INTRODUCTION

The occurrence of a ferroelectric phase is premised on
possibility of stabilizing atoms in off-center sites within
crystal at some temperature. Although over two hund
compounds exhibiting a reversible macroscopic polariza
have been identified and numerous experimental techniq
employed to investigate their attendant critical phenome1

the microscopic origin of this behavior remains unclear
most cases. Indeed, only in this decade have first-princi
calculations been applied to model the phase transitions
served in BaTiO3, the oldest of the well-studied ferroelectr
perovskite oxides.2,3 Odd-parity configurations are easily e
visioned in terms of low-energy motions perturbing the id
cubic perovskite structure. However, the essential role of
bridization between the Ti 3d and O 2p states in weakening
the short-range repulsions that inhibit long-range polar or
became apparent only after detailed calculations of the e
tronic density of states3 in BaTiO3 and PbTiO3. It thus
seemed worthwhile considering other systems in which
roelectricity might be more intuitively recognized as bei
electronically driven.

Recently, we reported ordered dipole arrangements in
layered materials CuIM IIIP2S6 ~M5Cr, In!.4,5 These thio-
phosphates consist of lamellae defined by a sulfur framew
in which the metal cations and P-P pairs fill the octahed
voids; within a layer, the Cu, M, and P-P form triangul
patterns~Fig. 1, top left!. The prospect of long-range dipol
order appearing within such a lattice was raised by the
servation of a smeared electronic density associated with
CuI ion in the paraelectric CuCrP2S6 phase (T.190 K)
~Refs. 6 and 7! as well as in the room-temperature~RT!
structure of the related compound CuVP2S6.

8 This density
extends along the normal to the layer and may be accou
for crystallographically by using three types of partia
filled sites with large thermal factors: an off-center and q
sitrigonal Cu1, an almost central or octahedral Cu2, an
third nearly tetrahedral Cu3 in the interlayer space~Fig. 1,
top right!. A twofold axis through the octahedral center a
560163-1829/97/56~17!/10860~9!/$10.00
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in the plane of the layer doubles the number of positions
CuS6 unit, the quasitrigonal Cu1 being predominantly occ
pied in both CuCrP2S6 and CuVP2S6 at RT ~monoclinic
space groupsC2/c andC2, respectively!.6,8 Such a distribu-
tion may be interpreted in terms of a static, positional dis
der. However, the existence of a stable, octahedrally coo
nated CuI is doubtful from a stereochemical viewpoint9

monovalent copper has a preference for low coordinat
that is attributable to a second-order Jahn-Teller coup
between the filled 3d10 manifold and empty 4s orbital.10–12

FIG. 1. Top left: Projection onto thea-b plane of the CuInP2S6

structure showing the triangular sublattices formed by the cop
and indium cations and the P-P pairs. Top right: A sulfur octahed
cage showing the various types of copper sites: the off-center C
the almost central Cu2, and Cu3 in the interlayer space. AT
.315, a twofold axis through the center doubles the number
sites per CuS6; two off-center sites become inequivalent when u
equally occupied atT,315 K. Bottom: Two layers of CuInP2S6

shown in the ferroelectric phase (T,315 K). The up ~down!
shifted CuI (InIII ) ions are represented by the larger black~white!
circles in the octahedra; the smaller white circles are theP. The
monoclinic lattice parameters at room temperature area
56.0956(4) Å, b510.5645 Å, c513.6230(9) Å, and b
5107.101(3)°.
10 860 © 1997 The American Physical Society
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56 10 861FERRIELECTRIC ORDERING IN LAMELLAR CuInP2S6
Cu2 should therefore not be considered an equilibrium s
A more likely cause of the density smearing would be
occurrence of large-amplitude, thermal hopping motions
the CuI ions between potential wells flanking the central si
and into the adjacent interlayer site at higher temperatu
Electronic density around the octahedral center would t
indicate a nonzero probability of finding the copper ion b
tween two equivalent Cu1 positions. Granting that occu
tion of an off-center site produces a local electric dipole m
ment, it may be said that at high enough temperature
given CuMP2S6 contains CuI dipoles that randomly flip be
tween an up and down state, yielding a macroscopically n
polar configuration. Ordering may then be conceived
terms of a cooperative freezing of these motions, with
breaking of the twofold symmetry and dipole correlatio
possibly locking in a net polarization.

In CuVP2S6 no such transition has been detected down
20 K.13 On the other hand, CuCrP2S6 exhibits an ordered
phase atT<150 K in which every layer contains alternatin
rows of up- and down-shifted CuI ~space groupPc!, i.e., a
dipole arrangement with a null net polarization.4 A polar
copper sublattice was observed in the third isomo
CuInP2S6: at RT, 90% of the CuI ions in this compound
occupy a site (Cu1u) shifted upward by 1.58 Å from the
midplane of the layer~noncentrosymmetric monoclinic spac
groupCc; see Fig. 1, bottom!.5 The InIII ions were likewise
found to be shifted but downward by only'0.2 Å from the
midplane, forming a second polar sublattice. Dipole order
in CuMP2S6 thus appears to derive from a conjunction of tw
effects: an off-centering instability associated with ad10

electronic configuration~3d10 CuI and 4d10 InIII !, and the
cations being constrained by the layered morphology to
dergo antiparallel displacements. The resultant arrangem
in CuInP2S6 is that of an uncompensated, two-dimension
ferrielectric.14 Because the CuI off centering is much greate
than that of InIII , a fairly large spontaneous polarizationPs
may be expected to appear normal to the layers. Prev
calorimetry and electric permittivity measurements
CuInP2S6 have indicated an anomaly atTC5315(5) K con-
sistent with the occurrence of a ferroelectric-paraelec
transition, i.e., Ps vanishing upon heating to thi
temperature.15

In this paper, we examine the thermal evolution of t
unusual ferrielectric structure of CuInP2S6 using single-
crystal x-ray diffraction. Cooling is found to enhance t
polarity of the copper and indium sublattices in the ferroel
tric phase, while warming aboveTC leads to its loss as th
CuI ions assume a twofold symmetric distribution over t
various copper sites and the InIII ions move to central octa
hedral positions. Temperature-dependent electron and p
ability densities provide indirect evidence for copper ho
ping motions in both the paraelectric and ferroelect
phases. The spontaneous polarizationPs was calculated from
the atomic coordinates and site occupations as a functio
temperature; concomitant strains in the structure were
monitored. These crystallographic results are discusse
relation with dielectric measurements as well as the proba
nature of the phase transition in this material. Finally,
suggest that cooperative dipole effects similar to those
served in CuInP2S6 may generally be created by embeddi
e.
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d10 cations susceptible to second-order Jahn-Teller dis
tions in a matrix of restricted dimensionality.

II. EXPERIMENTAL TECHNIQUES AND DATA ANALYSIS

Crystals of CuInP2S6 were prepared by solid state reactio
as previously described.5 The temperature-dependent x-ra
diffraction studies were carried out on the 0.0930.09
30.02 mm3 crystal used for the RT structural determinatio
Auxiliary physical measurements~see below! were made on
samples approximately 10 mm2 in area and 16mm thick.

Single-crystal x-ray-diffraction data were collected usi
either an Enraf-Nonius CAD4-Kappa or a Siemens 4-cir
diffractometer, each outfitted with a MoK2L2,3 x-ray tube
and a graphite monochromator (l50.71073 Å). The former
was equipped with a heated N2 gas blower regulated by a
commercial temperature controller for theT.298 K mea-
surements. The latter had a Siemens LT-2A low tempera
device mounted on thex circle with a nozzle directing a
stream of cold N2 gas over the crystal; the power delivered
heaters in the nozzle andLN2 reservoir was adjusted by
closed-loop circuit to control the temperature in theT
,298 K experiments. In both cases, the thermocouples w
located a few millimeters upstream of the crystal. To eva
ate the thermal gradient along the stream and obtain the
rect crystal temperature, prior temperature measurem
were made at different set points with a thermocouple fix
at the sample position. The temperature thus measured
an estimated uncertainty of and stability better than61 K.
Data were collected at seven temperatures~T5153, 243,
298, 305, 318, 353, and 393 K!. For T<353 K, reflection
intensities from half of the reciprocal space (k>0) were
recorded while omitting those systematically absent due
the C centering. TheT5243 K data set, for example, con
tained 4822 reflections; equivalent reflections were avera
after Lorentz-polarization and absorption corrections to yi
a set of 2179 independenthkl’s with I .3s(I ). In the T
5318 and 353 K data sets, Friedel pairs were averaged
lowing indications of centrosymmetry given by prelimina
analysis of the firstT.TC set. Data from a quarter of th
reciprocal space were recorded atT5393 K. TheseT.TC
data sets contained a smaller number of independent re
tions @e.g., 829 withI .3s(I ) for T5318 K#. Structural re-
finements were carried out using theMOLEN ~Ref. 16! and
PROMETHEUS~Ref. 17! suites of programs. The cell param
eters used were those obtained in a previous variable t
perature x-ray powder diffraction study.15 The recording and
refinement conditions are summarized in the auxilia
material.18

As mentioned above, electronic densities spread ove
relatively large volume may be modeled crystallographica
by distributing the atom over several ‘‘split’’ positions. Eac
position xi is assigned an occupancyci such thatS ici51.
The occupancy conservation condition may be relaxed w
a sum less than unity may be reasonably expected, e.g
fast ionic conductors. Not all positions used are necessa
equilibrium sites. Generally, a more physical representa
of the distribution is given by the probability of finding a
atom within a volume element. For an isolated atom or s
this probability, formally called the one-particle probabili



f a single
d/or in the

n
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FIG. 2. Thermal evolution of the different copper site occupancies and the corresponding probability density contours in CuInP2S6 ~see
text and Fig. 1, top right!. The crosses mark the refined positions, and the dashed lines indicate the upper and lower sulfur planes o
layer. Occupancies not adding up to 100% indicate the presence of diffuse electronic densities between the off-center sites an
interlayer space. The contours are given in Å23, the values for the lowest and highest displayed temperatures being 153 K, 25–75~50!,
75–775~100!, and 775–27 775~1000!; and 353 K, 40–100~30!, 100–800~100!, and 800–5800~1000!, where the intervals are inscribed i
parentheses.
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density function, is obtained as the Fourier transform of
temperature factors.17 Note that because the so-called te
perature factors may not exclusively be due to thermal vib
tions but could also reflect the existence of static~space-
averaged! or other dynamic ~time-averaged! types of
disorder, the alternative expression ‘‘atomic displacem
parameter’’~ADP! has recently appeared in the literature19

Generally, the ADP is anisotropic and described by a sy
metrical tensorU with six independent components; th
equivalent isotropic thermal factor is given by the express
Beq58p2 (1/3TrU). In the case of a distribution in which
the amplitudes of thermal motion become comparable w
the distances separating the sites, the intersite density ca
unambiguously be attributed to a particular position. T
probability would then be more correctly represented by
weighted sum of the Fourier transforms of the ADP of all t
contributing sites, i.e., a joint probability density functio
~JPDF!.17

Smeared electronic densities may also be described c
tallographically via a nonharmonic model, i.e., by introdu
ing terms of orders higher than two in the expansion for
ADP associated with afully occupied site. This would be
appropriate in cases where there is some ambiguity regar
the origin of the smearing, i.e., pronounced anharmonic m
tions ~single local maximum in the probability density!, or
the presence of static or dynamic disorder involving wea
resolved positions~two or more density maxima!. A Gram-
Charlier type expansion has been shown to be most suit
for such an analysis.19 The PROMETHEUSpackage was use
to discern possible nonharmonic effects within the CuInP2S6
structure as well as calculate the probability densities for
CuI and InIII ions.

To support the structural results, electrical character
tion supplementing previously reported dielectric data14 were
sought by measuring the ferroelectric hysteresis loop at
and the pyroelectric coefficient atT,315 K. The former was
done using a Sawyer-Tower type circuit and the latter b
thermal depolarization method.

III. RESULTS

As in the earlier room-temperature structural study,5 the
first stages of the refinement of the various data sets c
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sisted of finding the indium, sulfur, and phosphorous po
tions using Patterson, Fourier, and difference Fourier ma
The structural refinement for theT,TC (5315 K) and ini-
tially for the 318-K data was carried out within the mon
clinic space-groupCc. In each case, the overall features
the known layered framework and triangular indium subl
tice were found to be conserved. A new difference Four
map could then be calculated to locate the copper atom.
electron densities gave clear indications of the degree of
larity of the copper sublattice at the various temperatur
For T,315 K, the densities were dominated by a maximu
around the upper off-center site Cu1u. At 318 K, density
maxima of equal height were detected at the upper and lo
off-center sites, implying the existence of a twofold ax
through the center of the CuS6 octahedral unit, parallel to the
b axis. The structural models forT.315 K were then refined
within the nonpolar space groupC2/c. In other words, it was
assumed that the ferroelectric-paraelectric phase trans
occurs with the space symmetry changeCc ~point groupm!
to C2/c ~point group 2!. The final stages of the structur
refinement essentially determined how best to account
the copper electronic densities in terms of the occupancie
the different possible copper positions Cu1, Cu2, and C
~Fig. 1, top right!. The smaller off-center displacement fo
InIII was disclosed by comparing itsz coordinate with that of
the center of the S6 octahedral cage through which the lay
midplane passes~at z50.25 in the paraelectric phase!. For
the most part, the use of anisotropic harmonic ADP for
the atoms was found to be sufficient. The cell paramet
atomic positions, and ADP at various temperatures are gi
in the auxiliary material.18 Figure 2 displays the copper sit
occupancies and the corresponding probability den
contours17 obtained as a function of temperature.

At 153 K, the Cu1u position located 1.55 Å above th
layer midplane is 100% filled. Refining the occupancy d
not lead to any significant deviation from unity. The copp
sublattice may thus be said to be completely polar at
temperature, with the CuI undergoing harmonic vibration
within its off-center site.

Upon heating, the Cu1u occupancy decreases to 94% a
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56 10 863FERRIELECTRIC ORDERING IN LAMELLAR CuInP2S6
90% at 243 and 298 K, respectively, and to 85% at 305
just below the transition. Simultaneously, the Cu1d site starts
to fill. At 243 K, only a residual electronic density could b
associated with this lower off-center site but its occupat
could be refined at 298 and 305 K. The copper site occup
cies do not add up to 100% at these temperatures. This is
surprising since electronic densities too weak and diffuse
be modeled by additional positions were detected in the
tersite and interlayer regions. Such observations imply
hopping motions between the Cu1u potential minimum and
the probably shallower one at Cu1d, as well as between a
intra- and interlayer site, already occur in the ferroelec
phase. The existence of reversely polar domains may h
ever not be excluded.

Above TC5315 K, the Cu1u and Cu1d sites become
equivalent~Cu1!, i.e., the structure becomes centrosymm
ric with the appearance of a twofold axis through the oc
hedral center. The site occupancies in this temperature
gime are taken twice and summed to obtain the to
distribution. Cu1 fills to slightly less than 50% at 318 K, th
copper ‘‘deficit’’ here being associated with diffuse ele
tronic densities indicative of thermal hopping. At 353 K, t
Cu1 occupancy decreases to 33% and the Cu2 and Cu3
start to fill, presumably as more energy becomes availa
for the hopping motions. Cu2, located an appreciable 1.2
from the octahedral center, was refined as being 12% o
pied and having rather large ADP’s (Beq'12 Å2). This
leads to a very flat central region in the JPDF, which
consistent with the unlikeliness of a statically stable and
tahedrally coordinated CuI. The Cu3 site in the interlaye
space is only 5% filled but appears as a distinguishable m
mum in the JPDF. Overall, the copper probability density
353 K is markedly anisotropic: its elongation perpendicu
to the layer and the presence of maxima at the Cu1 and
positions are consistent with the occurrence of Cu1-Cu1
Cu1-Cu3 type jumps. A three-copper-site model was li
wise applied to data recorded at 393 K, with Cu1/Cu2/C
occupancies of 43%/3%/3%, the Cu2 position being close
the octahedral center and the Cu3 located more deeply in
interlayer space.18 These model parameters and the obser
tion of residual electronic densities between layers are s
gestive of increased Cu1-Cu3-type hopping at this hig
temperature. CuI migration along the normal to the laye
inferred from the above has been confirmed by ionic cond
tivity measurements on this compound in the paraelec
phase.20

The polarity of the indium sublattice also evolves wi
temperature: the InIII downward displacement decreases fro
0.24 Å at 153 K to 0.18 Å at 305 K and vanishes atT
.315 K. No residual electronic densities indicative of u
shifted InIII , i.e., the presence of reversely polar doma
were found after refinement of theT,315 K data. On the
other hand, residues of up to'2e2/Å 2 were observed
around the indium position in the difference Fourier ma
obtained after theT.315 K data refinements. This sugges
that the off-centering instability for InIII is already present in
the paraelectric phase. Analyses including fourth-order t
sors in the InIII ADP’s were performed on the variousT
.315 K data sets. Only that for the 393 K data provided
improvement over the purely harmonic model based on
flatness of the difference Fourier map and application of
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Hamilton test.21 Small probability densities in the off-cente
regions were thus disclosed as shown in Fig. 3. Examina
of the P2S6 group shows that it is not centrosymmetric eith
at T,315 K. The P-P pair shifts below the layer midplane
the ferroelectric phase but by only 0.01 Å atT5305 K and
0.03 Å at 153 K.

An estimate for the spontaneous polarizationPs may be
calculated from the atomic coordinates and site occupat
at a given temperature using the simple expression

Ps5
1

2V
~S iZiD i !,

whereV is the unit-cell volume,Zi are the effective charges
and D i the atomic displacement vectors required to reve
Ps . The presence of covalent P-P and P-S bonds in CuInP2S6
precludes assumption of point charges in the calculation.
ethanelike P2S6 entity may however be treated as a rigid io
This has been demonstrated in the case of Sn2P2S6 where the
lattice dynamics could be satisfactorily modeled with
short-range potential dominated by Sn-S interactions and
P2S6 taken as an undeformable vibrational unit.22 The model
parameters therein were varied to best fit experimental
man frequencies and gave effective charges of Sn1.21, P0.61

and S0.6, i.e., (P2S6)
2.42. Such charges do not directly corre

spond to the chemical properties of the compound but
more representative of the bonding than the formal valen
Accordingly, a22.4e charge may be assumed in place
P2S6 in CuInP2S6. Electrical neutrality and proportionality to
the chemical valences would then require effective catio
charges of Cu0.61 and In1.81.

In theT,315 K CuInP2S6 structures, reversal may be e
fected via a twofold rotation about an axis in the layer m
plane, parallel tob and running through the centers of the6
octahedral.6 This is done most simply by first translating th
origin of the monoclinic coordinate system of the structu
refinements18 such that this rotation axis, rather than the i
dium cation, is located atz50.25. With (x,y,z) denoting the
atomic positions in the translated coordinate system, the
sitions in the 2Ps structure would be (2x,y,2z11/2).
Since D i5(2x,0,2z21/2), the polarization generally lie

FIG. 3. The fourth-order deformation density map for InIII at
393 K which gives the difference between the probability densi
obtained with a nonharmonic and harmonic expansion for the t
mal factor. Note the positive~negative! densities in the'0.6 Å
off-center~near-center! regions. Contours are drawn at25210 and
2660 Å23, 2660 to 260 Å23 every 200 ~dashed lines!,
26– 176 Å23 every 50~solid lines!.
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10 864 56V. MAISONNEUVE et al.
within thea-c plane. Within experimental error,Ps is found
to be perpendicular to the layer~pseudopolarc* axis! and is
more conveniently described within a Cartesian coordin
system @via the transformationsa5ai and c5c(cosbi
1sinbk)#.

The thermal evolution ofPs (Ps'Psk) calculated from
the crystallographic results is depicted in Fig. 4~a!. The con-
tributions from the constituent ions are also shown. Less t
7% of Ps at any temperature could be attributed to the P2S6
anions so that the behavior of CuInP2S6 should approximate
that of a collinear, two sublattice~CuI and InIII ! ferrielectric.
These curves are reasonably consistent with a first-o
transition occurring around 315 K.15 Cooling belowTC en-
hances the polarity of each sublattice down to 153 K;
uncompensated dipole moment however does not appe
grow beyond the value attained at 243 K. A givenPs may
conceivably be obtained from different sets of CuI and InIII

contributions, the variation presumably originating in t
relative occupancies of the Cu1u and Cu1d sites. In particu-
lar, it is possible that the dipole configuration immediate
following ~preceding! the loss~appearance! of twofold sym-
metry is not unique and the resultantPs close toTC may
have some thermal history dependence. The slight broa
ing of the « r8 and tand extrema at the transition and the
mally hysteretic shape for the« r8 anomaly noted in earlie
dielectric measurements5 may be explained by such beha
ior.

FIG. 4. ~a! PolarizationPs and sublattice contributionsPs(CuI),
Ps(In

III ), andPs(P2S6) calculated from crystallographic results o
CuInP2S6 at variousT; 1 marks the measured RT value.~b! Satu-
rated RT hysteresis loop for CuInP2S6 and the measuredPs andEc

values; a 100 kV cm21 electric field at 50 Hz was applied perpe
dicular to the layers of a platelike crystal sample.
te

n

er

e
to

n-

A value of 3.01(4)mC cm22 for Ps in CuInP2S6 at RT is
predicted in Fig. 4~a!. This quantity was measured by obtai
ing a saturated dielectric hysteresis loop using a cry
sample. Figure 4~b! displays theD versusE trace (D5«0E
1P) which demonstrates the reversibility of the spontane
polarization and yieldsPs52.55mC cm22, fairly close to
the calculated value, and 77 kV cm21 for the coercive elec-
tric field Ec . The loop is symmetric and rectangular, th
remanent polarization practically equaling the spontane
value and the coercive field being well defined. This sugge
an intimate coupling between the CuI and InIII sublattices
which causes them to reorient simultaneously. Also, reve
nucleation apparently does not occur before complete re
sal of the applied field. This is probably because domain
this compound would tend to form perpendicular to rath
than within the layers, i.e., domain walls appear in the int
layer space, and the sample used was fairly thi
('16mm). Last, Fig. 4~a! shows that the spontaneous p
larization changes very rapidly belowTC , i.e.,dPs /dT may
be expected to be quite large in this temperature range
deed, initial results of pyroelectric measurements yielde
pyroelectric coefficient of 13 nC cm22/K at 265 K for
CuInP2S6.

Other aspects of the CuInP2S6 structure that change with
the polar character of the cation sublattices are worth con
ering. Figure 5~a! and 5~b! display the average Cu1-S dis
tance and S-S bond length in the upper and lower triangle
the CuS6 units as a function of temperature. Cu1-S and S
values in the centrosymmetric phase are smaller as expe
because of the averaging over the upper and lowerS3 tri-
angles which swell~contract! when the associated off-cente
copper site is filled~empty! as hopping occurs betwee
equivalent Cu1. Upon crossing into the ferroelectric pha
the Cu1-S distance increases and the S-S curve forks fol
ing the preponderant filling of the Cu1u site. Note that the
empty lowerS3 triangle shrinks more than the occupied u
per one expands. The asymmetry and distortion of the I6
group evolve with temperature in the converse manner
shown in Fig. 5~c! and 5~d!. Concomitant changes in th
P2S6 entity are illustrated in Fig. 5~e!. A T-enhanced disper
sion of the P-S distances~larger difference between max
mum and minimum values! is observed in the paraelectri
phase, while length variations associated with the inequ
lence of the upper and lower PS3 appear belowTC . In addi-
tion, both PS3 groups undergo concerted clockwise twists
T,315 K along with counter twists of the InS6 basal tri-
angles~Fig. 6!. No significantT dependence of the P-P dis
tance was detected.

On the basis of the above results, an explanation may
given for the thermal variation of the cell parameters o
served in a previous study and partly reproduced in Figs. 7~a!
and 7~b!. Figure 7~c! plots the layer thickness and width o
the interlamellar space, the components of thec parameter,
as a function of temperature. Between 153 and 243 K,
layer thickness is constant so that thec parameter increase
with warming is due solely to an expansion of the interlam
lar gap. At 243,T,310 K the layer becomes thicker pre
sumably as the CuI starts to hop between the Cu1u and Cu1d

sites and the probability density around Cu1u extends into
the gap. The gap expansion is thus enhanced by the parti
occasional filling of the Cu3 site. Upon heating above 315
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the appearance of the twofold axis does not incur sud
change. However, as the symmetric intracage hopping
tions and CuI excursions into the interlamellar space beco
more frequent, both the gap width and the layer thickn

FIG. 5. Thermal variation of~a! the average S-S and~b! Cu1-S
distance in a CuS6 unit; ~c! the average S-S and~d! In-S distance in
a InS6 unit; and~e! the maximum and minimum P-S distance with
P2S6. TheT dependence of the average P-S distance is also sh
by the dashed curve in~e!. Forked curves illustrate the inequiva
lence of upper and lower basal triangles of all units belowTC .
n
o-
e
s

increase in the 315,T,353 K range. Between 353 and 39
K, the thickness exhibits no change so thec-parameter ther-
mal variation there once again reflects only the gap exp
sion.

The a and b parameters undergo normal increases w
temperature in the 153,T,253 K andT.353 K regimes.
As TC is approached from below, botha and b increase
following changes in the basal CuS6 and InS6 triangles, par-
ticularly the release of strains in the lowerS3 group of the
copper octahedron. The sulfur framework also relaxes
the b parameter lengthens slightly as the twists of the P3

and InS6 basal triangles decrease with heating. In additi
CuI hopping motions have nonzero components along tha
axis and probably contribute to thea parameter increase with
heating. The larger dispersion of the P-S bond lengths in
315,T,353 K range may also lead to an increase inb.

IV. DISCUSSION

The present study gives a fairly detailed description
how the ferroelectric-paraelectric transition in CuInP2S6 tran-
spires, verifying thus the key role played by the CuI ion and
the principally order-disorder character of the phase trans
mation. The loss of twofold symmetry with cooling belo
TC is shown to be a single-step event, consistent with
expectation of a first-order transition.15 Information about the
dynamics of this system may be gleaned from the static
ture given by diffraction. Aside from furnishing indirect ev
dence forT-dependent copper hopping motions, the cryst
lographic results indicate how these might couple with
indium displacement and (P2S6) deformations. The nature o
such processes in the polar, critical, and nonpolar regime
the subject of our ongoing neutron scattering, vibratio
spectroscopy, and NMR experiments. Additional measu
ments of some thermodynamic properties~e.g., dielectric,
pyroelectric! are also being carried out. Of particular intere
would be an experimentally determinedPs5Ps(T) curve
which may be compared with Fig. 4~a! and should make it

n

FIG. 6. A layer of CuInP2S6 at 153 K showing opposed twists o
P2S6 and InS6 basal triangles; the relative orientations of the
groups at 393 K are shown as a reference.
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10 866 56V. MAISONNEUVE et al.
possible to describe a Landau type model for the transitio
the ferrielectric phase.

Strictly speaking, CuInP2S6 at T,TC does not have a
polar symmetry axis~classm! and the atomic shifts require
to reverse the polarization occur in thea-c plane. The elec-
tric dipole moments associated with the off-centered cati
however align with the normal to the layer (c* ), yielding a
uniaxial configuration. The saturatedPs calculated for
CuInP2S6 ~'3.5mC cm22 at 153 K! is smaller than those
found in the uniaxial oxygen-octahedra ferroelectr
(11– 71mC cm22).23 This is of course because the dipol
all have the same sense in the latter while CuInP2S6 contains
two sets of oppositely directed electric dipoles. On the ot
hand,Ps in CuInP2S6 is larger than those in materials th
have traditionally been referred to as ferrielectrics, nota
ammonium sulfate24 which has a compensation temperatu
Collinear ferrielectric cation sublattices yielding a relative
large polarization (.0.1mC cm22) are indeed rather rare

FIG. 7. ~a! and~b!: Cell parametersa, b, c and the volumeV as
a function of temperature~Ref. 15!. A weak T dependence was
found for the angleb @107.13~2!, 107.09~2!, and 107.12~3!° for T
5153, 305, and 393 K, respectively# ~Ref. 18!. ~c! Thermal varia-
tion of the layer thickness and interlayer gap width.
to

s

r

y
.

We have found one other example, that of the rare-ea
manganites1 RMnO3 ~R5Y, Yb, Er, Ho, Tm, Lu! which
have a likewise planar array of opposite and unequalRIII

dipoles and aPs of about 2.5mC cm22.
Some generalities regarding the origin of the ferrielect

structure of CuInP2S6 merit closer examination. As men
tioned earlier, the CuI preference for quasitrigonal over oc
tahedral coordination in this compound may be ascribed
second-order Jahn-Teller effect:10–12 the off-centering nor-
mal to the layer may be viewed as a distortion allowing
mixing of the 3d10 manifold and 4s orbital which are sepa-
rated by a mere'2.7 eV.25 The causal relation betwee
4s/3d coupling and an off-center CuI displacement has bee
established theoretically for the zinc-blende semiconduc
CuCl for which a symmetry lowering transition wa
predicted.12 We are currently performing electronic ban
structure calculations to confirm this hypothesis f
CuInP2S6. Electric dipole ordering due to a pseudo Jah
Teller coupling of nearly degenerate electronic levels h
long been known to occur in zircons26 of the Kramers ion
DyIII . That a similar mechanism causes ferroelectricity
BaTiO3 is in fact a decades-old suggestion27 which has ef-
fectively been borne out by the demonstrated importance
Ti 3d and O 2p hybridization therein.3 Other octahedrally
coordinatedd0 transition metal ions may also undergo ou
of-center distortions attributable to a second-order Ja
Teller coupling. It has, however, been shown via an inve

FIG. 8. Possible ferrielectric patterns within aAIM IIIP2S6 layer.
Up ~down! shifted d10 ions are represented by black~white! sym-
bols. In a and b, basic triangular~A, M 8, P-P! networks are as-
sumed.~a! A ‘‘striped’’ phase with only oned10 ion. ~b! Phase with
d10 A ~circle! andM ~triangle! ions conserving the triangular motif
this is also possible inMPS3 for a d10 M II ion. In ~c! and~d! A, M ,
and P-P form zigzag chains.~c! Phase with antiferroelectric intra
chain interactions: two possible interchain couplings are shown.~d!
Phase with~anti!ferroelectric~inter!intrachain interactions.
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gation of a variety of oxide structures that these distortio
are not purely electronically driven but derive from a com
bination of electronic, structural, and Coulomb effects28

Quite generally then, it may be said that closed-shell cati
~d0 andd10! may off-center because of a second-order Ja
Teller instability; whether or not ferroelectric order ensu
may depend on the detailed characteristics of the host st
ture.

It is clear from the example of CuInP2S6 that electric di-
pole moments may be associated withd10 cations trapped in
a high coordination environment created by the anion int
stices of a solid. The dipole strength would depend on
extent of the second-order Jahn-Teller instability, i.e., d
crease with increasing interconfigurational ener
difference,25 as illustrated by the CuI and InIII moments in
CuInP2S6. Cooperative behavior may be envisioned in term
of dipole-dipole correlations developing with a freezing
randomd10 cation motions, or ordering of their random po
sitions. If the dipoles are part of and orthogonal to a plane
chain, the appearance of long-range order would involve
tiparallel displacements which minimize the electrostatic a
elastic energy costs of ordering, as demonstrated by the
temperature CuMP2S6 ~M5Cr, In! phases.

Two-dimensional ferrielectric geometries are inherent
all the d10-cation-bearing M IIPS3 and AIM IIIP2S6
compounds.6,8,10,29,30We note that the presence of flexib
polyhedral entities like P2S6 appears to favor off centering
Figure 8~a! and 8~b! display the dipole arrangements foun
in CuCrP2S6 at T,150 K and CuInP2S6 at T,315 K. The
first has onlyAI moments~non-d10 M III ! and assumes a
striped appearance; the second retains the triangular m
ns
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via an antidisplacement of theAI and M III ions, both as-
sumed to bed10. A compensated version of this latter con
figuration exists in Hg2P2S6 and Hg2P2Se6 at RT ~Ref. 28!
along with an approximately tetrahedral HgII (5d10) coordi-
nation. More recently, the CdII (4d10) in Cd2P2S6 were found
to order atT,228 K in a similar antipolar manner.30 For AgI

(4d10) and M5V or Cr, we know that the cations are dis
posed in zigzag patterns.10 Figure 8~c! and 8~d! illustrate the
possibilities for this geometry with AgI moving off center. It
would be interesting to determine if the inter-zigzag d
tances in these compounds are too large to authorize lo
range ordering and lead to ‘‘glassy’’ dipole states instead

The recipe suggestions of Fig. 8 may be expanded int
broader strategy to access new ferroelectric, dipole glass,
antiferroelectric phases. An obvious first step would be
construct layer or chain structures by surrounding CuI with
ethanelike~e.g., Si2Cl6! or tetrahedral~e.g., PS4! entities, or
reinvestigate already known compounds with such structu
characteristics. The example of the natural mine
chalcocite31 (Cu2S), which is ferroelectric, however demon
strates that a polyhedral building block is not essential
dipole ordering. Nevertheless, it appears that incorporat
d10 cations into systems with anionic polyhedra and anis
tropic morphologies would lead to a variety of cooperati
dipole phenomena owing to energetically favored ferriele
tric configurations therein.
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