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Abstract

sspbkc @ mahendra racs res i

Deuteration induced phase transiions (DIPT) occur i some H-bonded crystals ke A MX, (where A = NH, X = CL Br. Tete and M

- Ph. Pt Se et ) showing one or no transition in the corresponding undeuterated phase The hydrogen bonds 1 (NH,) PhCl, type crystals of our present
nestigation as tather weak and hence simple spin (pseudo-spm) like ordering of the hydiogen bonds and tunnchng mechamsm are not suthaent o
Aplan the DIPT or the two successive phase transthions occurring i some deuterated system In the present paper. using two sublattice pseudospin
Litiee (phonon) coupled mode (PLCM) model. we have tned to explain the ongin of single phase transtion i a protonated system and a double phase
transitton i the corresponding deuterated system Landau theory of phase transition also supports the concept of two phase transitions in such a

watem under cenam conditions
keywords

PACS Nos. 63 20 Kr, 77 80 Bh, 81 30

1. Introduction

Crystals like A,MX (where A=NH,, X=CLBr.land M=Db,
PL. Te, Se. S erc) arc important as they show many types of
mteresting phase transttions [1-14]. Raman scattering study
“howed that (NH,),PbCl (or NHPBC) undergone only one
stiuctural phase transition (SPT)at Ty = 78.1K from cubic to
tetragonal structure, whereas deuterated (ND,),PbCl (N DPBC)
salt undergone two structural phase transitions from a cubic to
atetragonal structure at Ty, =80.7 Kand then toa monoclinic
or orthorhombic structure between T, = 34 and 38K. Very
recently ferroelectric (FE) phasc transition has also been
confirmed in deuterated NaOD around 159K | 15] while there is
no phase transition in the corresponding protonated NaOH
between 6K and 300K. This type of new phasc which appcar in
some crystals on deuteration even at atmospheric pressure is
called DIPT.

DIPT is also observed in various H-bonded crystals of M;H
(X0,),-types (with a strong intermolecular hydrogen bond
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connecting two X0, ions), 9-hydroxyphenalenone dervatves
[16] (with strong itermolecular H - bonds) and (NH,), M'X,-
type crystals with asymmetric H o bonds. But no acceptable
explanation of such DIPT has so far been reported. Our aim in
this paper 1s to mtroduce for the first tme, the concept of
pscudospin and to develop amodel for the cxplanation of DIPT
in (NH,), PbCl - type crystals in particular, and to find the reason
why there should be more than once transitions in the
corresponding deuterated system.

2. Theoretical formalism

To understand the mechanism of the DIPT transition we consider
the interaction between two subsystems described by the
pscudospin variables S, (=1 associated with the (NH 'Y/
(ND,*) ions denoted by 0 and the PbCl, ions denoted by 07,).
Depending on the molecular structure, strength of pseudospin-
phonon interaction ezc. there may have several possibilitics of
transitions. Neglecting the configurational restrictions, the
concept of Ising model may also be derived in a more convenient
way by concentrating our attcntion to the two “active ions”,
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taking the rest of the lattice as a ‘heat bath'. The basic Hamiltonian
in terms of the active normal coordinates can be written as

H=Y[112R +VQ)]-1123 v, 0.0

where P and @, are the normal coordinates corresponding to
the active mode. The local potential V(Q,) may have different
forms and the interaction V', may be of short range or long
range nature. Using the notation of Brout [17], the
orthogonalized wave functionti, L> and |, R > with configuration
localized in the up (or left) or down (or right) equilibrium sites
(the order disorder behaviour), respectively, of the i-th cell (or
active ion) thc wave function can be written as

v =|La,) |2.0,)......|Na,). Q)

where @ may take the values of L or R to describe the
microscopic system of N unit cells. Knowing the matrix element,
the effective Hamiltonian (neglecting constant terms) comes
out to be

| .
H=",12X,_ 22"1[£le . (’;)
[l U

where X, ¥, Z are, respectively, the x, y, and z components of the
pseudospin vanable (S). It s to be noted that eq. (3) is the usual
pscudospin Hamiltonian with

h=(i, L1 12P} +V(Q,)|i. R)
and
J, =V, (i, R|Q,|i. RY(i. R|O, |/, R).

Now to write the model Hamiltonian for the (NH,),PbCl,
type system with two active ions, we have

=2 Y (X, + X)) =AY (£, = Z,)~2uE Y (Z, +Z,,.

—Z(Jlj le Z/I +‘]:/ Ztl Z/Z + Klj le Z/Z)+H.\[' ’ (4)
"

where 4 is the dipole moment, 1 is the tunncling {requency, E
is the applied field, X, Y, Z are respectively, the x, y, zcomponents
of the pscudospin variable S,(a = 1,2) describing the states
ofthe active ions in double well potential. A is a measurc of
asymmetry which is zero for symmetric double well potential
and A is also a measurc of symmetry of the crystal ficld.

3. Theoretical calculations

For calculating the statistical average of the pscudospin
variables X, ¥, Z etc. and hence the electrical susceptibilities,
polarization, cnergy spectrum, etc. we start with the double time
temperature dependent Green's function, which has the general
form

G™"(1=1')=<<S7 (DI S] (1) >>, ®)
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where m, n = X, Y, Z. The Fouricr transform of the above Green's,
function with two operators §" and S/" yiclds the equation of
motion

£ << S‘m,n |S}m.n >>,= (2n)"<[S,’"‘", s'm.n]>

+(<[s, H] IS}""'»P )

where < ........ > denotes the statistical average of the enclosed
operators. By using the spectral theorem, the correlations like

< A S,"> can be calculated from

(s;" 9) =ilim,_, J(AR/ B)de. o

—or

where A = <<S,m LS; >>”,F _«S‘" ST >>4 -’

B=[cxp(Be-1] and R=cxp[-ie(t—1)].

B=1/kyT. k,isthe Boltzmann constant and T 'is the absolute
temperature. Using RPA (random phase approximation) type
decoupling procedure once finds

[L1G]=1S].

where [L], [S 1and |G and (9 x9), (1 x 9) and (Ix 9) matiice
respectively. The energy spectrum obtained from the solutioe
of [L] =0 gives €, =0 and Ff, = (‘r“: +D%) where

Ty =20E+2)y<Z, >+Ky<Z,., >+A.

D=2I, J, = Z/ J, . Ky = z}, K, . 8
To =20 E+2J40,+Ko,+ A,
T2 =2UE+2J00,+ Ko +A,04 =<2y >+< 2, >

Eq. (8) has one solution 0, = -0, =0¢ (say) which cxists
the whole range of temperatures. In the protonated phase, we
have only one solution which corresponds to 6, =0, =0
giving only one phase transition.

4. Pseudospin-lattice interaction

To explain the importance of the lattice interaction in the transition
mechanism of NHPBC-type crystals, we write the total
Hamiltonian in eq. (1) as H,= H, + Hgp where Hp is given by ¢y
(1)and

Hep =Y, Vul(Z Q+Z2 Q)+ Y, (112M)[R,P,,

2
+w‘l Q‘I Q"‘l]+zB“I|~‘J:v‘lr‘l‘) Q‘Il Q‘lz Q‘h Q‘h i

+ higher order terms.



On the deuteration induced phase transitions in (NH M POCL type crystals etc

where P and Q , arc the normal coordinates and the conjugate
momenta associated with the active vibrational modes. To study
the dynamic behavior of the transition, we start with the

waustical Green's function, as before, like Q‘,??q(t— )=
o< Qq(t)l Qq(t') >>. It should bc mentioned here that all the
calculations made in this paper is under MFA. The equations of
motton can be represented by the matrix equation [18, 21] (in
snitsof A=l M=1c=1)as

[oJiar=[s.].

where G and S are (9 x 9) and (1 x 9) matrices, respectively The
energy spectrum of the coupled spin system has the form
iobtained fromeq. 10).

(10)

A=(0’ -0 )0 -4Ir2- B},) (0’ - 45w~ B3,)
+SQP2V3g(< X, >+ < X, >)—2(w—B,{,)rv,;" <X,> (1)

2Q=2I'-J, <S8/, >-K,<S,, >

J,=2J,cxpiq(R - R)),

V«-: = (N v,.

B'(q’.T)= B,

=(6/NYYAg.—g.4". - q) [2nq.(T)+ 1]/ W (12)

where N'is the number of unit cells in the crystals, ",,'(T) arc
the phonon occupation numbers and B'(g, T) is the renormalized
anharmonicity parameters. Eq. (11) represents a coupled six
degree equation. The two phasc transitions 1n (ND,),PbCl at
Ty, and Ty, can be calculated from eq. 11 using the condition
det =0 as T Tep, (@ =1,2). This gives two transitions
N

, -1
ky Tepy =M/ 2)[tanh™ 1452 (45 + K) a3
B D1

and
x1-1
ks Teop =/ 2)[tanh ' 147205+ K3)' | 14w
where n® =[(J§ + Kg)+ A]+ar?,

(o +KG) = (U +Kp)+ A+ 13, (14b)

@G = 0§ +A'(g=0,Tepy).

£4s. (13) and (14) represent two transitions in the deuterated
system at T, (independent of pseudospin-phonon interaction
ferm) and T, (depending on the pscudospin-phonon
Interaction term including anharmonicity parameter). When the
pPscudospin phonon interaction term is absent or not important
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these two transitions are identical and behave as one transition.
This is the important result of our calculation first derived in
this paper.

S. Application of Landau theory

The behaviour of phase transition can also be explained within
mean field approximation using Landau theory. Using the free
cnergy F for the system desceribed by the Hanultonian (eq. 9) in
the MFA, f can be written as (without considering the phonon
interaction term, for simplieity, which would otherwise introduce
addittonal terms about which we shall discuss at the end of this
scction)

f=FN

= J(o‘,2 +0’§)+ Koo,~-1/p [ln(.’.’cosh,B/Q){(p, +qO‘)2

N ) V112
+4F'} ln(?.cmhﬂ/l){(p,—qd)‘+4r'} ] (150

where p=-p, =4, ¢=(2J,-K,)

B=1/k,T. ky =Boltzmann constant and T 1s the absolute
temperature. The free energy difference (A f) between finite
and scro polarization (or before and after the transition) 1s given
by

Af = o) f(0)

; ) VA
=(qo~ -1 /ﬁ)[ln(cnshﬁ/Z){(p‘ +q0o)” +4T "} /
N N YA
cosh(f/ 2)(;), +4I“‘) ]+ In(cosh B/ 2){(p, +q0)” +41 ‘}

o N
cosh(B/2)(pi +4T7) " (15b)

Since 4177 << (p +q0)?, it1s possible to ¢xpand cq. (15b)
in powers of ¢ and comparing with
Af=Ac +Bc +Ca®+ ...
onc finds

A= q[l ~ (ot 2y'? )+ p:q{(auy/m)—-(l -(xZ)BMw}]( 16)

where, ¢ = tanh (By "2 *2), py =—py = p.y = p’ +4T"7.

Therefore, for a second order phase transition, A'= 0 which
gives rise 1o two possible second order transition in (NH,),
PbCl, viz

qg=0 forTg, (say) (17)
and
for Ty, (say). (18)
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The condition (cq. 17) ¢ = 0 or 2J = K can always occurs
giving rise to a single phase transition with symmetric double
well potential as in the case of KDP and its deuterated form. The
second condition (eq. 18) 1s complicated depending on tunneling
encrgy, pscudospin-phonon interaction (as already observed
carlier) ete. However, for ¢ = pz[(a I¥)-(-a®)B/ 2':"”2],
one of the transitions, cither T, or T, will vanish and only
one transition will occur as in (NH,), PbClg type crystals or in
many H-bonded crystals like (NH,), SeCl,, K;H(ScO ), etc.

Thus, with asymmetric double-well potential, onc can find

at least two conditions (corresponding to at T(‘m and ’ICH_,) for

which cgs. (17) and (18) are simultancously satisfied. One of

thesc transitions may not even appear depending on the strength
of the coupling between the active 10ns and /or phonons. An
additional condition for a second order phase transition in NABC
1s B'> () which gives

Bq /p[(l /112)—1{(5(14 +164° =16}/ I()pzqz}umh/}p/Z
..{(l—1]2)/pqz}tanh(/jpm)—-(l/B)lanh(ﬂp/?_)
--(/3/4)nunh(ﬁp/2)~(ﬁ¢,’p/123)-(1/4){(1—(12)/,;(,2}

—([3/4[)2:]3)(1—q:)lanh(ljp/2)]>0, (19a)

where
§=[m/2w)—{(1—a2)ﬁ/ vi+3p{(1-a?) B/ 29)
—1y¥ e pt{3p7 14y L2130 (@ - 1)+ BP 116y

sB(1-a)/ 4%?]. (19b)

Here (eq. 19). we also notice the presence of two transitions
as 1n the case of deuterated (NH4)2 PbCl, . Rochelle salt and
some other crystals. The conditions are

q* 14¥ 20 for T, (20a)

and

[é ] 20 forTe,. (20b)

A change-over from sccond to first order transition is also
possible in NPBC when B’ = 0 (which is considered to be the
case of low temperature transition in deuterated NDPBC at T,
= 38K). This transition is due to the presence of strong
pseudospin-phonon interaction (not purely order disorder type).
Here also we notice two possibilities, one for Ty,

(B*q* 1 p > 0) and the other for Ty, ([ A ]>0) transitions. For

the two transitions in the deuterated phase of (NH,), PbCl, one
can write
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A’ = A”’(T" TCI)(T’ Tcz).

Awsposiive if T< T, or > T, and negauve for T betwecn
T, and T, Soonccanwrite ¢ :0, T<Tror T2T.,

and
0 =[-A T =T ) (T=Tey) 1 20)™2],

T("I STS T(*z (2])

We should, however, mention that such a Landau approach
without taking into consideration of the lattice interaction with
the order parameter is an approximation onc. For all structura)
phase transitions in solids, a more accurate and fundamenta!
explanation of phase transition would only be possible hy 1.
consider the more complicated phonon-pscudospin interaction
Such calculation is, however, very complicated but ven
mteresting.

6. Discussion

Considering the pscudospin-lattice interaction, we have shown
theoreucally that in some crystals like (NH,)PhCl, showing only
one phase transition, two phase transitions might appear in ti
corresponding dcuterated phase (DIPT). It 1s seen from i
derived cxpression of the transition temperatures that onc o
the transitions is independent of pscudospin-lattice (phone
interaction term (ndicating purely order disorder type behavio
while the other expression depends on the lattice (phonor
mteraction (associated with the interaction of the ordenn:
paraincter with the lattice). This is an important finding whicin
considered to be new The second transition temperatute 1
in the deuterated system, depending on the lattice interaction,
appears at much lower temperature ~ 38K in (ND,), PhCl On
the other hand, the first transition temperature Tep, 1 th
deuterated system, which represents T, in the undeuteratcd
system, occurs around 81K. This transition might also be Jowei
than T, (as in the case of the sccond transition in the
deutcrated Rochelle salt) or higher than T, (as first transttion
in RS). This behavior of transition depends on the strength o
the higher order-phonon interaction. The phonon dependent
term in the expression for the transition temperatute contams
anharmonicity parameter B'(g. T') which might be temperature
dependent (or very small temperature dependent). So several
unusual behaviour could be expected depending on the sign 4
well as temperature dependence of the anharmomicity
parameter. For weak pseudospinphonon coupling (wheo
Y=Vy 1oy 0. Tep
course, different from T, or Ty, Here, only one transttu

would be observablc. However, it was mentioned carlicr thd!
structural phase transitions in crystalline solids arc alway*
"mixed type' (neither purely order-disorder or purely displacirt
type) and hence a second anomaly or transition (however small
it might be) should be observable with highly sensiuve
instrumental facilities using Raman, FTIR, ESR efc technigues
Recently, it has been observed that (NH)),SO, showed on¢

Teps = Tep  (say) which 1
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more transition in the low temperature regime. Interestingly, a
qow transition has becn observed in deuterated NaOD (15].
1his new transition in NaOD could also be explained with the
shove model (to be discussed elsewhere). Furthermore, areverse
wivation, depending on the natural selection of the crystal
Jructure and hence the strength of electron-phonon and
shonon-phonon interaction is also possible where one would
abserve two transitions in the protonated phasc as in the case
of protonated B-biphenyl, and one transition in the
corresponding deuterated compound. In this case, one should
consider the importance of the pseudospin-phonon interaction
in the protonated (undcuterated) phase with asymmetric of
wmmetric double well potential. A more detailed discussion on
the DIPT will be published clsewhere.
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