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Brillouin-scattering studies of ferroelectric [ NH3(CH5)|sBi»Cl;;
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High-resolution Brillouin spectroscopy was used to investigate the elastic properfidsigiCHs) 1sBi,Cly;.
The temperature dependences of nine phonon modes propagating in the difgd@@ng010], [001], [110],
[101], and[011] were obtained in the temperature range from 120 to 330 K. Strong correlations were found
with the electric polarization mode which exhibits anomalous behavior at 307 and 170 K. A theoretical
explanation of the experimental observations was given in terms of Landau-type free energy expansion for two
inequivalent sublattices. Discussion was provided regarding the possible types of couplings between strain
tensor components and spontaneous polarization.
[S0163-182608)07345-1

I. INTRODUCTION dered. In Ref. 10 Lefebvre, Carpentier, and Jakubas dis-
cussed the evolution of the probability for the two-site posi-

[NH5(CHy)]sBi»Cl;, (MAPCB) belongs to the family of tion model to describe the contribution of different types of
alkyammonium halogenoantimonai@ll) and bismuthate cations to spontaneous polarization just bel@y~=307 K
() crystals showing an interesting sequence of phasa@nd around an inflection point at*~170 K. Moreover,
transitions: At 307 K, MAPCB undergoes a ferroelectric these authors suggest the existence of a monoclinic phase
Continuous phase transition from the prototype phﬂm belOW 250 K. Th|S Suggest|0n IS based on the reSUItS Of a f|t
(space groufPcab to the ferroelectrionm2 phase(space
group Pca2,). This transition has been extensively studied
using a few different methods® The dielectric dispersicn
and Raman-scattering studiemdicate the order-disorder
mechanism of this phase transformation. Another phase tran-
sition manifested by a nonlinear increase of spontaneous po-
larization at about 170 K was detected in pyroelectric
measurementsand thermal properties studiéghe appear-
ance of an excess polarization was accompanied by a non-
linear decrease of dielectric permittivity and an excess peak
in the specific heat with a shape different from the changes
observed at 307 K. Temperature dependences of the dielec-
tric constants: 33, spontaneous polarizatid?y, and specific
heatC, of MAPCB are schematically drawn in Fig. 1.

The mechanism of the phase transitions in MAPCB was
suggested on the basis of structural studies of the motion of
methylammonium cation$'° In the high-temperature phase
(mmm two cations are ordered while the other three are
disordered. The observed disorder consists of two equilib-
rium positions for each site between which the cation can FIG. 1. Schematic diagram of temperature changes of spontane-
jump. In the ferroelectric phase one methylammonium catiorous polarization, dielectric constant and specific heat of MAPCB
becomes ordered whereas the remaining two are still disokrystals.
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of their structural data to the space grd@p,. The obtained of entropy and specific heat. We believe we have accom-

results indicate a spontaneous increase of the monoclinicitplished the above objectives.

angle below 250 K. However, the temperature dependence of

the cell parameters does not show the critical behavior at this Il. EXPERIMENTAL PROCEDURE

temperature range. The postulated phase diafraffows

the existence of the ferroelastic phase below 250 K.
Ferroelectrics which undergo an order-disorder phas

transition show a steplike change of the sound velocity in th

vicinity of T.. If additionally there exists an acoustic mode

Single crystals of MAPCB were growhin the reaction
of (BiO),CO; with CH3;NH,CI in concentrated HCI. The syn-
fhesized compound was purified by repeated crystallizations.
TColorless and transparent crystals were obtained in the form
of orthorhombic prisms. The temperature dependence of

’ P P y (p=2.28 g/cni at 300 K. Samples with four different ori-

gﬁkzactnc information at frequencies in the range 10_15entations were prepared to study the Brillouin scattering

Elastic properties of MAPCB crystals have been studie rom the phonon modes propagating in six directidd€0]

using the ultrasonic technique in the temperature range 280—010]’ [001], [110), [101], and[011]. The typical size of the

. , ' 22" samples was 8 3X4 mnt.
340 K covering only the main ferroelectric phase transition S . . :
o . L The Brillouin spectrometer has been described in detail
at 307 K. All sound velocities, measured in the principal

SOUHE "~ . elsewheré? The incident light, polarized perpendicularly to
crystallographic directions, showed critical slowing down at h . I ided b bilized sinal
T.=307 K. It was found that the anomalous partsiof ,, t edscatterlng pzilne, \évaﬁ pro;n ed yz?) zt)a ”Z,? S"lg €
and Avsz are proportional to IN{—T,) in the high- mode argon-ion lase(Coherent series 202(perating a

temperature phase. Such changes could indicate that bo 14.5 nm. The scat.tered light was analyzed at 90 with the
dipole-dipole interactions and the short-range potential consc. of a piezoelectrically scanned triple-pass Fabry-Perot in-
tribute to the ferroelastic phase transition in MAPCB terferometerBurleigh RC-110 with the free spectral ranges
. 12 : of 16.12, 18.27, and 22.40 GHz. The spectra were accumu-
In a recent paper Mielcarekt al.~ reported results of

. . ! ; . lated with a photon-counting data acquisition and stabiliza-
piezoelectric studies of MAPCB crystals. The p|ezoelectr|ction system(DAS-1, Burleigh.

properties of this material measured in the kHz frequency Sound velocities) were deduced from the measured fre-
range were found to be highly correlated with spontaneouauency shiftsA » using the Brillouin equation

polarization. Piezoelectric modull;;, ds,, and ds; were
found to be strongly temperature dependent, especially v=AAp(n*+nZ—2n;n, cos®) 12 (2.1
aroundT* =170 K. The reverse elastic compliance coeffi-
cients 6;7) %, (Syy) 1, and S;3) ! were also found to be where is the wavelength of the incident light; andng are
strongly temperature dependent while no elastic softeninghe refractive indices for the incident and scattered light, re-
was detected. spectively, and® is the scattering angle®(=90°). The val-
The suggestion regarding the possible ferroelastic naturdes of the refractive indices of MAPCB were taken from
of this material requires experimental verification as theRef. 14. The Brillouin-scattering experiments were per-
monoclinic symmetry of the crystal observed below 250 K isformed in the temperature range from 130 to 340 K using the
a necessary condition for the ferroelastic phase transforma&ryostat described in a previous papefhe temperature of
tion. The sufficient conditions for this transformation 4t¢  the sample was controlled with a stability &0.03 K.
the presence of an elastic domain structure observable in
polarized light and switchable by external mechanical stress, Ill. EXPERIMENTAL RESULTS
E]Ze)osupsogtnasne(iogfstﬁgf(;rr:g?etlc;r; cr)r]: ;25&%23 ll?g(')%e t?\:asg ggttli i Thg elastic stiffpess tensor of both paraelectri_c and_ ferro-
lated transformation of themm2Fm type, and(3) the pres- electric phase point groupmmmand mn2 contains nine
ence of a soft acoustic phonon manifested as thélependent componen(sy, C22, C33, Casa: Css, Cess Ca2,
disappearance of one of the diagonal transverse elastic cofit3: and cyy). The spund vgloc!tles of the three.acoustlc
stants(in the case considered this would involggy). waves propagating in the directighcan be determined from

At present, no satisfactory theoretical model exists whichthe .SOI_Ut'On of the equation of ”_‘qu?” which is given be the
would comprehensively describe changes4in the physica\fan'Shmg of the secular determinant
properties of the material studied. Struketval.” proposed a N 28 [
Landau free energy expansion to the eighth power with re- [Cija i pv 0 =0, 3.1
spect to spontaneous polarizati®y in order to determine Wwherec;;, are elastic stiffness tensor componenfsgy di-
basic thermodynamic parameters, in particular the temperaection cosines ofQ, and p is the density of the crystal.
ture changes in the specific he@. In view of the above, Following Ref. 22, Table | presents expressiongof as a
the studies presented in this paper were undertakef@to function of the elastic constants for the orthorhombic system
determine elastic properties of the MAPCB crystal in a broador different geometries. Nine of the twelve modes listed in
range of temperatures including its phase transitions at 30Table | have been observed in our experiment. It was evident
and 170 K,(b) verify the hypothesis regarding the presencefrom the obtained plots oA »(T) that each of the observed
of the ferroelastic phase of this material below 250 K, emdd modes was affected by the ferroelectric transition at 307 K.
propose a consistent theoretical model to explain the temBased on the behavior of thg; mode, apart fronT, two
perature changes of the order parameter and their effect additional characteristic temperatures can be distinguished,
the crystal’s elastic properties, and temperature dependenciaamely, 200 and 170 K. At about @K a sudden increase of
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TABLE I. pv? as a function of the elastic constants of orthornombic MAPCB following Ref. 22.

Phonon modes elastic constants or their combinations

(100 Y1 L iy
Y2 T, Ce6
V3 T, Css

(010 Va L %2
Vs T, Caa
Y6 T, Ces

(o01] Y7 L %Cas
Vs Ty Css
Y9 T, Caq

[110 Y10 QL BH{C11+ Copt 2Ce6+ [ (Cop— C1) 2+ 4 (Crot Co9) 21H2
Y11 QT aH{C11+ Copt 2C66— [ (Coo— C1) 2+ 4(Crot Co9) 21H2
Y12 QT; 5(Caa™+ Cs9)

[110 Y13 QL B Can+ Cagt 2C44+ [ (Ca3— C20) 2+ 4(Coat €40 213
Y14 QT 2{Cant Cagt 2C45— [ (Caz— C20)°+ 4(Cozt+ Caa)*1M3
Y15 QT, 3(Cs5+ Ceo)

[107] Y16 QL a{C11+ Cagt 2Cs5+ [ (Ca3— C10) >+ 4(CratCs9) 2]H3
Y17 QT a{C11+ Cagt 2Cs5— [ (Ca3— C10) >+ 4(Cyat Cs9) 2]H3
Y18 QT, 3(Caa™t Coo)

4ndicates which modes have been observed in the present experiment.

the Brillouin frequency shift was observed. Thé&w re-  simple tensorial relations between the strain components and
mained constant and at 170 K started to grow with a disspontaneous polarizatid®;. The ferroelectric phase transi-
tinctly higher slope. Similar changes were observed for thegion mmm-mn2 is related to the vanishing of the mirror
quasitransverse modeg, and y,, propagating in th¢110]| planem at 307 K. This causes the onset of spontaneous po-
and[011] directions. Such behavior indicates strong interacdarization P; along thez axis and, of course, the crystal
tions of the elastic waves with the order parameter in a widdbecomes piezoelectrically active. For the ferroelectric point
temperature range coverifig at 307 K andT* at about 170  groupmm2, the piezoelectric tensat;; contains five non-

K. zero components, namelgtg,;, dzoo, dzzz, di13, anddasoss.

The results obtained foA »(T) allowed us to calculate Combining two equations: the first one describing the piezo-
the temperature dependences of all the elastic stiffness corefectric effectP;=d;; Sjx with Hooke’s law o j= Cjximéim
ponents of MAPCB(see Fig. 2 The influence of the ferro- one can easily find those elastic constants affected by the
electric phase transition on the elastic constapsc,,, and  temperature changes &%;. In our caseP;#0 andP,=P,

Cz3 is similar to that observed using the ultrasonic =0, so the coupling piezoelectric moduli atg;, d;,,, and
techniquet® We have observed a change in the slope ofds,;. Hence, only the diagonal components of the strain ten-
c14(T) at T, and a steplike change oky(T). The only dif-  sore;;, €5, andezz may be coupled t®, via a linear term
ference has been found for the, elastic constant. From the in P which limits the number of the linearly affected elastic
ultrasonic studies it appears ttb shows a decrease at 307 constants to the following sixc;;, C,s, Ca3, Cq2, C13, and

K and then goes gradually down with a lowering tempera-,;. However, a biquadratic coupling between strain tensor
ture. We found from the Brillouin experiment that a small components and polarization may also be present as we dis-
dip of c,, takes place afl, with an anomalous lowering cuss at the end of Sec. I{éee Table | The latter effect
below the room temperature. At about 280 K, the temperaappears to be responsible for the anomaly indhgempera-
ture behavior ofc,, becomes “normal” and its value in- ture dependence.

creases on cooling the sample. In order to illustrate the elas- Let us now examine the temperature dependences of those
tic dispersion of MAPCB crystal, in Fig.(2) we present the elastic constants of MAPCB not measured using the ultra-
temperature dependences of reverse elastic compliéﬁdes sonic or piezoelectric method, namely,, Css, Cgg, C12,

as calculated from the piezoelectric data presented in Re€;3, andc,;. For the pure transverse elastic constants the
12. It is evident that the highest elastic anisotropy was foundreatest anomaly was found fog,. It shows a 4% steplike
along thez axis [please examinec(j—S}l) in different di-  change from the value of 0.2010%° at 330 K and then
rections for comparisdn Such changes indicate soft lattice grows very fast to reach the value of 0:980'° Nm~?2 at
properties in the spontaneous polarization direction and ar&#30 K. Thecss elastic constant shows a change in slope at
in agreement with the mechanism of the ferroelectric phas807 K whereasgg was found to be unaffected by the ferro-
transition as proposed in the structural investigations of Refslectric phase transition within the accuracy of our experi-
9 and 10. ment. The strong temperature dependence ofciheslastic

In order to describe the temperature changes of the rezonstant is reflected in the temperature behaviar,gfvhich
maining elastic constants of MAPCB let us first examineshows an anomalous peak &.. Similar temperature



14 264 B. MROZ et al. PRB 58

(a) 3

3.0
-
<
g
O
o~ 25 5
5 2 |
o =2 P
S 20 g T, (II~11D)
o ¥
5 & P}
n 15 17} 1]
5 2
2 )
o s
2 10 g
g g
11 [v2]
0 : 1 : j J :
0.5 : s
120 150 180 210 240 270 300 330 0 50 100 150 200 250 300 350
Temperature (K)
Temperature (K)
(b) -
15 , . : FIG. 3. Temperature dependence of spontaneous polarization of

MAPCSB, following Ref. 7.

voted to developing a coupling mechanism with elastic de-
grees of freedom.

A. Electric polarization

The theoretical analysis of the electric polarization will be
based on the experimental plot of the total spontaneous po-
larizationPg as a function of temperatufie This is shown in
L Fig. 3, following Ref. 7. It is noteworthy that{C— P9)/P?

120 150 180 210 240 270 300 33 =P9/PY~3} as can be clearly seen in Fig. 3 &=0K.
Temperature {K) Combining this with the information that the compound has
two sublattices, it indicates that the pIe§(T) above reflects
(c) , , . , : : two distinct order-disorder transitions, each of which affects
a single sublattice.

1.50 Following Ref. 9 we interpret the sequence of phase tran-
sitions exhibited in the temperature range studied as the
Crs gradual ordering of the methylammonium (@¥H3) cat-
ions which possess a permanent dipole moment. Lefebvre,
1.00 - Carpentier, and Jakubbargued that three of the five methy-
lammonium cations are still disordered at 349 K while at 294
K only two of them are disordered. Hence the transition at
C23 307 K involves the ordering of one sublattice and the one at
0.50 - 170 K another sublattice, both of which are composed of
L different sets of methylammonium ions. The plot of polar-

— ‘ ! e : ization in Fig. 3 strongly indicates that the dipole moment

120 150 180 210 240 270 300 330 . 0: . . .
Temperature (K) per sitep; in the sublattice thaf[ order_s at 307 K is twice as
large as the one for the sublattice which orders at 17p3§,

FIG. 2. Elastic constants of MAPCB versus temperatug: We assume that the number (())f sitebs in each sublattice is the
Ci1, Cap, andcss compared to the respective reverse elastic com-Sa@Mme, i.e.N; =N, and hence;=2p;. _ _
pliancesS;* as found from piezoelectric measuremerts, 4, que latter situation resultslln an effective “spm” variable
Css, andcgg, and(c) Cy,, Cq3, andcy,s. p3=73 for the second sublattice anf=1 for the first sub-

lattice so that the ground state degeneracy in each sublattice
changes have been reported for another ferroelectric conis gi=2p°+1; i=1,2 and an equal occupation of the sublat-
pound, i.e.,(NH,),ZnCl,.*"*® The c,, and c5 elastic con- tices. The concept of an effective spin arsing from either one

Elastic constant (10'° Nm?)

0.0 L 1 . 1 1 !

2
Elastic constant (10'° Nm™)
[¢]
N

stants show small anomalies B{. or two ordering dipole moments is shown in Fig. 4. For
modelling purposes, we adopt this ansatz and carry out a
V. THE THEORETICAL MODEL requisite analysis which in the end, demonstrates a reassur-

ing amount of consistency with experimental data as will be
We intend to develop a phenomenological Landau-basediscussed later in the paper. However, the issue of the precise
model in two stages. The first stage will be concerned onlynature of the dipole sublattices requires further experimental
with electric polarization while the second one will be de- determination.
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Our starting point is a free energy expansion for the po-
larization degrees of freedom. We postulate that the two sub-
lattices interact albeit weakly, and hence FIG. 5. Reduced entrog§ kgN as a function of polarization per

site for effective spiné and 1.

Reduced polarization per site

F=F1(P1)+F2(P2)+F15(P1,P2), (4.1 where|p,|<1 andkg is the Boltzmann constant. The plot of
entropy as a function of polarization in both cases is shown
in Fig. 5.

Finally, the coupling between the two sublattices has been
chosen in the simplest possible form, i.e., as a bilinear term

where the free energy per lattice site is given by

Fi(P) A B
N~z (T-Topi+ 2 pi-TSip) 42

N
and applies to the first sublattice. Here, we have denoted F1dP1,P2)= 5 yPiPa. (4.9
p;=P;/N; and the maximum polarization per silptl) ) ] .
—PY/N; is normalized to unity consistently with the as- Note thaty<<0 is required to obtain a correct effect of sub-

sumption about two ions per site undergoing a simultaneoul@ttice 1 on sublattice 2. Figureg#® shows what happens to

ordering transition, andr, is the expansion temperature (€ total polarization,

close to 307 K. Similarly, P=P,+P,=N;p;+Nypy, 47
b as a function of temperature wher-0, while Fig. 6b) ap-

0304 Ta), (43 Pesite sl ol s e poeril

] . sen to be in the Landau form, i.e.,
whereT, is the second expansion temperature close to the

transition temperature at 170 K and the maximum polariza- Ay , Ay,

tion per site in the second sublattipg=P%/N, is normal- U(p)== p™+ 4 p~ (4.8

ized to3 consistently with the assumption about only one ion

per site being ordered. Consequently, the entropy formulaslere,A;=a(T—T,), whereTo=T, or T for p=p; or p,,

for the effective spin variables, andp, are(see Ref. 19 for respectively, is the “bareTi.e., with no sublattice coupling
rigorous derivation for the effective spirg case, critical temperature, or expansion temperature, of each sub-
lattice treated separatelgee Fig. 7. This yields classical
critical exponents, in particulai3=3. We have found

Fi(P2)  a(T-T,)
N, 2

S, \/1+ 2p; \/1—2p2 1+2p, B~0.518 for our model parameters while the experiment
k_B:m 1-2p, VNi+2p,| |P2 In 1-2p,) |’ gives 8=0.49+0.03, which is fairly consistent.
(4.4 Subsequently, we carry out a free energy minimization
' procedure(assuming thalN;=N,=N/2), i.e., solve the fol-
where|p,|<3 and, for spin 1, lowing two coupled algebraic equations:
JF . _0S
S [ 3p3+(2— \/4—3p"{)2] 0= R =A(T-=Typ1+Bp;—T ap, T P2 (4.9
—=lIn
ke | pi-(2-V4-3p))’ and
L pain p1+2-V4-3p] 5 JIF s IS
1 p1—2+\/4—3p% ' . O_&_[)z_a(T_TZ)p2+bp2_T &—pz‘l"ypl. (41@
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and y=-0.1, respectively. a5 4

h le of . id . lue f h FIG. 7. Plots of(a) U(P) versusT, (b) log P versus log(
The role of entropy is to provide a saturation value or each 1 oy ieriment, andc) log P versus log{—T,)—theory.
sublattice polarization. Wheif<<T; but T=T,, the first
S”hk_)l?]tt_'ce acts as_an@exterﬁal field on thel s?cor|1d_sul_alatt|qﬁhich prevents polarization per sifg from exceeding the
}N 'g |stsett;n n F|g.((j 1 In t .? precursor tail of polarization -, ayimum allowed valuepio, which would be unphysical. It
eaFlr;?h c;m ersevcvonh \r/anS| ;onl. ted the fr e can be concluded, therefore, that the entropy term plays a
funcE[Jioneof tgrﬁ, ethu?@seeec?:icu g] ande th(::eeﬁtro gas;\saa twofold role: (i) it gives the saturation value to the polariza-

: P 9- & ropy tion variablesP?=N;p? (i=1,2), (ii) it renormalizes the free
function of temperatur&(T) [see Fig. )] and finally the . . . . .

energy expansion coefficients including the transition tem-

excess specific he@Fig. 8(c)] which closely resembles ex- peratures
. . 20 .
perimental plotgFig. 8(d), see Iwataet al™ and Strukov The latter statement will allow us to carry out an approxi-

et al?. .
In order to make contact with earlier models we first nOtetmhgrrot?li?crjogrecjdeurreg:/hri)r?niclii's?irig?e(sm are replaced by
that close to the transition temperatfer small polarization poly
valueg the entropy can be expanded in a power series ac- ~
3 Py P P 0=A(T-To)py+Bp+ ypyt- - 4.13

cording to
and

(4.11) 0=A(T—T*)p,+bps+yp,+:-- . (4.14

S 0 9 2
—= ) —F———Dp t+
ko MPHD T ol P
Here, we have introduced dressed expansion coefficients
wherepio= 1 or 3 depending on the choice of the sublattice

i= i i ~ 9
i=1,2, respectively. On the other hand, close to saturation y Sy > K and F=a+ 1k 4.15

we have

based on the approximation in E@t.11). Simultaneously,
i~ _0_| DI _0_| | (4.12 the actual transition temperatures are expressed in terms of
i~ (i IpiDIn(pi—|pil) : .
B the Landau expansion temperatuiigsand T, as
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() = whereE= yp! is an effective field due to the first sublattice.
x This explains the characteristic long tail behavior of the sec-
g ond sublattice’s polarizatiofsee Fig. 9.
5?_ 0 Finally, in the intermediate range of temperatures we
G must use a more accurate approach. We solvgE3 for
o ° p, in terms ofp; and substitute into Eq4.14 or alterna-
™~ tively into the free energy formula to obtain an effectiup
o o - 00" () to the eighth ordgrexpansion:
Feff: Aeﬁpi_" Beﬁp‘11+ Ceﬁp§+ Deffp?! (4'19)
xor/—'—_‘_—
(d) < where one finds the renormalized coefficients in terms of
?E> - model parameters as
% o A a(T—T*)AYT—T,)2
o Ag=— 5 (T—To)+ “—, (4.20
o 3 eff 2 c 2,)/
.t > T K)
0“0 " 130 150 170 190 210 ( 3 a(T_T* )‘A'Z(T_TC)B b ‘A'4(T_TC)4
Bef=— 7 B+ +— ,
FIG. 8. Plots of(a) the scaled free enerdyn arbitrary unit$ as eff 4 72 4 4
a function of absolute temperatufb) the entropyS(T), and(c) the (4.21
specific heaC(T)—theory as compared to the experimental plots
(. a(T-T*)B? bA¥T-T,)°B
eff =52 + 3 ; (4.22
A Y Y
Te=— T nd T"=———T,. (4.1
¢ A+(9/2)k 1 @ d a+12k 2 ( 6) 3 b"AZ(T_T )ZB
Det=—5+ 35— (4.23

Note first that forT<T;, p,~0 and hence we end up
with standard mean-field behavior fpi, i.e.,

A(T—T)
B

py(T)==* (4.17

with its attendant mean-field exponent @t0.5. For T

Y
Note that Iwatzet al?° gave a similar expansion in their Eq.

(1) and stated thatin our notation

Bei>0, Co<0, Doi>0.
(4.24

Furthermore Strukoet al? listed numerical values of three

Aei=a(T—To),

<T*, on the other handy; = p9= const and the equation of ©Of these parameters, i.e.,

state forp, is identical in form to the one for a prototype _ .
second order phase transition in the presence of an external 2Aeit/ (T—T)=8.3X10°VM/C, (4.29
field, namely,

4Bo=3.4x 102y m°/C3, (4.26

AT-T*)p,+bp3~E, (418  and
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TABLE II. A summary of the experimental results for the elas- (a) (b)
tic coefficients and theoretical modellingt) and (—) refer to the
sign of the coupling term used in the model free energy. Ac Ac
Elastic constants of MAPCB
around characteristic temperatures
Type of coupling  p, around p, around p; around
term used 170 K 200 K 307 K T
1A T T
€’P(+)? Cs5.:Ce6 C11:C22,C13 Ci1
€P(—) C12,C23
6P(+) C22,C33,C12 (C) (d)
€P(-) C23,C13 AC AC
€°P?(+) C11,C33,C44
€P?(—) C12,C23
@Applies to the changes presented in Fig. 10.
— 9/~5
6Cqf=3.3x10vm%/C5, (4.2 v = 5 T

We are therefore, in qualitative agreement with earlier theo-

retical models attempting to explain the effect under consid-

eration.

B. Elastic degrees of freedom

FIG. 10. Schematic plots of the increments of the elastic coef-
ficients (in arbitrary unitg Ac due to four different types of cou-
pling between polarization and strain componef@sAF = 8Pe,

(b) AF=9yP?¢, (c) AF=6P€?, and(d) AF = ue?P?.

We now come to the issue of how polarization couplesto two critical regimes{a) close to 307 K andb) close to
with elastic degrees of freedom. Based on Rehwald'’s revievt 70 K. A summary of our measurements of the elastic coef-
paper;* we can distinguish three general types of couplingficients with the postulated forms &fF is given in Table II.

terms between polarizatidd and elastic strairg as follows.

Note that in addition to the standard coupling terrR,

Case(a). The lowest order contribution to the free energy Pe?, and eP? we have also included the biquadratic cou-
is AF=BPe, leading to a change of the elastic coefficientpling case(d) where the lowest order contributions to the

given by

Ac=B%2a(T,—T) for T<T, (4.28

and

Ac=p%a(T-T,) for T>T.. (4.29

In our case, evidence for this type of coupling can be seen i
the temperature dependences of the elastic coefficegats

Cs3, C12, Co3, andcy3 around 307 K and it involvep, in
this interaction.

Case(b). The lowest order contribution to the free energy
is AF = yP?¢, leading to a discontinuous jump in the elastic

coefficient

Ac=v?I2a,. (4.30

free energy is chosen asF = €?P? in order to account for
the vicinity of T*=170 K and, in particular, for the anoma-
lous behavior ofcy, but alsoc;, C33, Ca4, C12, @andcyg to
some degree. The shapes &€ in the three case&)—(c)
discussed by Rehwaitlas well as casé&l) mentioned above
are shown in Fig. 10. Clearly, P=Py(T—T.)?, then in the
gase(d) of Fig. 10 we postulate\c=2uP§(T—T)? for
T<T,, and with3=1 we obtain the required linear relation-
ship with T. Once again good qualitative agreement between
experiment and theoretical modeling is found.

V. CONCLUSIONS

The results presented above lead to the following conclu-
sions. The data regarding the elastic properties of MAPCB
crystals, obtained by the Brillouin-scattering method, indi-

This type of coupling does not seem to be present in the casgye their strong correlation with the order paramétgi a

studied in this paper.

wide temperature range, including the region around and be-

Case(c). The lowest order contribution to the free energy |5 T* =170 K. No softening of acoustic phonons was ob-
is AF =8P e” which results in a change of the elastic coef-geryed in the vicinity of 250 K where the existence of a

ficient proportional to the order parameter’'s mean vdRje
ie.,

Ac=28(P). (4.30)

This type of coupling appears to invol® and affectcss
and cgg around 170 K,cq5, Cy3, C11, Cop, andc,5 around

200 K and, finallyc,; around 307 K via the involvement of

P1-

ferroelastic phase was postulated. The proposed theoretical
description based on the assumption about the existence of
two sublattices with different values of the effective dielec-
tric polarization “spin variables’(p3=% andp?=1, respec-
tively) provides an internally consistent and a qualitatively
correct model explaining changes in the polarization, as well
as thermal and elastic properties of the material studied. The
agreement of our experimental data with the proposed theo-

In analyzing our experimental situation we must accountetical description allows one to assume that over a broad
separately for coupling to both sublattices and, consequentlyemperature range the polarization of the first sublattice acts
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as an effective external field=yN,p? for the second sub- that atT* the transition exhibited does not introduce a sym-
lattice. Admittedly, this is at present only a simplifying the- metry change.
oretical hypothesis and it requires experimental verification
before it can be endorsed without qualifications.

There are still some unanswered questions, especially
with respect to the nature of the piezoelectric coupling terms This research was supported by grants from NSERC
as shown in Table Il. Clearly, the form of, at T, does not (Canada awarded to H.K., M.J.C., and J.A.T. One of the
agree with the symmetry of the crystal which is centrosym-authors(B.M.) wishes to thank the Spanish Ministry of Edu-
metric aboveT.. The remaining coupling terms appear to cation and Culture for supporting him with a sabbatical grant
agree with symmetry requirements but we must keep in mindNo. SAB95-0460.
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