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With the use of a statistical Green’s-function technique and at the suggestion of Ishibashi [J.
Phys. Soc. Jpn. 49, 613 (1980)] the two-sublattice pseudospin-phonon-coupled-mode (PLCM)
model has been extended, for the first time, to explain the isostructural phase transitions in
SnCl, - 2H,0 and its partially deuterated forms. The expressions for the transition temperature
(T¢), Curie-Weiss constant (C), dielectric constant (e), and renormalized phonon spectrum
have been derived and fitted with the available experimental data, and a single set of model
parameters has been obtained. The experimental values of € (for the pure salt) and the isotope
dependences of T have been found to agree well with our calculated values. Using Ishibashi’s
formula and the calculated parameters of our model a symmetrical thermal behavior (around
Tc) of heat capacity has also been predicted. Our present model can explain simultaneously the
thermal behavior of both dielectric constant and heat capacity which is, however, not possible
with the well-known dimer model. The exponents of the ‘‘staggered polarization’ obtained
from our calculations are found to be 0.41 for T < T and 0.40 for T > T,. These values agree
well with those obtained from recent neutron-diffraction results by Youngblood and Kjems
[Phys. Rev. B 20, 3792 (1979)]. The two-sublattice pseudospin model may, therefore, be con-
sidered as a unified model applicable for Rochelle salt, KH,PO,, SnCl, - 2H,0, and similar other
H-bonded salts with suitable modifications. This also suggests the unified character of the

PLCM model.

I. INTRODUCTION

Stannous chloride dihydrate (or SnCl, - 2H,0
hereafter abbreviated as SCD) undergoes a peculiar
isostructural and order-disorder type of phase transi-
tion! at about —57 °C (from space group P2y, to
P2y;.). This uncommon behavior has drawn particu-
lar attention for the study of static and dynamic prop-
erties of the phase transition in this crystal. The
complete crystal structure of this salt was first deter-
mined by Kiriyama er al.2 by x-ray structural analysis.
Recently neutron-diffraction studies>* have also been
made and the existence of identical space group in
both the phases has been confirmed. The cell param-
eters at room temperature are a =9.313, 5 =7.250,
c=8.970 13;, and B8=114.91° with four formula units
contained in the unit cell (z =4) which does not
change after transition.?

The anomalous heat capacity of this salt in-
creases>® symmetrically from both sides of the transi-
tion point indicating a two-dimensional (2D) charac-
ter of the transition. The first-order and order-
disorder nature of phase transition in this hydrogen-
bonded crystal having alternating layers of SnCl, and
H,0 molecules have also been pointed out from oth-
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er experimental results like dielectric,'"” NMR,!"7
neutron diffraction,>* and Raman and Brillouin
scattering measurements.®° This order-disorder tran-
sition in SCD is associated with the ordering of the
protonic positions in 2D layers of water molecules!-?
(Fig. 1). The hydrogen atoms are disordered over
nonequivalent sites (Fig. 1) as in the case' of

e H O Typel
oo ® Type I

FIG. 1. The hydrogen-bond network (Refs. 1 and 2) in
SI'IC]z . 2H20
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(NH4),CuCls-2H,0. There are two types of water
molecules in the layers. One of them is connected
with Sn(II) ion and the other is a water of crystalliza-
tion. Each of the water molecules is hydrogen bond-
ed to three others of a different type in the same
layer parallel to the (100) plane.""? The isotope shift
of T¢ is, however, small in SCD compared to other
H-bonded ferroelectrics and antiferroelectrics like
KH,PO,4, NH4H,PO,, etc. But the ratio TR/T#
=1.076 is of the same order of magnitude!' as those
of a group of H-bonded ferro- and antiferroelectrics
such as Cu(HCOO), - 4H,0, K4Fe(CN)¢ - 3H,0, tri-
glycinesulfate (TGS), triglycine selenate (TGSe), and
Rochelle salt. It is interesting to note here that un-
like KH,PO,4 and many other similar crystals men-
tioned above, the transition is no longer first order in
fully deuterated SCD (denoted hereafter by DSCD).
This is another remarkable feature of the phase tran-
sition in SCD. However, the isotope shift of 7T¢
(from —57 to —39°C)"'! as well as the change of the
behavior of phase transition on deuteration are defin-
itely an indication of the importance of H bond in the
transition mechanism.'?

The dimer model which has been proposed so
far'314 explains the symmetrical increase of specific
heat above and below the transition point, and the
temperature dependence of proton site occupancy
may not be perfect as also pointed out by Ishibashi, "
Youngblood, and Kjems.* It is difficult with this
model to explain the disappearance of the transition
at a finite temperature and at a finite pressure as well
as the existence of a gas-liquid-type critical point
which has been suggested by Gesi and Ozawa.'®
Furthermore, the layered Ising model of Salinas and
Nagle!* is essentially a model for showing antifer-
roelectric transition accompanied by a change of sym-
metry which is in contrast of the case of SCD. The
large protonic conductivity in the low-temperature
phase of SCD is probably incompatible with ferro- or
antiferroelectricity.” No theory has ever been
developed to explain the thermal behavior of dielec-
tric constants.* The isotope dependence of transition
temperature has also not been predicted from any of
the theoretical models considered so far.!> 14

In the present paper, following Ishibashi® the lat-
tice of the SCD crystal has been divided into two
sublattices with polarizations carried by two sublat-
tices as p; and p,. Since in a unit cell belonging to
the space group P2;,. the four molecules contained
are arranged in such a way (Fig. 1) that the total di-
pole moment is zero in any direction, the polariza-
tions p; and p; are considered to cancel out each oth-
er at all temperatures. This behavior is similar to
that of Rochelle salt (RS)!7!® where two paraelectric
phases are separated by a ferroelectric phase. It has
also been observed that under some special cir-
cumstances'? (in presence of K, NHy, etc., as impuri-
ties) the ferroelectric region disappears and RS shows

only one transition. Therefore, in this case the situa-
tion becomes equivalent to that of SCD crystal. Thus
the behavior of RS and SCD might have some com-
mon characteristics which was also pointed out by
Ishibashi.'> No evidence of antiferroelectricity in the
low-temperature phase has been detected®® in SCD.

The sublattice polarizations are, however, con-
sidered to have a nonzero value even in the high-
temperature phase and to jump to another nonzero
value at the transition point as in the case of RS.
Therefore, it might be profitable to search for a uni-
fied model for studying phase transtions in both RS
and SCD crystals. Using a two sublattice pseudospin
Hamiltonian similar to that used in case of RS, the
expressions for transition temperature T¢, Curie con-
stant C, and dielectric constant € have been derived
and fitted with the respective experimental results of
SCD. Since the lattice contribution to the heat capa-
city seems to be important?! for SCD showing a
Debye-type relaxation mode, we also consider the
pseudospin-phonon interaction term along with the
Hamiltonian. The above Hamiltonian has also been
used for the mixed crystals, viz.,

SnCl; - (H,0),(D,0),_, and the numerical values of
Tc, and C have been calculated for different values
of deuteration concentration x which have finally
been compared with the experimental data of Tc.
The experimental values of C are not available for
the deuterated system. Following the results of Ishi-
bashi,!® the symmetrical behavior of the heat-capacity
curve around the transition point has also been indi-
cated from our calculations.

The organization of the present paper is as follows:
In Sec. II the two-sublattice pseudospin lattice cou-
pled Hamiltonian suitable for the present system has
been written. Expressions for the transition tempera-
ture, ‘‘staggered polarization’’ and the dielectric con-
stant have been derived in Sec. III. Section IV deals
with the results of our calculations and discussion
wherein it has been shown that the two sublattice
model suggested by Ishibashi'® might be applicable
for explaining the isostructural transition in SCD. Fi-
nally, the paper ends with a conclusion (Sec. V)
showing a unified behavior of Rochelle salt and stan-
nous chloride.

It should be pointed out here that the detailed
method of our calculations with statistical Green’s
function theory has already been discussed in our
earlier paper'®22=2* (hereafter referred td as I).

II. MODEL HAMILTONIAN

For our analysis we shall first consider the Hamil-
tonian for the coupled proton-deuteron-lattice system
which is written in the usual pseudospin formalism?
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as
H=H;+H, , 0))
where
Hy=— 3 2085 -2uE 3 (Si)
ia=1,2 ia=1,2
—|' 3 JyShSi, + KyShSh| . (1a)
sl 2

1
Hy== 3 VigSiQq+5 3 (PgP g +05070-5)
iq q

a=1,2

+ 3
T Ty Ty Ty

(1b)
Equation (1) represents the explicit form of the two-
sublattice pseudospin lattice coupled Hamiltonian.
The first term in (1a) describes the tunneling of pro-
tons and ) is the tunneling frequency. The second
term describes the interaction of the dipoles with the
external electric field and w is the magnitude of the
dipole moment. The last term of (1a) describes the
interaction between the dipoles belonging to the same
(~J;) and to the different sublattices (—~Kj;). The
indices a(=1 and 2) denote the two sublattices and
the summation over i and j runs from 1 to N/2
(where N is the number of dipoles per unit volume
of the crystal). It is assumed that J; =0, J; =J;; and
Ki=0, K;=Kj;. V5 represents the spin-lattice in-
teraction. Q, and P, are, respectively, the normal
coordinates and conjugate momenta. A4 (q) defines
the fourth-order anharmonicity constant as defined
earlier.?2 The third-order anharmonicity is considered
by the renormalization®® of 4 (@) in the usual way
(Ref. 1). Since a Debye-type relaxation® mode seems
to be associated with H,O molecule reorientation in
SCD, the anharmonic effect should be important.
Furthermore, it is also pointed out from Raman stud-
ies®? that the anharmonic effect in SCD is likely to
result in multipotential minima with different heights
(similar to the case of Rochelle salt'”"!8). The small
tunneling motion among these potential minima is
assumed to give rise to a unique soft mode of a reso-
nance type though the proton tunneling causes the
lattice modes to be strongly damped. In such crys-
tals, it is found to be a general behavior that the tun-
neling frequency, though not zero, is negligibly small
which will be shown from our calculations (Sec. IV).
For the mixed SCD-DSCD system we simply assume
(as in the case of mixed?” KDP-DKDP system) Jj;,
K, and V,7 to be proportional to the effective dipole

I’Qoment (Ai.e., J,‘ = }LJII, K'.I:IJ“KU’ V,av= ® V’-q-, Jijs
K, and V4 are the respective effective values).
Q,=n;Q; (n; is the concentration of a particular type

of ion H or D in the lattice).

A(T1, Q2 T3, Ta) Q?1Q?2Q6‘3Qa‘4 .

III. CALCULATION OF TRANSITION
TEMPERATURE AND DIELECTRIC CONSTANTS

We shall first consider the case of mixed SCD-
DSCD system. Performing the thermodynamic aver-
age of the local field and also averaging over the
chemical configurations of the crystal, H can be ex-
pressed for A-type particles’’ (4 =H or D) as

Hy==2(87aQ4) +SiJsPia+Si1KiPsy , ()

where
EJU=nAfA =jA B
i€
EK,)':HAI%A =EA s
i€4

2
Pia=2 2 napa(Sia) » (22)

Pgy=2n4p4(S52) .

Q4=ngQu+npQp [ Oy, Qp are the tunneling fre-
quency of SCD and DSCD, respectively, and ny and
np=(1—ny) denotes, respectively, the concentra-
tion of H and D ions], (S7%,) is the statistical aver-
age of the enclosed operator. To calculate the aver-
ages (Sia), (S4a), and (Si,) for the pure tunnel-
ing Hamiltonian (2) we start with the double-time
temperature dependent Green’s-function (GF) tech-
nique of Zubarev.?® For two operators S/" and S} the
GF can be written as (for details see )

GI(t—1t) = ((SM(|Spe))y)
=—i®(t— ) ([S"(1),SM(N]) 3)

where m, n =x, y, and z. ®(x) is the usual step
function. The Fourier transform? of (3) has the
form

2we((SPISP) ) = ([Sm.SM) + 27 (([SPHIISH e .
4)

Solving Eq. (4) for various Green’s functions and us-
ing the spectral theorem? we obtain (for details see I)

Tl (Sha) = P ann e )
cﬁq=(Sja)=%ftanh ﬁ?‘“ , 6)
where
Q=D =20, ,
0,41=2J,(Si1) +K4(S02) ,
(6a)

042=2J,(S%2) +K4{(Sh1) .

B=1/kgT (Tis the absolute temperature and kg is
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Boltzmann’s constant). To linearize the coupled
Green’s function, the simple RPA-like decoupling
procedure of Tyablikov?® was used (I).

Defining the total polarization P, for the pure sys-
tem as

PA=NMA(0',21+U'/Z{2) (7)

we have the expression for the dielectric constant €4
as

o | 2P
T OE i

Ci740+ChaT g

=2NM%1 = = =2
(204C1 —=1)(2J4,C42—1) = K4 C11Cy3
(8)
where
ta1=KiCq1— QI Cqi—1)
Ta2=K4Cin— Q2T Csp—1) ,
Z 28 (p2
= “ +40Q}
Cia TRy sech 5 (6% D
203 B2
———————tanh 02+407%) . 9
(9%‘4‘40}1) an 2( ,4) ()

The system of Egs. (5) and (6) might have various
solutions.'® 2 But for the present SCD crystal, the
system of Egs. (5) and (6) must have solution

o3 =—05%,=0c4 (say) for all temperatures. Follow-
ing the work of Youngblood and Kjems* we may con-
sider o as a ‘‘staggered polarization’’ the thermal
variation of which is shown in Fig. 3. We shall com-
pare this result with the neutron-diffraction results*
in Sec. IV. Thus we have from (8)

AN wiCa (10)

where Cq1=C4y=C4 (where ci=—03=0). Asin
the case of Rochelle salt'® the Curie temperature T
is obtainable from the condition €' =0, which gives
[from (10)]

QI +K4)Ci=1 . an

It should be mentioned here that for the undeuterat-
ed and deuterated systems we replace J by Jy and
Jp, respectively. Again for the partially deuterated
system we use simple linear variation?’ of the form

.7/; =nH-7H +(1 *)'IH)j[)=nH.7H +nD.7D
and

EA =nH1—(_H+(1 “HH)E[)anEH‘f‘nD]—(D . (12)

To study the dynamic behavior, we calculate the
Green’s functions like ((Q()|0_z(¢)))
= G%.?_E.(t —1¢'). The Fourier transform of this
Green’s function (in units of #=1) has the general
form

+27T<<[Q3',H]|Q—E‘>>m .
13)

Fluctuation of the pseudospin operator around RPA
is considered by making use of the following
transformation:

§7. =35 expi(T-R)) (14)
]
where l_i, denotes the Bravais lattice site of the /th

bond. The equations of motion connecting the re-
quired Green’s function may be written as (see

€4= — puy
QI +K)Cy I for details)
]
- ’ —.‘—' y
(0] IeAa 0 f_VqA<SAa> 0 <(Si'ﬁ"Q—Tf>> 0
04 o =2iQ4 iVs,(Sia) 0 <<S£,E'IQ—E‘>> 0
0 20, o 0 0 (szzlos» | =] © =0 , (15)
0 0 0 w —i (0gl0-a0) 0
0 0 =2iVg, ioe ® ((P21O_)) ——i/2’rr}
where [

01a=27,(S51) +K((S02) .

20,=20,-2J5,(SHh) ~Kz,.(S5) .
o=k, +A(T,T) ,
Ver=3SVe,=V, ,
A@D=4(-7.7,-7
Joa= 2 Jkexpil T (R,

(16)

’ ’

Ming(D+3)1

,a
-R)1 .

ng(T) is the phonon number operator and 4'(T,7) is
the contribution from the anharmonic terms modify-
ing the phonon frequency from wg to wg. The cou-
pled proton-lattice spectrum obtained from the secu-
lar determinant [from (15)] has the form

20’%,2:(0)%’,4 +L%'A) :[ (wza'A __L%'A)Z

—16Q 7% (S5 )12,
V4 lSia) arn
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where
LL, =40,0,+67 . (18)

A pseudospin soft-mode theory for SCD has been
proposed by Gordon.*® Therefore the instability con-
dition [viz., ®,(T=0,T=T¢) =0] is assumed to be
valid®! 74 for the H-bonded SCD crystal. Here the
instability is associated with the orientations of H
bonds. Thus from Egs. (5) and (17) we have the
critical temperature analogous to the Curie tempera-
ture

_3 -
tanh'l—_‘n-z%] , 19

14Jo4

M4
kpTr=—4
slc=—

where we have used
ny=07T—Ky)? +46,§ ,
217
Toa=QJoa+Koq) + OA ,
wOA

Boa=wha +A(T=0,T=T¢)

(19a)
I7oA = VEAIE'-O ’

J3a=Jounu+Jipnp ,
and
2 VOH

wOH

I3 = 2Jon+Koy) +

=2

80 4 Voutanh(54/2ksT)

A similar expression holds for J¢. Jo4 and Q 4 are,
respectively, the effective interaction constant and ef-
fective tunneling frequency of the mixed system both
depending on the hydrogen (ny) and deuteration
(np=1—ny) concentrations in the lattice. It is to be
noted here that the model parameters required to fit
the experimental data should be such that the condi-
tion (11) and the Eq. (19) are simultaneously satis-
fied which has been discussed in Sec. IV.

In what follows we shall calculate the Curie con-
stant C for the partially deuterated crystals. The elec-
trical susceptibility X4 (and hence the dielectric con-
stant) is calculated from the Green'’s function (see I)
GQE’?—E’ (w)

-1
4QA V—»A(Sifa>

QQ_?(w) - o '—Lz,,)

(1) _(l)-'

(20)

which is derived from (15). If v is the volume of
the unit cell and # is the number of pseudospins in
the unit cell the expression for X4 (o, )
=—(njzi/vo) G%_(w), which gives

-1

X4(0)=2EA 2+ 770, T) -

Expanding (21) around T¢ we have the Curie constant
-1

-
C =14

Vo

04’
T |r=1,

where

40 Vema(1 —tanh’74/2k Tc)

1 — 4032704 +Koq) tanh(7,,/2ks T)

 kgT2Im3 —40 22704 + Koy tanh(7,4/2ks Te)?

To calculate 34 /8T we approximately write

a4 =AoksT as m the case of KH,PO,-type H-bonded
ferroelectrics.?’” The above expressions for T,
X(0,0) and C are then fitted with the experimental
results for finding the model parameters shown in
Sec. IV.

IV. RESULTS AND DISCUSSION

Recent experimental data of Curie temperatures!!
and dielectric constants’ for the mixed
SnCl, - (H,0), (D;0),—, crystals were fitted with
(11) (19) and (21) by varying the parameters
Jou/Jop and Qu/Qp. The values of the parameters

(21

(22)

(23)

obtained for the best fit are shown in Table I. For
determining the anharmonic contribution which is
highly temperature dependent for the present salt, we
have made the following assumption. Since the
second part of (22) is very small for DSCD, the con-
tribution from the first part, i.e., the anharmonic
contribution is found from (22) by equating it to the
value of Curie constant®® Cp=1800 K for the fully
deuterated system (DSCD). This gives

Aokg=3.60 x 107** erg/K. Assuming this value of
Aokg the concentration-dependent Curie constants
are calculglted as shown in Table I. However, the fre-
quency @zogl=wk_y +4,(0,7)] of the active
branch, renormallzed by the phonon-phonon interac-
tion should be varied with temperature as shown in
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TABLE I. Model parameters for undeuterated (SnCl,-2H,0) and deuterated (SnCl, - 2D,0) salts.

Jgy =8369.40 cm™!

Jip =470.40 cm™!

Qy= 500 cm™ Qp= 050 cm™

Vo= 24.44 cm™ Vop="2.19 em™

ng= 11.00 cm™! = 120 cm™!

up= 2.66x1071% esucm

v9=549.28 x 10724 ¢m? Agkg = 3.60 10718 erg/K
np 0 0.125 0.250 0.520 0.750 0.875 0.985 1.00
Tc (K) (theor) 219.53 219.94 221.88 225.92 229.14 230.86 234.59 235.00
(Expt.) (Ref. 11) 219.53 219.96 221.88 225.92 229.15 230.92 234.64 235.00
C (K) (theor) 126.77 130.32 133.57 138.90 141.69 142.58 143.07 143.24

Fig. 2 for exact fitting of the experimental values of €
as discussed below. The high-temperature depen-
dence of wy is also resembled from the thermal varia-
tion®? of the peak frequency and spectral linewidth
discussed in terms of anharmonicity in the hydrogen
bond potential. The calculated and the experimental-
ly"!! observed values of T¢ [from (19)] for the
mixed system are also shown in the same table. No
experimental data for the Curie constant are available
for the partially deuterated compounds. However,
very good agreement between the calculated and the
experimental values of T¢ for different deuteration
concentration are obtained as observed from Table I.
Both T¢ and C are also found to vary almost linearly
with deuteration concentration similar to the case of
mixed KDP-DKDP system.?’

32 ===
] i i
~ ] 1
= 28t [
o I \
> [
1< | |
+ 24r | 1
No \
3 ! 1
o 20- !
l3 [
1
1
16 |
i 1 J 1
218 219 220 221
T( X)

FIG. 2. Thermal variation of the renormalized phonon
frequency of the ‘‘active” branch around the transition tem-
perature. @—calculated points only.

To fit the experimental dielectric constant
e4(=1+4mx,) data we put (o) =—(03) =0
=csgn(T —T¢)|(T - T¢)/T|” and y was found to
be 0.59 for both the phases (above and below T¢).
We may define o as a ‘“‘pseudo-order parameter’’
which remains nonzero even above the transition
temperature (Fig. 3). The values of the exponent y
required to fit the thermal variation of dielectric con-
stant data agree very well with those obtained from
neutron-diffraction data* to calculate the ‘‘staggered
polarization.” From neutron diffraction* (1 —y) was
found to be (0.41 £0.03) for T < Ty and (0.41 +0.1)
for T > T. The symmetric values of v thus ob-
tained definitely indicate the symmetric behavior of
heat capacity.'>!! Following the work of Youngblood
and Kjems* we find that the significance of o in our
calculation is the same as that of “‘staggered polariza-
tion.”” They also showed that the Bragg reflection in-
tensity depends in a very simple way on o and hence
o is a very important parameter for SCD. The same
set of parameters as shown in Table I (viz., Jgy, Qy,
Vou, mn, mu, and vo) are used to fit the experimental
(e-T) curve of pure (undeuterated) SCD crystal.

The very good agreement between the theoretical and
experimental’ dielectric constant versus temperature
curve is shown in Fig. 4. This also points out the
validity of the two sublattice picture proposed by Ishi-
bashi'® for the SCD crystal. The interlayer interac-
tions (K,,) are found to be much weaker than the
intralayer interaction (Jg,) (Ko = %.70,4) between
the H bonds. As expected the value of Q , is ex-
tremely small (Table I) both for the undeuterated
(=5 cm™) and deuterated (=0.5 cm™) crystals
compared to those of the KDP type crystals (for KDP
Q =85 cm™).?2 This means that the tunneling ef-
fect is negligibly small in the SCD crystal which was
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FIG. 3. Thermal variation of staggered polarization o
around the transition point calculated from our model.

also pointed out from heat-capacity measurement by
Tatsumi et al.!! However, the value of Q for the
SCD crystal is comparable with those of quasi-one-
dimensional PbHPO, crystal where a similar type of
the two-sublattice model may be used? and in both
cases the interchain coupling is much weaker than
the intrachain coupling. Squaric acid, 6%’
(NH,),CuCl,s - 2H,0, 1° Cu(COOH), - 4H,0, *® and
other hydrogen-bonded-layer structural compounds,
also seem to have very small 2 and a similar model
might also be valid for this crystal with suitable modi-
fications.

The parameters of Table I are then used to calcu-
late the approximate thermal behavior of heat capaci-
ty in SCD crystal. It was shown by Ishibashi!® that
for the SCD crystal the approximately symmetrical
nature of heat capacity C, can be obtained from the
relation

2
C,~C, = re , 24
0 (t—1)) +3(r— 1D =K’ @9

where r = o/o (a9 is the value of o corresponding
to the isomorphous transition at temperature T,
K'=A/c? t=t+a'/y’ oy, and A, o', y’ are con-
stants). Using the calculated values of o as shown in

2000
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W 1000~
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|
1
|
!
I
1
|
1
|
|
|
1
I
1
|
I
1
i
|
1
I

L 1
216 218 220 222 224
T(K)

FIG. 4. Thermal variation of the dielectric constant of
SnCl, - 2H,0. Circles denote experimental (Ref. 7) points;
continuous line indicates present theoretical curve.

Fig. 3, the values of (C,— C.,O)/t are calculated from

(24) and plotted in Fig. 5 as a function of (z— ;) for
K’'=0. An interesting first-order symmetrical peak
around T¢ is observed (Fig. 5). This definitely
shows the validity of our model along with that of
Ishibashi'® and hence the suitability of the calculated

P
0.8+ I/ ; \\\
! I |||
L
I |
o7+ I
|
L
2 |
‘T’ |
+ |
S| osk |
|
[
|
0.5t |
|
|
|
0.4f |
|
| ! |
10 00 10
t -1,

FIG. 5. Symmetrical thermal variation (qualitative) of
heat capacity using Ishibashi’s (Ref. 15) formula and putting
the values of the model parameters of our calculations
(Table I). O—calculated points.
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model parameters. Here we should mention that the
thermal behavior of heat capacity is dependent on
many of the adjustable parameters, viz., J, K, Q, V,
A, etc., and most of them are temperature and pres-
sure dependent. Proper account of these variables
(supported by the results of different experiments
like low-frequency Raman and far infrared) might
give the correct critical behavior of SCD. But the
main interest as well as the success of our model is
that it has been possible to get the correct thermal
behavior of dielectric constant and heat capacity from
the two sublattice pseudospin Hamiltonian formally
suggested by Ishibashi.'> But Ishibashi’s Landau ex-
pansion of free energy may not be very persuasive
for two reasons: (i) the two-dimensional system is
difficult to describe by the molecular-field theory,
and (ii) the Landau theory does not take into account
the strong correlation in the H-bonded system that
must obey the ice rule.

V. CONCLUSION

In the present paper we have successfully applied
the two sublattice pseudospin model to explain the
isomorphous phase transition in SnCl, - 2H,0 and
SnCl, - (H,0),(D,0),—,. This success also points out
the unified character of the pseudospin model. We
have found negligibly small values of the tunneling
frequency  and the renormalized phonon frequency
woy4 for this compound. Though we have considered
tunneling, fitting of all the experimental data done in
this paper could also be carried out without consider-
ing the tunneling term at all. However, to make our
calculations more general and to draw the analogy
between the behavior of SCD and Rochelle salt, both
the tunneling and the proton-lattice interaction terms
have been taken into account in our Hami_lfgnian.
Furthermore, since the anharmonic term A, and the
renormalized phonon frequency wo4 of the ‘‘active
branch’’ are temperature dependent for the present
crystal the behavior of the phase transition is also
highly sensitive to these parameters. Very good

agreement between the calculated and experimental
values of T¢ and e definitely justify the validity of
our phenomenological model and the values of the
parameters obtained. The temperature dependence
of each sublattice polarization o; and o, may give
rise to discontinuous isomorphous transition for a
particular choice of the model parameters. The
change of first-order nature of the transition in the
heavily deuterated crystals'! might also be accounted
for considering the fact that the model parameters are
quite different in the deuterated system along with
the renormalized phonon frequency. It is observed
from our calculations that though there is small iso-
tope shift in T¢ for SCD, the tunneling frequency
and renormalized phonon frequency @ are very
small in contrast to the case of PbHPO,4 (Ref. 23)
and squaric acid®® where one finds very large isotope
shifts in T¢ with very small values of both Q and w,.
In all the salts, however, the intrachain couplings are
much stronger than the interchain couplings.

Finally, it may be concluded that very good fitting
of the experimental data of € and T for SCD and
partially deuterated crystals ( 7¢ vlaues only) as well
as the correct prediction of the exponent a obtained
from ‘‘staggered polarization’’ indicate the validity of
a unified theory for SCD and Rochelle salt, where
the same two sublattice model is applicable with suit-
able modification and both the salts behave in a simi-
lar manner before and after the transition. We would
also like to point out here that our calculations with
the pseudospin-lattice coupled model and the use of a
simple Green’s-function technique (I) are appli-
cable only to give a qualitative behavior of phase
transitions in the SnCl, - 2H,O-type crystals. A more
sophisticated theory for understanding the critical
behavior of this salt sould be highly interesting.
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