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Raman spectroscopy study of the ferrielectric-paraelectric transition in layered CulnBSy
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The dynamics of the ferrielectric-paraelectric transition in lamellar Ci8§#3 studied using Raman scat-
tering. Band assignments for this system are established by comparison with published vibrational spectros-
copy information on related chalcogenophosphates as well as with new data ¢B; 8BRein described.
Relaxational rather than resonant behavior is indicated by the temperature dependence of the spectral charac-
teristics, in agreement with the assumed order-disorder character of the transition. It is suggested that a
coupling between J&,; deformation modes and Cuibrations enables the copper hopping motions which lead
to the loss of polarity and the onset of ionic conductivity in this matef80163-182608)05334-X]

INTRODUCTION stability associated with thd'® electronic configuratioh’
The lamellar matrix absorbs the structural deformations via
Compounds containing ¢Rg)*~ anions =S or Se¢ the flexible BS; groups while restricting the cations to anti-
linked together by metal cations constitute a large familyparallel displacements which minimize the energy costs of
of solids— which exhibit a variety of interesting physical dipole ordering. In the paraelectric phagspace group
behaviors. The coordination preferences of different cation§2/c), the Cu probability density assumes a shape that is
are accommodated by the ability of the ethanelike grougwofold symmetric about the center of the octahedral £uS
to withstand variations in P-P and P-X bond lengths,3"0up and elongates along 'Fhe normal to the layer and into
thus leading to three-dimension@D) or layered structures. e |ntgrm()e:lllsar space. Earlier Raman spectros%@nd
While only a fewM,P,Xs (M =Sn, Pb, Eu, Srcompounds diffraction : .results on.CBPZSG'(B_ZCr, In) have.pomted
with a 3D morpholog§ are known to exist, the lamellar to a dynamic interpretation of this disorder. That is, the non-

chalcogenophosphates are numerous. With heterochar 8'6.“ phase is characterized by .thermgl hopping between the
substitution for divalentM in layered M,PXs (M inima of a double-well potential defined by thg &ge,

—Fe, Ni, Mn, Cd, Z), one can obtain phases such aSand betweer).one such minimum and an interlayer sitg. The
A'B'“’P)& (I-I,II) :':md, AL MY PX. (21-11), in which A phase transition thus occurs via a cooperative freezing of
2%6 2xV12—xT 226 ' 13 intersite motions which breaks the twofold symmetry. This

=Ag, Cu, B=V, Cr, In, Sc, andM =Mn, Cd, Zn- In the  transition has been shown to be most probably of the first-

layers of these materlalg, the metal cations and P-P paiirder, order-disorder typeAt T>T., evidence for ion mi-

occupy the octahedral voids defined by the chalcogen frameyration through the lattice has also been fotthd.

work. The A, B, andM of the I-lll and x=1 2I-Il phases In this paper we present Raman scattering data on

form zigzag chains or triangular motifs within the plane. In- CulnP,S; recorded at various temperatures as a first ap-

troduction of vacant octahedral sites into a layer bearing onlyroach to studying the dynamics of the ferrielectric-

one type of cation yields another variation to the layeredparaelectric transition. We take advantage of the availability

chalcogenophosphate  structdre;such is the case of of vibrational spectroscopy information on 3D and layered

Ini{}3P286 and SKP,S. chalcogenophosphates in identifying the observed bands.
Recently, we reported ordered dipole arrangements iWithin this context, initial Raman measurements on lamellar

lamellar CUB" P,S; (B=Cr, In).2-1°The latter is an unusual SnRS; are also described here. The presentation of the ex-

example of a collinear ferrielectric system and illustrates theperimental results is followed by a discussion of the symme-

general features of cooperative dipole effects within a lameltry analysis and band assignments for CyBP Finally, the

lar chalcogenophosphate. These are quite distinct from thosemperature dependence of the Raman spectral characteris-

found in 3D SpP,S;, which undergoes a second-order, dis-tics found in this material is interpreted in terms of thermally

placive paraelectric-ferroelectric transition at 337 K follow- activated processes responsible for the loss of polar order

ing a continuous thermal evolution of the'Suosition within  and the onset of ionic conductivity.

its sulfur coordination shelft CulnR,S; is ferrielectric atT

<T.=315(5) K(monoclinic space grouf;) as it contains EXPERIMENTAL METHODS

polar Cd and I sublattices shifted in antiparallel directions

relative to the midplane and exhibits a reversible spontane- Platelike crystals of CulnfS,  approximately

ous polarizatiorPs~3 uC cm 2 along the perpendicular to 5X6x0.2 mnt in size, were synthesized by solid state reac-

the layer. The cation off-centering, 1.6 A for Gand 0.2 A tion as previously describ€dA similarly prepared X2

for In'"", may be attributed to a second-order Jahn-Teller in-x0.1 mn? specimen of Snf%; was also used. Each
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FIG. 1. Raman scattering spectrum for CW8HIn theY(ZY)X
(bottom and Y(ZZ)X (middle) geometry and for S in the FIG. 2. Raman scattering spectra for Cu&Pin the Y(Z2)X
Y(Z22Z)X geometry(top). geometry at different temperatures: 1, 340 K; 2, 300 K; 3, 250 K; 4,

120 K.
CulnkSg sample was oriented such that theand b axes
coincided with the laboratorX andY axes, and the normal study, it would be sufficient to monitor the thermal evolution
to the layers ¢*) with the Z axis. For SnES;, theaandc  of the Y(ZZ)X spectrum (predominantly Z-polarized
coincided with theX andZ axes, respectively. The orthogo- modes$. The cation off-centering responsible for the sponta-
nal Y(ZZ)X light scattering configuration was used in most neous polarization in CulnBs occurs along the normal to
of the experiments. Polarized radiation from a He-Ne gaghe layers(laboratory Z axis). Moreover, a nondegenerate
laser with a 6328-A wavelength and power of about 30 mWsoft mode, if it exists, should be Raman active and fully
provided the excitation. The right angle scattering exitedsymmetric in the polar plane and would be of the tygein
across the face of the sample and was analyzed by a DFS-ZuUINR,S;. Figure 1 also shows the Raman spectrum for
two-grating spectrometer with a 2-cthspectral resolution. lamellar SHP,S; obtained in theY(ZZ)X geometry (A
The specimens were loaded under nitrogen vapor in anodesg. This will be useful in identifying the bands for
UTRECS cryostat. The sample temperature was controlle€ulnR.S; as discussed in the next section.
with 0.5 K accuracy. The Raman scattering spectra were nor- Figure 2 shows a series of spectra measured in the
malized relative to the intensity of the band at around 380Y(ZZ)X geometry for CulnkSg at various temperatures.
cm ! and analyzed via a decomposition into Lorentzian lineFewer lines can be distinguished in the paraelectric than in
shapes using the Jandel Scientific CorporatienkrIT pro-  the ferrielectric regime, as expected. More striking are ther-
gram. The susceptibilitieg” (w) were determined for a sub- mal changes in the widths and relative intensities found at
set of the spectra by taking into account the phonon thermdtequencies below 350 cnt. Measurements at several tem-
population. peratures were thus made for two narrower energy windows
where the changes are most pronounced: at <80
RESULTS <290cm? and 16<w<60cm ®. Representative spectra
are displayed in Figs. 3 and 4. The susceptibility(w) was
Polarized Raman spectra for Cub$® recorded between calculated for the spectra in the latter energy range to better
5 and 600 cm'® at room temperature in th#(ZZ)X and  depict the relative contributions of the low-energy phonons
Y(ZY)X geometries are displayed in Fig. 1. These spectrdFig. 4, righd. Lorentzian line shape fits were performed on
should reveal modes ok’ and A” symmetry, respectively the complete data set. The evolution of the spectral features
(see below. Some overlap of these different symmetry is summarized by plotting selected fit parameters versus tem-
bands, however, occurs because the samples used were quigrature(Fig. 5).
thin; depolarizing effects due to birefringence and optical In the higher-frequency range, the half widths at half
activity may likewise be present. For the purposes of thigmaximum of the bands at 240 and 280 ¢mexhibit an
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different temperatures: 1, 370 K; 2, 329 K; 3, 321 K; 4, 319 K, 5,
FIG. 3. Spectral lines within the energy range ggPdeforma- 316 K; 6, 311 K; 7, 306 K; 8, 299 K; 9, 95 K. The corresponding
tion modes in CulnpS; at various temperatures: 1, 370 K; 2, 329 susceptibility curves”(w) are also shown.
K; 3,319 K; 4, 311 K; 5, 306 K; 6, 299 K; 7, 95 K.
symmetry and exhibit the following internal modks:
anomalous change within the 305—-325 K interval. In particu-

lar, the half width of the 240-cm' peak increases smoothly Lint(P2Ss) = 3A14(R) + A+ 2A,,(IR) + 3E4(R)
from approximately 3 cmt at 95 K to 10 cm? at 300 K,
then rapidly to 13 cm’ just above 320 K, beyond which the +3E,(IR),

thermal change is less significant. Similar behavior is 0bynere R and IR designate the Raman- and infrared-active
served in the temperature dependence of the relative intensioges respectively. The internal vibrations may be divided
ties of these tl/\{o bands. In the low-energy range, peaks at 2g5 four groups, which will be referred to as the P-S, P-P,
33, and 43 cm- are clearly observed at 95(Rigs. 4and % g.p_g and S-P-P modes. Four P-S bond stretching vibrations
Thglmghest-ene_rgy band of this group shifts down to 34(1/) account forA;,+ Ay, + E, + E4 . The antiphase motions
cm™ " upon warming to 300 K, then to higher wave numbersq¢'ihe PS groups stretch the P-P bond and havg sym-
up to 330 K and back towards lower energies with furthermetry. S-P-S deformation modé§ which change the S-P-S
heating. Anomalous decreases in the wave numbers of t%gles give another set @, ,+A,,+E,+E,. The S-P-P

. . u u "
other two low-energy modes are likewise observed at 30%ending vibrations, i.e., the ?Jending of theg3R;ji§oups rela-
<T<325 K, but in no case is a shift to zero frequencytive to the P-P bond, account fd&,+E,. The A,, mode
found. A marked intensity redistribution among the threecorresponds to a twisting §8,)*" oscilla?ion.
low-energy bands occurs 3sis increased. Specifically, the The structure of CulnfS; in the ferrielectric phaséspace

intensities of the two lower-energy lines grow at the expen:s%rou : - ; ;
) pCc, point groupm) (Refs. 9 and 1Dis described with
of that at higher energy. A very weak band close 0 22Em o, tormula units in the unit cell and all atoms in general

also appears a>310 K (Fig. 4. The above observations qitiong ;). The primitive cell contains two formula units

are co_nsistent with the occurrence of a first-order phase tra'\?\?ithin a single layer. The irreducible representations of the
sition in CulnBSg between 305 and 325 K.

optical and acoustic vibrations are

SYMMETRY ANALYSIS AND BAND ASSIGNMENTS T opi=28A" + 204", T yoous=2A" +A",

The symmetry analysis of the vibrational modes ofwhere bothA’ andA” are Raman and infrared active. Here
CulnR,S; follows from correlating the symmetry group of the internal (BS)*~ modes split into 38 vibrations via a
the (BS)*~ anions and those of the cation sites with theresonance interaction between two anions per primitive cell.
point group of the crystal. Free §8&)%" anions haveD;y;  The external translations and librations of the anions account
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14 - The room temperature structure of'GPS; has been de-
. . scribed within the noncentrosymmetric grolg3 with all
12 - | @_ ; atoms inCj sites! The rhombohedral primitive cell contains
U o only one (BS,)*~ and one cation, and so the modes are

A Lop=8A+8E, TaeoustA+E,

where bothA and E are Raman and infrared active. The
internal anion modes are given by (P,Ss) =6A+6E. Of
the 3A+ 3E external modes, only 2+ 2E are optical.
CulnP,S; and S P,S; represent the extrema of the de-
gree to which the (JXg)*~ anion is described by the crystal
field within the chalcogenophosphate seri@éB"'P,Xq
—MJP,Xs—MVP,Xg. Splitting of the internal anion modes
r would be significant in the presence of two cation types, and
o least in SnESs. The next most symmetric case is that of
T o layered FgP,Se;, which has (BSe)*” in a C; site and one
(1) i formula unit per primitive cell, followed by F&,S; with
g (P,Se)*~ occupying aC,y, site!® Towards the other extreme,
o0 the 3D compound QrIPZSG in the paraelectric phagspace
o group P2,/c) has a primitive cell with two formula units
X and (RSy)*" in C; sites!! the internal anion modes are the
DU same as in paraelectric CufR. The external lattice vibra-
R g tions evolve likewise across the chalcogenophosphate series:
SnRSg has 4 optic external optic modes, while both
e p paraelectric SjP,S; and CulnBS; have 21.
— — : . — ! Detailed polarized Raman spectroscopy studidsmve
been conducted on $ﬁ256. The internal anion vibration
445 therein are known to occur between 160 and 600 trithe
- ... o) P-S valence vibrations appear in the 550—600 tinterval,
40 L ‘ the P-P stretching around 380 chn the S-P-S deformations
(1 in the 190—260 cm' region, and the S-P-P bending motions
) near 170 cm?. Internal modes of the same symmetry may
couple so that P-PP-§ modes may contribute to the 550—
600 cm* (380 cm'l) bands, for exampl¥ The external
32| S modes occur below 150 cm, the anion librations appearing
between 85 and 150 cmh and the cation translations be-
o8 | _ a i - tween 26 and 70 cnt. For the layered thiophosphaté®-18
: the internal and external modes are located in wave number
i Sa ranges analogous to those in 3D,BsS;. Since the (FSg)*~
group has more open basal triangles and a variety of possible
cation environments in the lamellar structure, the coupling of
T(K) same symmetry modes therein would differ from those in the

FIG. 5. Temperature dependence of the peak width or damping’DNC(isgt' all of the 28"

(I) and integrated intensitll) of spectral lines marked andb in
Fig. 3 and of the band frequenéll) of phonons marked, b, and
cin Fig. 4.
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+29A" Raman modes expected in
ferrielectric CulnBS; were observed. Twenty bands are
found in theY(ZZ)X spectrum and 21 in th¥(ZY)X (Fig.
1), some of which may be depolarized. It may be supposed
for 12A modes, the remaining modes being attributable tahat the most intense of these correspond to thég 14
cation motions. In the paraelectric phdspace grouiC2/c, + 168, of the paraelectric phase, the weaker bands originat-
point group 2),° the primitive cell still contains two for- ing from the 13\,(IR)+14B,(IR). Similar effect$' have
mula units. Cu and In are found in twofold-symmetric sitesbeen found in the case of $ﬁ286 The weak Raman activity
(C,), while P and S occupy general positions. The expectedf the A’ bands deriving fromA, and B, models is also
modes are consistent with the relatively small spontaneous polarization
in ferrielectric CulnBS;. The Y(Z2Z)X spectrum of SnfSg
contains 11 bands, i.e., more than th& gredicted by sym-
r A +9B metry analysis. The extra lines are most probably depolar-
acoust u u ized E modes.
The internal (BS;)*~ vibrations are given by Ay+9B, Despite the ambiguity imposed by the mentioned depolar-
+9A,+9B,,. There are 21 external optical modes of whichizing effects, band assignments may be established by cross-
2A4+4By+2A,+ 4B, are due to cation translations. referencing within the chalcogenophosphate family. For both

I'op= 14A4(R) + 16B4(R) + 13A,(IR) + 14B(IR),
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compounds studied here, the lines between 140 and 57@itice vibration and the Curanslational mode normal to the
cm ! may be ascribed to internal anion vibrations and thoseayer. Specifically, it was suggested that populating the ex-
at lower wave numbers to external modes. Theifiternal  cjted states for the 85 deformation modes enables a'Go
(P,Se)*” vibrations in SnbSs would then be the coupled pass through the basal triangle of a Gge and into the
v(P-S) andv(P-P) at 566 and 380 cm, the 5(5'[31'3 al  interlayer gap. With the bands at 60 and 45 ¢rassigned to
1_73’ 209, a”‘ilz_% cnt, and the&(S-P-p at_144_ cm- the T, vibrations of Cliwithin an intralayer and interlayer site,
line at 100 cr™ is most probably due ta anion librations and respectively, changes in the relative intensities would corre-

the weak band at 57 c to Sri" translations. Analogous Spond to aT-enhanced occupation of the latter. Because no

assignments may be made for the richer spectral features : .
CulnR,S,, with the 8(S-P-B and &S-P-S modes appearing sSimultaneous thermal evolution was detected in the 250—-350

at 140<w<340 cm 1. The new bands between 300 and 320(:rTrl range, it was SPPF’OSEd t_hat the popﬁgrpotential
cm ! and the multiple peaks in the 90—120 chmostly ~ d0€s not change significantly with warming.

anion librations and 20-70 cm! (cation translations The case of Culnf&é is related, but. different. !n thg av-
ranges arise in the presence of two cation types. This hs&'age structure, the Cions do not exist as “static” bime-
likewise been noticed in GuMY_ P,Ss (M=Mn, Cd) (Ref,  t@llic pairs as in CuMn,_,P,Ss, but singly occupy an ¢

18) where Cl—Cu pairs randomly substitute fok". In unit. Crystallographic results have shown that some copper
these I-Il compounds, greater copper content leads to an ijlo0PPiNg motions may already occur at 153<R<T, be-
tensity increase for the 300—320 chmodes and a decrease tween the off-center intralayer site and its twofold equiva-
for the band at 270 cit. These anion deformation modes €Nt @s well as between the intra- and interlayer sitesT At
are thus closely related to distortions within thecage oc-  'c: the copper ions assume a twofold-symmetric distribu-

cupied by Cl The lowest-frequency bands contain relative 10N OVer the various possible sites. There are thus two ther-
translationsT’ of the Cu. " and the center of mass of the Mally activated processes here, one which is responsible for

P,Ss anion, but it may be supposed that cation contribution§he loss of polarity and the ot_her_ which intﬁe;insifie_zs in the
dominate. Based on a comparison of Raman spectra f onpolar phase and precedes ionic conductivitin inter-

M ,P,S, and C@XMQ,XPZSG (M=Mn, Cd), the modes due ependence may be assumed between the excited states of

to CU in the latter were determined to appear at wave num:[hhoe PZI? ms??f(iuaﬁr;?(;ggoﬁ\f:r;qﬁﬁiggt?géhomﬂes\/ﬁ; T;grsne
bers lower than those for tHd' modes. Assuming that the ppINng. g |

| . _ . . _ _
T o o o e o CL 10 s e i of s il
bands belowaboveé 50 cmi ! may be assigned to €(in'"). ’ group 9

. ) . ith the slight downward off-centering of the P-P pair and
A mixed cation character for these lines may, however, no . .
be precluded. t,rvwe longer(shortey P-S distances and smallériggen, less

(more dispersed S-P-S angles in the upptower) PS
group. The S-P-P angles are also larger and more disparate in

DISCUSSION the upper than the lower pyramid. Up and down flipping of

It is clear from the preceding section that the thermaithe Cd dipole would then be accompanied by reversals of
evolution observed in th¥(ZZ)X spectra of CulngSg pri- these BSg strains. Furthermore, the dispersion in P-S bond
marily involves cation translation and,® deformation lengths was found to be greater in the paraelectric than in the
modes. None of the low-frequency cation vibrations mergederrielectric phase and much more so when a partial occupa-
with the excitation line ag approached’.; i.e., the phase tion could be refined for the interlayer site.
transition is not brought about by the condensation of a soft /A réasonable interpretation of tfiedependence observed
phonon. This is consistent not only with the expectation ofin Figs. 3—5 may be given by ascribing the low-frequency
an order-disorder rather than a displacive-type transition, bgands to Cltranslations. The line at 43 cm in the 95-K
also with the absence of tunneling with the supposed doublesPectrum would be due 8] vibrations in the favored, upper
well potential'® As deduced from crystallographic results on off-center site within the layer. Those at lower frequencies
CuBP,Ss (B=Cr, In), the transition in these materials is Most probably represerit, vibrations in other copper sites
triggered by an ordering of the Csublattice. In CulngS;, it~ or T,_, modes. The “softening” of the 43-cnt line within
then appears thaf-dependent positional shitfsof In'"' do  the ferrielectric regime reflects the anharmonicity of the po-
not constitute a displacive component and the transition dytential around the upper off-center site which allows minor-
namics would be relaxational. The changes in wave numbety occupation of the lower off-center site and some jumping
and relative intensities of the low-frequency bands might beout of the layer. The intensity redistribution among the low-
explained by a coupling between quasiharmonic oscillatorsfrequency lines and between theSp deformation bands at
i.e., the phonon at 28 and 33 ctinteracting with that at 43 220<w<280 cni?, as well as the damping of the latter at
cm L. A more intuitive explanation of the low-frequency T<T., may likewise be related to Ctopping motions in
behavior may, however, be given in terms of thermally acti-the polar phase. All anomalous changes observed between
vated cation motions. This latter appears plausible consideB05 and 325 KFig. 5) certainly have to do with the recovery
ing that the BS; deformation modes likewise undergo ther- of twofold symmetry via double-well hopping; this then
mal changes. feeds jumps into the interlayer gap to the extent that the

In Cu,,Mn,_,P,S;, an intensity redistribution among the excited states of the relevant3 deformation modes are
low-frequency Raman bands was also observed upopopulated. Shifts in the Curanslation mode frequencies at
heating'® This was modeled by assuming a thermally acti-305<T<325 K indicate modifications in the shape of the
vated process mediated by a nonlinear coupling between ian potential upon crossing the transition. The potential is
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defined by the sulfur environment, which in turn is deter-|axational rather than resonant response for CySgRand
mined by the PS; state at a giverT. Relative intensities in  agree with the hypothesis of dynamic disorder in the
the low-frequency spectrum then evolve according toTthe paraelectric phase. The evolution with temperature of the
dependent occupancies of the potential minima. Last, it isy(ZZ)X Raman spectra could be explained in terms of ther-
worth noting that the nondetection of thermal changes in thenally activated processes by a coupling betwes®; Befor-
P,Ss deformation bands in GuMn,_,P,Ss confirms that  mation modes and Cwibrations; these then effect the oc-
those observed here are related to the loss of polarity.  currence of the transition and ion transport in this system.
The mean amplitude of the cation vibrations in @eli-  Dielectric measurements are currently being carried out to
rection(c* axis) may be evaluated from theglJcomponent  further characterize these polarization mechanisms. A mod-
of the thermal factor obtained in the crystallographic sttftly. eling of the lattice dynamics is also envisioned to confirm the
At 153 K, (u3)Y¥2is 0.22 A for Cl in the off-center intra- assumed interaction between anion and cation modes. It is
layer site and 0.10 A for I; these rise to 0.35 and 0.14 A, clear that a comprehensive polarized Raman spectroscopy
respectively, at room temperature. The mean amplitude magtudy which allows identification of all theoretically pre-
also be estimated in the harmonic approximation fromifthe dicted vibrations would be essential to a more quantitative
frequency via the Cruickshank equatithiThus, for the band  description of the transition dynamics. We are currently try-
appearing at 40 cit at 153 K and 35 cm! at 300 K, one ing to prepare thicker samples which should make such an
gets 0.19 and 0.31 A, respectively. These values compai@avestigation possible. Other work in progress includes NMR
quite well with the those given by crystallography for off- spectroscopy experiments, total-energy pseudopotential cal-
center Cli The interpretation proposed above for fhele-  culations, and the detailed analysis of neutron scattering data
pendence of the Raman spectra is also consistent with recedin CulnBSs.
neutron scattering resuffson CulnBS;. Quasielastic scat-
tering indicative of hopping motions was observed Tat
>T,. and disappeared only well below the transition. More-
over, an inelastic peak which conceivably represents more V.B.C. and X.B. are grateful to C. Payen and P. F. Mc-
than one optical phonon was detected around 3.7 (&30  Millan for communicating preliminary Raman data and
cm 1), Because the neutron scattering cross section for inseminal ideas, V. Maisonneuve for providing some samples,
dium is relatively insignificant, these features are most likelyand A. Grzechnik for helpful comments. This work was sup-
attributable to copper ion dynamics. ported in part by Contract No. IC15-CT97-0712 with the
In closing, the results of the present work indicate a re-European Commission.
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