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A model Hamiltonian has been constructed for the ferroelectric transition in the perovskite
structure in terms of localized~strain and soft-normal-mode coordinates and temperature-in-

dependent model parameters.
ered.

No anharmonic interactions higher than fourth order are consid-
The free energy for tetragonal, orthorhombic, and trigonal distortions is calculated in

a molecular-field approximation with the cubic structure as a reference configuration. From
the free energy, the polarization and the strain distortions are determined. The soft-mode
frequencies and the shifts in the acoustic-phonon frequencies are calculated from linearized

equations of motion describing the fluctuations about these average values.

The soft-mode

frequencies in cubic structure vanish at the supercooling temperature, as usually assumed.
However, in the distorted structure they remain finite at the stability limit determining the
superheating temperature. The mocdel Hamiltonian describes first- or second-order transi-

tions depending on the strength of the coupling with the strain.

For suitable choice of model

parameters, the model allows for transition from the cubic to the tetragonal phase as in PbTiO;,
to the trigonal phase as in CsGeCly and various solid solutions, as well as a series of transitions
from high- to low-symmetry structures, as in BaTiOs.

I. INTRODUCTION

Traditionally two approaches have been used to
describe displacive ferroelectric transitions. One
is the phenomenological Devonshire theory® in
which the free energy is expanded as a power series
in the polarization and the strain. The coefficients
are, in general, arbitrary functions of temperature

which are determined experimentally. Although no
explicit temperature dependences are calculated,
this theory has been extremely useful in correlating
experimental data. The other is a lattice-dynami-
cal approach starting from very general anharmon-
ic-lattice models. One or more of the harmonic
normal-mode frequencies are assumed to be un-
stable. These modes are stabilized by anharmonic
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interactions. However, partly because of the for-
mal nature of these theories and partly because of
the large number of anharmonic-lattice coefficients,
no attempt has been made to provide explicit de-
scriptions of measured quantities such as the polar-
ization soft~mode frequencies and strain distor-
tions. With a few exceptions, #® these calculations
have been restricted to the quasiharmonic approxi-
mation in which the unstable harmonic soft-mode
frequency is stabilized through interaction with the
stable harmonic modes. *™® The interactions among
the soft modes themselves are neglected.

Recently a calculation based on a model Hamil-
tonian containing a small number of temperature-
independent parameters was able to give a quantita-
tive description of the structural transition in the
perovskites. ® These papers will hereafter be re-
ferred to as 1. This transition involves rotations
of octahedral units. The analogous calculation for
the ferroelectric transition is presented in this
paper.

The model described in I was expressed in terms
of localized normal-mode coordinates describing
the rotations of the octahedra. A free-energy ex-
pression was constructed using a molecular-field
approximation, including the contributions of the
soft optical phonons. The order parameter, in this
case the rotation angle, and the strain distortions
were determined from the free energy. The soft
optical-phonon frequencies and their interaction
with the acoustic phonons were obtained from lin-
earized equations of motion derived from the
Hamiltonian.

The free-energy expression has a complicated
functional dependence on the order parameter. If
expanded in powers of the order parameter an in-
finite series results with generally temperature-
dependent coefficients. These coefficients depend,
however, only on combinations of the original model
parameters, and the temperature dependence is de-
termined by the theory. This should be compared
with the Devonshire theory where each term in the
power series introduces a new set of coefficients
which are arbitrary functions of temperature. Usu-
ally only a few terms are kept and frequently the
temperature dependence of all but the quadratic
term is neglected. The Devonshire theory then
predicts a strain distortion proportional to the
square of the polarization, !° and by an extension
of the free-energy approach to give an approximate
description of dynamic phenomena, predicts soft-
mode frequencies in the distorted phase pro-
portional to the order parameter.!® From the cal-
culations based on the model Hamiltonian, one of
the soft-mode frequencies squared is found to be
proportional to the order parameter squared,
whereas the other frequency and the strain distor-
tion are found to have a more complicated tempera-
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ture dependence. ?

It is also interesting to compare the approach
used in I with the quasiharmonic approximation.
If for simplicity we consider the undistorted cubic
phase and only fourth-order anharmonic interac-
tions, the soft-mode frequencies squared w?(q)
are given by’~®

Z st cothBwy.o(q)

2
k :
k)= w( 2wy0(q)

wio(k)+
1)
where w,g(k) are the harmonic normal-mode fre-
quencies and g&‘,‘t.’ (kg) are fourth-order anharmon-
ic coupling constants. In the last term the actual
phonon frequencies, renormalized by the anharmon-
ic interactions, have been replaced by the harmonic
phonon frequencies. This constitutes the quasi-
harmonic approximation. The summation runs over
all the modes excep? the soft modes A;. These
are neglected as the corresponding harmonic fre-
quencies are purely imaginary.!! For fw,.(¢) <1
and k=0, one obtains the usual Curie-Weiss be-
havior,

@}(0)=ax(T - Ty),

where
& (0,9)
a,=ky 2 o
»R avirg 2950, q)
and

To= - w(0)/a, .

By contrast, the soft-mode frequencies in I were
determined by the self-consistency conditions'?

cothpw,.(g)
2wy(e)

where the same soft-mode frequencies appear on
the left-hand side and in the summation on the
right-hand side. For the molecular-field approxi-
mation discussed in I, one obtains

wi(k)= wiy(k >+§ 255 (kq) )

wi0)=a,(T-Ty) for T2T,
as before, whereas
w}(0)=b,T? for T—o .

From the form of Eq. (1) it follows that for equal
coupling coefficients the contribution to the sum on
the right-hand side is larger the lower the frequen-
cy. The terms involving the acoustic phonons and
the soft-mode frequencies themselves may there-
fore be expected to be most important. In fact, in
I only the soft-mode frequencies were considered.
In the ferroelectric transition the interaction with
the strain is much stronger as evidenced by the
large change in the c/a ratios, '* and in this paper
the fourth-order coupling will be included. How-
ever, no anharmonic interactions higher than fourth
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order will be considered.

The harmonic Hamiltonian is usually assumed to
consist of a positive contribution due to short-
range forces and a negative contribution due to long-
range dipolar forces.'*''® The latter must then be
larger than the positive contribution in order to
have an instability. However, the short-range
interaction need not always be positive. A dis-
placive transition can then take place even in the
absence of long-range dipolar forces. This appears
to be the case for the structural transitions studied
in L

The anharmonic interactions will be assumed to
be due to short-range forces only.

The ferroelectric transitions in the perovskites
are usually first order. !* In the Devonshire theory
a description of a first-order transition requires
sixth-order terms in the polarization with a nega-
tive fourth-order term. A negative contribution
to the fourth-order coefficient is obtained from the
third-order coupling to the strain when the strain
is eliminated in terms of the polarization, !'1°
Similarly, in the molecular-field approximation,
the model Hamiltonian gives a first-order transi-
tion for a sufficiently strong coupling to the strain,
but without the need to introduce additional sixth-
order terms. This suggests that a Hamiltonian
with only a few model parameters may be sufficient
to describe the ferroelectric transition also.

This differs from a model expressed in terms of
optical-phonon soft-mode coordinates recently pro-
posed by Lines. ! The coupling to the strain is
neglected and in order to describe a first-order
transition an intrinsically negative fourth-order
coefficient is introduced. To stabilize the system
a positive sixth-order term is required as in the
Devonshire theory. Evidence in favor of a correla-
tion of strong coupling to strain with the order of
the transition is provided by recent experiments on
the KTa,Nb,_,0; alloy system. " The soft modes
were found to be underdamped in the cubic structure
for values of x corresponding to a second-order
transition and overdamped in case of a first-order
transition. The damping is expected to be largely
due to the coupling to the strain because of the rela-
tively large density-of-states factors for acoustic
phonons.

Ferroelectric transitions in the perovskites are
known to occur from the cubic to the tetragonal
phase as in BaTiQ;, PbTiO;, and KNbO; with the
polarization along the ¢ axis. !> Whereas PbTiO,
remains tetragonal for all lower temperatures, as
is well known, BaTiO; and KNbO; have subsequent
transitions to orthorhombic and rhombohedral struc-
tures!® with the polarization in the (1,1, 0) and
(1,1, 1) directions, respectively. Direct transi-
tions from cubic to rhombohedral structure have
been observed in'® CsGeCl; as well as in solid solu-
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tions, for example, in PbZr,Ti;_,0;. *°

The free-energy and soft-mode frequencies ap-
propriate for each of these distortions are calculated
below. In constructing the model the high-tempera-
ture cubic structure is used as reference configura-

tion.
1I. MODEL HAMILTONIAN

In the absence of dipolar forces the soft mode in
the undistorted structure is triply degenerate due to
equivalent cube axes. We choose as a basic set
normal-mode coordinates which describe displace-
ments along each of the three cube axes. The soft
mode can be built up from localized displacement
fields Q(I), where ! is a unit-cell index. Q() plays
the same role for the ferroelectric transition as
the vector operator ﬁ(l) describing rotations of the
octahedral units for the structural transition. It
is a linear combination of the displacements of the
individual ions taking part in the soft mode, the
condensation of which leads to the distorted struc-
ture. Independent translations along each of the
cube axes permit the construction of three branches
as required. We shall consider only these three
degrees of freedom and their interactions with
strain and acoustic phonons.

The dipolar forces split the triply degenerate
mode of the cubic structure into a doubly degener-
ate transverse mode and a singlet longitudinal
mode.

For the cubic perovskite structure the Hamil-
tonian describing the kinetic energy and the effect
of short-range forces may be written

Hy=% 20 P2(1)+ S 0275 Q2(1)
Al

Al
Oyens T eneio, @)
2 4 1.5

where @ and B are canonical conjugate variables

[Qx(l), Px'(l' )]: ién' 81 ’ (4)

and where anharmonic terms higher than fourth or-
der have been neglected. Interactions between the
cells, dominated by long-range dipolar forces, will
be written
Hy=} 2 vy () & ') (5)
b

where u,.(l1') describes the total interaction of the
displacements in cells 7 and I’. It includes the ef-
fect of the rearrangement of the electrons described
by the electronic polarizability as well as the di-
rect dipole-dipole interaction.

As is well known, v,,.(¢) is nonanalytic at ¢=0,
Its value depends on the direction in which ¢ goes
to zero. 2% For ¢~0, the interaction has the

form?2 -2
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Uane @)=Ly = C(0202+/9%) . (6)
We shall use the notation

va(0)=v7(0), LA

va(0)=v.(0), qlix.
We also note that

(1/N) 24020 (9)=0 . (8)

The interaction of the soft-mode coordinates @,(!)
with the elastic strain and long-wavelength acoustic
phonons may be expressed in terms of localized-
strain tensor components €;;(I). We adopt the
abbreviated notation

i=1,2,3

(7)

€;=¢€4,

(9)

€y =€p3, €5=€13, €Eg=€pp,

The third- and fourth-order anharmonic interac-
tion may then be written

Hy= 27 Gy €,() Q1) @y (1)
i
+%“2Mgme,-<l)ej<l)Qi(l>. (10)

The form of the coupling constants appropriate to
cubic symmetry is listed in Appendix A. Three
independent coupling constants G;, and six indepen-
dent constants g;,, enter.

The Hamiltonian describing long-wavelength
acoustic phonons may be expressed in terms of the
localized-strain tensor components,

Ho=3M2U(2+3 20 CYe;l) €,0) , 1)
1 idx

where u(l) is the displacement of the center of mass
of the I/th unit cell from its equilibrium position X(I)
due to the acoustic-phonon modes and M is the total
mass of the unit cell. The constants CJ; have units
of energy and are related to the usual elastic con-
stants ¢?; by

CY=a’cy; .
The Hamiltonian given by Eqgs. (3), (5), (10), and
(11) has the symmetry appropriate for the cubic
perovskite structure. The distortion from cubic
symmetry below the transition temperature is de-
scribed by nonvanishing expectation values of the
operators @,(!) and the strains e;;(). The strain
tensor e;;(!) will, however, have nonvanishing ex-
pectation values also in the cubic phase above the
transition temperature which then describes usual
thermal expansion. We set

Qul)=A+7(), (12)
€l)=e;+u;il), (13)

where A, and e; are the thermal average of the
soft-mode coordinate and the strain, respectively.
The fluctuations about the average values of the
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strain may be expressed in terms of the normal-
mode coordinates of the acoustic phonons in the
usual way:

uy =gy 2 H X P ) Qua),  (14)
where
a;(khg)=q;¢e;(Lq)+q;e;(nq) , (15)

and where @(uq) is the normal-mode coordinate for
the pth acoustic branch of frequency w(ug), wave
vector ¢, and polarization vector &(jiq). The ten-
sors u;; and o,;; will usually be described using the
abbreviated notation defined by Eq. (9).

When Eq. (13) is substituted in the elastic Ham-
iltonian, Eq. (11), it separates into static terms—
terms which are linear in the fluctuation #;(!) and
terms which are quadratic in the fluctuations. The
latter are most conveniently expressed in terms of
the acoustic normal-mode coordinates

Hff’=§1w— 2 P(uq)P(u, -q)

+3M 2 Wi(nq) Q(Le) @1, —q), (16)

where P(uq) is the canonical-conjugate momentum
to @(uq),

(Qua), P(n'q)]=i8,,. b5z - amn

Similarly the strain variables in H; may be ex-
pressed in terms of the static strain and the acous-
tic normal-mode coordinates Q(ug) by means of
Egs. (13) and (14).

III. EQUATIONS OF MOTION

The equation of motion for the displacement field
@y(?) is obtained from the model Hamiltonian by
means of the commutation relation, Eq. (4),

— 52
5 Q0= B - Do) @00
T Ty B Q)@ ) 22 Con 10 @)

+ i—j/gmez(l) e . (18)

We substitute Eqs. (13) and (14) for @,(!) and €;(1)
and linearize the equations of motion by replacing
pairs of operators 7, and u; by their expectation
values

Qo= ()7 (1)),

Dyy=(usQu;)) .
We further neglect the resonant coupling to the
acoustic phonons which will be discussed below.
The equations of motion for the Fourier coefficients
7,(¢q) then take the form

- 92
SZ @)

19)
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= Qfr,(q) - :E V(@) 72 (@)+ 3Ty A%+ A,)7(q)

+ T b)) [Z(A Ao+ B )7 (g) + (Ai' + 8, )7(q)]
AL
+2 ? Giweirw(q)’rzjgm eiej+Dy)7i(a) .
' i
(20)

This set of equations may be diagonalized by in-
troducing a canonical transformation

@)=Z b @)s x@),

(21)
Pz(‘]k?l’w(‘lﬁﬁx@) ,
such that
e s\@)=Dr(-0),
(22)

~ 32

a_l..rsx(‘”: €5@)sx) ,

where the coefficients b,,.(¢) may be determined
from Eq. (20). The eigenfrequencies €Z(g) depend
on the correlation functions 4,,. and D;;. From
Eqs. (22) the former may be written

1
A= 5 2 0xs@)Dase (-4)(s35@)s5:(-0) . (23)

aAr

Then making use of the fluctuation-dissipation
theorem we obtain the following self-consistency
conditions:
A= =P by @)bra(-q) [2€5(@)]" cothises

w = = »(@)bris(-q) [2€5(9)]™ cothzBex(q) .

(24)

The determination of b,,.(g) and thus €2(g) for
arbitrary ¢ requires an explicit model form for
vy (@) throughout the Brillouin zone as well as the

solution of a general cubic equation. The acoustic-
phonon correlation function may be written corre-

spondingly

Dyy=27 @;(1g),(nq) [2¢(1g)] ™" cothzpw(ng) ,
(25)
where w(ug) are the renormalized acoustic-phonon
frequencies calculated below. The linearized
acoustic-phonon equations of motion take the form

— 952
a—fz Q(Lg)=d(1g)Q(uq)

+227 GpudAy ay(e, —a)by@)ss@),  (26)

M

where @(ug)are acoustic-phonon frequencies corre-
sponding to elastic constants

Cij=Ch+ DhginAs+ B, (27)
and where
éixx'=Gizx*' Z/gijhej , A=X
=G PED (28)

The last term in Eq. (26) describes the resonant
coupling with the soft-mode coordinates. The
equation for the latter is written correspondingly

-9

a2 Sa)= €X(q)s(q)

+zhg‘éiiwAa'at(#q)bix(—Q)Q(HQ)- (29)

Introducing time Fourier transforms, we obtain
the coupled-mode dispersion relation
[©® - X (ug)] Q1)

Fima(g) fipnesu', — @) Ay Ay ’
=45 o2 _€§(q) A2 Qg ,

(30)
where

Fimg)=G 1, b,5(0) (1, —q) . (31)

The resonant interaction does not affect the soft-
mode frequencies at ¢ = 0 but only their dispersion,
For the acoustic-phonon frequencies it leads to
step discontinuities in the elastic constants at the
transition point. In the small-¢ limit for sound
propagation along particular symmetry directions
a given acoustic mode couples only to a single op-
tical-phonon mode A, In the limit

€3(q) > @*(uq)

the changes in the elastic constants are then ob-
tained trivially. Explicit expressions in case of
tetragonal distortion are given in Sec. V. The
quadratic terms in the equations of motion have
been neglected. An approximate discussion of
the effect of these terms is given in I for g,;,=0.
Higher-order interactions which affect the ¢? de-
pendence of the acoustic-phonon frequencies® are
also neglected.

The soft-mode frequencies and the changes in the
elastic constants depend on the static distortions
A, and e;. As in I these will be determined from
an approximate self-consistent free-energy ex-
pression. The effect of the resonance interaction
on the free energy may be neglected. For the op-
tical phonons this interaction gives small changes
in the ¢® coefficient of €2(g). The acoustic phonons
are only affected in the low-frequency region w,(gq)
<€,, whereas the free energy involves summations
over the whole Brillouin zone.

IV. FREE ENERGY

In order to derive an approximate expression for
the free energy including the contribution of the
phonon modes, we introduce a trial density matrix
of the form

peH:e.BHe“/Tre-B”e“ ’ (32)

where H, is a diagonal Hamiltonian



o

H,,H=Eo+§ €,(q)ai(@)a(@)

+;7:2 wign)bi@)bu(e) (33)

expressed in terms of temperature-dependent en-
ergies Eq, €,(¢), and w(wq). By definition a, and
a] are linear combinations of the set of operators

{r,, P,}satisfying Bose commutation relations,

[a,@), a3 (")) = 6aps Bgar - (34)

The operators b ,(g) and b (q) are the corresponding
annihilation and creation operators for the acoustic
phonons.

In terms of the density matrix the free energy
may be written

F=Tr(penH+ ﬁ-lpen Inpesy) (35)

where H is the original Hamiltonian. The effective
Hamiltonian is used only to define a density-matrix
diagonal in the number representations of the ex-
citations €,(¢) and w(ugq).

For noninteracting Bose excitations the entropy
contribution to the free energy
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S=—kp Trposs Inpess (36)

may be written in the form

s=k52; {[L+n5@)] In[1+n,(9)) -n(q) Inny(q)} ,

@37
where #,(¢g) is the Bose occupation number factor,
m@)=1/(*+1), (38)

together with the corresponding term for the acous-
tic phonons.

In order to evaluate (H ) we express {r,, P,} in
terms of the new normal-mode coordinates a, and
al. 1t will be convenient to make use of the opera-
tors s)(g) introduced in Eq. (22). We assume that
s, may be expressed in terms of a, and a} with
equal amplitudes for forward and backward prop-
agating waves,

s @)= [26,@)])"?[ax@)+al(-q)] . (39)

The form of P,(q) follows from the requirement that
the transformation be canonical. For this choice
of s,(¢), (H) takes the form

<H>=g§el(q> (my(@)+ 2]+ Z w(ng) [n(ng)+ ] -% Z; v (0) A%+ mﬁ? (Af+ Axx)+%§c?j(eie,+ui,)

+30, 2 (Ai+8A%4,,+34%)+ %FZZ(AfAE.+A§, Bon+ A2 Aryr+ A AL By + Dy Byoge + 2 Byyr Ay0)
r

M

+ 20 Gpee; (AyAy+ Aw)a-'lézg“,'(eie, +D;) A3+ 4y), (40)

i’

where 4,,: and D,, are given by Eqs. (24) and (25),
respectively.

We choose the arbitrary function E4(T) in Eq.
(33) such that the self-consistency condition

(H)=(Hote) (41)
is satisfied.

As already discussed, v,y (0) depends on the
direction in which ¢ - 0. For each type of distor-
tion we choose the direction for which F is a
minimum.

The extremum conditions 3F/9A = 0 yield static
part relationships which together with Eqs. (24) and
(25) determine the thermally averaged quantities
A, e;, Ay, and Dy;.

The self-consistency condition, Eq. (24), involves
summations over the Brillouin zone. In order to
avoid complicated summations and the need to de-
termine the 2 dependence of the modes explicitly,

a molecular-field approximation will be used to
determine the thermally averaged quantities in
which the wave-vector-dependent interaction poten-
tial v,,.(q) is replaced by its average over the Bril-
louin zone. The corresponding molecular-field
energy w, is obtained from ¢, by replacing the true

i

[
harmonic normal-mode frequency by {2, In the
molecular-field approximation the correlation func-
tions 4,,. take the form

1
Alh..—_;bﬁbwi-z—w—x cothg- w5 5 (42)
expressed in terms of wave-vector-independent
quantities.

The molecular-field free energy is obtained by
replacing €,(q) by the flat spectrum w, in the trial
density matrix. % Because of Eq. (8), the molecu-
lar-field equations are independent of the particular
form of vy,.(q).

For an arbitrary distortion from cubic symmetry
setting 3F /3¢, = 0 gives the six equations,

Z)c",,eﬁ?cm. (AAy+ Ap)=0. (43)
j e
For each type of distortion the extremum condition
9F/3A = 0 yields a relationship of the form

Ag(A%e;, Ay ,Di)=0. (44)

We note that F' always has an extremum at A =0,
For a sufficiently strong coupling to the strain, the
solution A%(T) determined from g = 0 will have the
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FIG. 1. Temperature dependence of the order pa-
rumeter squared, T, and T, are, respectively, the
supercooling and the superheating temperatures. T, is
the transition temperature.

form shown by the solid curve in Fig. 1. For T<T,
there is only one additional extremum of F as a
function of A2, The corresponding free energy is
shown in Fig. 2(a). For Ty<T <T, an additional
extremum appears, characteristic of a first-order
phase transition. The supercooling and super-
heating temperatures Ty and T, are defined by

g(A=~0, T=Ty=0 (45)
and

dA

arTw==, (46)

respectively. The transition temperature 7, is
defined as the temperature for which the local min-
ima are equal as shown in Fig. 2(c). For T>T,
there are no additional extrema and the undistorted
cubic phase is stable.

The broken curve in Fig. 1 shows the corre-

sponding result for a second-order transition. As
|

E. PYTTE 5

already discussed, a second-order transition is ob-
tained for relatively weak coupling to the strain,
as, for example, in the structural transition of
SrTiO; with a change in the c¢/a ratio which is
roughly two orders of magnitude smaller than for
the ferroelectric transition in Pb3TiO; or BaTiOs.
The condition for a first-order transition may be
written
dA?

7z (D >0, (47)

T=Tg

with T, as defined by Eq. (45). This condition is
a very complicated function of the model param-
eters and temperature. It is written down ex-
plicitly for the case of tetragonal distortion in
Appendix B.

V. TETRAGONAL DISTORTION
For a tetragonal distortion corresponding to a
static displacement of ions along a cube axis, only

one of the components of Q(l) will be different from
zero. We set

Ay=Abyy, (48)

where the 3 axis has been chosen as ¢ axis. For
the correlation functions we obtain

Y (49)
Bgz= Ay, (50)

Aw=0,
Dyy= Bgp= By,
where we have introduced the reduced notation for

A,y.. Similarly for the static strains,

e;=0, >3 (51)
ej=e,#eg .

The free energy is minimum for q LC axis. In the

molecular-field approximation it has the form

=170 wy(nyt 3)=ET2 [(L+ny) In(L+n,) —=n, Innyg ]+ 3 w5(0)A%4 3 Q8 (24, + Aj)
A by

+ AT, (A% BA% Ag+ 3 A2+ 6 AZ)+ 3T, (242 A+ 24, A+ A])+ Gy [e5(A%+ Ag) + 224 A]

+2Gples Ayt e (A%+ g+ Ay)]+ 2 C?j eie;+Dy;)+3 E[gwa A%+ Ag)+2g:5 AJee;+Dyy), (52)
i i

where wg(0) is the transverse harmonic normal-

mode frequency defined by
wh(0)= 25 - v7(0) . (53)

For tetragonal distortion, b,,.= 0,,. and the corre-
lation functions take the form

A= (1/2w) cothzB @y, Ag= (1/2w;) cothzuws .
(54)
The molecular-field energies w, are defined by

wi=€ir(0)+v4(0), (55)

[
where the transverse soft-mode frequencies €2,(0)
are defined below.

Because the contribution of the acoustic phonons
to the free energy is to a very good approximation
independent of the distortions, terms involving only
the acoustic phonons have been neglected.

The extremum conditions 8F/8A =0 and 9F /e,
=0 yield the static part relationships

A [w%(0)+ Ty (A%+ 344)+ 2T, A

+2Gye5+ 4G pe142,8, (e e+ Dyy)]= 0 (56)
is
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FIG. 2. Free energy as function of the order param-
eter for different temperatures.
and

(éu+ 613)33+ 61231+Gu A1+Glz(A2+ A+ 8g)=0,
] ) (57)
C33€3+ 2C1361+ GII(A2+ A3)+ ZGIZ Al': 0 ,

where C“ are defined by the form of Eqs. (27) ap-
propriate for tetragonal distortion. The change in
the c¢/a ratio is given by

c/a-1=ez-e, .

From the equations of motion, Eq. (20), and the form
of the interaction potential v,,.(q) it follows that
pure longitudinal and transverse modes are obtained
only for the propagation vectors in the 1, 2 plane

and along the 3 axis. For q.l¢ there are two dif-
ferent transverse modes €,4(0) [E(TO)] and €,(0)
[A,(TO)] and one longitudinal mode €, (0) |E (LO)].
(The conventional group-theoretic notation for these
modes is given in the square brackets.) For q !l ¢
there is a doubly degenerate mode €,4(0) [E(TO)]
and one longitudinal mode €5,(0) [4,(LO)]. The
form of the soft-mode frequencies is determined
from Eq. (20),

€57(0)= w5(0)+ 8T A+ Ty (A%+ A+ &)
+Z(G“+G12)e1+2Glze3+?giil(e,ej+D,,) ,
J

2 2 2 (58)
€570(0)= w7(0)+ 3T (A% + Ag)+ 2T, A

+4G e+ 2G1163+§gm eie;+Dyy) .

The corresponding longitudinal modes are given by

€52(0)= €£7(0)+ [v£(0) ~ v (0)], (59)
or making use of Eq. (6),
€11(0)= €37(0)+ C . (60)

However, as is well known, these longitudinal
modes are not directly comparable with the experi-
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mental values. They are further renormalized by
a coupling of all the longitudinal modes through the
polarization field. 2

We may use the static part relationship, Eq. (56),
to eliminate w%(0). We obtain

€37(0)= (Tp— Ty) A%+ (T, = 3Ty) (83— 4y)
+2(G12-Gyy) le3-e,)

+?j ©in-8is3) lie;+Dyy) , (B1)

€2 ,(0)=2I,A% (62)

We note that whereas €3,(0) is proportional to A
and thus to the polarization, €,,(0) has a more
complicated temperature dependence.

It is also interesting to note that for a first-or-
der transition the frequencies of these modes do not
vanish at T=T,. At T, the isothermal susceptibil-
ity is infinite. However, the adiabatic susceptibil-
ity, which is inversely proportional to the square
of the optical-phonon frequency, remains finite. 2®

The form of the mixed modes for arbitrary di-
rection of ¢ may be obtained from Eq. (20).

The changes in the sound velocities due to the
resonant interaction are similar to those at the
structural transition except the longitudinal and
transverse modes are no longer degenerate. For
the cubic to tetragonal transition we obtain from
Eq. (30)

_ = A2 T = 2 AL
€1=Cy—-GigDy , cg3=Cg5-G11 Dy

C15=C1p= G D] | Cyy=Tyy—~G5DP'T | (63)
Ce6= Cép »
where
4p AP
DIl ——, 64
VUM L) (4
where p is the density of the crystal. As in I this

expression may be generalized to take into account
the soft-mode damping.

These expressions have been derived under the
assumption that w, <e€,. For w,~ €, the effect of
the resonant interaction cannot be expressed simply
as a shift in the sound velocity. Instead the coupled-
mode dispersion relation, Eq. (30), quadratic in
wz, must be solved explicitly for the two eigen-
frequencies.

The change in the elastic constant c¢,3 cannot be
expressed in terms of a pure longitudinal or trans-
verse mode. The constant cgg is not affected by
the resonant coupling, whereas ¢, can have two
different values depending on the particular propaga-
tion and polarization vectors considered. ?* A sound
wave propagating along an a axis polarized along
the ¢ axis couples to a longitudinal mode, whereas
a sound wave propagating along a ¢ axis polarized
along the a axis couples to the corresponding trans-



31766 E. PYTTE

verse mode.

The changes in the sound frequencies for arbi-
trary propagation direction and polarization and for
arbitrary distortion may be determined from Eq.
(30). Equations (63) predict step discontinuities
in the low-frequency elastic constants as for the
structural transition. We also note that the dis-
continuity is much larger when the acoustic wave
couples to a transverse mode as compared to a
longitudinal mode. %

VI. ORTHORHOMBIC DISTORTION

For orthorhombic distortion,
1

2

A =A/N2, x=1,2
=0, A=3

e1=e,*eg#eg#0

A= By # Dy # Bg 20 .

The matrix b,,. takes the form

1/Vv2 1/¥2 0
b={1/VZ -1/ 0
0 0 1

jon

(65)

(66)

(67)

The free energy is minimum for ¢ - 0 along the 3

axis and is given by

F=120 wyny+ 3)=kT2 [(1+n,) In(L+m,) —n, Inn, ]|+ 05(0)A%+ 30524, + 4,)
by

AT (BAY A% A+ 642+ 342)+ 3T,[5A% (A%1 8)) &)+ A%+ 24y ) Bg+ 24286+ 24F)

+Gyy[e1(A%4 28))+ €3 8g)+ Gyl (A2+ 28, + 28g) + e5(A%+ 24¢) |+ 2G y4e 4(A 5+ 2 8¢)

+§}_:, C?j(eiej +Dyy) +%E [gm(A2+ 280)+8i3 As](eieﬁD“) y (68)
i

where

1 1
Ay = ——coth3Bw, + —— coth3pw, ,

4w, 4w,

1
Ag= 20, cothzg w, |

1 1
Ag= 4-—w—1- cothzBw, ~ 4—% cothzpw, ,

with

wl=€2,(0)+v4(0) .

The static part relationships take the form

if

[

€,7, €37, Where

€fr= T+ Ty )A%,

€2p= (Ty = Tp) A2 = 4T, 8- 8G gy, (73)
(69)
€= 3(Ty~ T1) A%+ (3T = Tp) (45— &)
- 2T, 86+ 2(Gy; —Gyp) (€3 —€1) — 4Gy ey
X iz(gua -gZin)(e;es+Dyy),
i
("70) where we have made use of Eq. (71) to eliminate

w2(0). The longitudinal-mode frequencies are as

wi(0)+ Ty (zA%+ 34¢)+ Ty (BA%+ Ay+ Bg+ 2 Ag)

+2Gq e+ 2Gyp(e1+e3)+ 4Gy,

+208ipnlese,+D,)=0, (71)

A2=3 A%
Cuey+ C-lz ey+es)+ Gn(’éAZJr 4y)
€;=¢ey,
+Gyp(zA%4 A1+ 89)=0, —e,,
C 5 y 2 = 2 Bye= 4y,
Cire3+2Cpe 1+ Gy B3+ G1p(A%+240)=0 (72)
- A4 ’

Cueg+Gu(3A%+ 8)=0 .

before given by Eq. (60).

VII. TRIGONAL DISTORTION

For trigonal distortion,

for all A
is3
i>3
A=A
AN

The matrix b,,. takes the form

For orthorhombic distortion the modes are all

nondegenerate, Pure longitudinal and transverse . 1/V3
modes are obtained only along the orthorhombic b= 1/V2
axes. For q=¢(0,0,1), we obtain the frequencies 1/v6

€7, €1, €; for d=(g/v2)(1,1,0), we obtain €,

€55, €37; and for 4= (g/v2)(1, - 1,0), we obtain €,

1/V3 1/V3
-1/v2 0 (75)

1/v6 -2/V6

and the free energy may be written
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F=520 wy(ny+ 3) = kT 2[(1+m) In(L+2,) =7, Inny] + Sw2(0) A%+ 3 Q2 4,
)y s

+ 30y (5A%48A% A1+ 340) + 3T, [5 A%+ 242(A,+ 2480+ A%+ 2821+ (Gyg+ 2G15) €1 (A%+ 34y)

+4Gyey(A%+ 300+ 2C (ee;+ D)) + % 2 gipleies+Dyy) (A2 3ay), (76)
ij ij

1L othisw. s Leotht
Al = 3 (2w300th 23w3+ @, coth 26(01) .

(77)

I S 1 1
A4— 3 (zws coth 26("3 - ru)l'coth 26(’-’1) .

The statié part relationships take the form
w3(0)+ Ty (zA%+ 34y)+ 2T, (3A%+ A+ 24,)
+2(Gyy+ 2Gyp)eq + 8644e4+%gm (eie;+Dy;)=0,

_ (78)
(C11+2Cp)e + (Giy+ 2Gy,) (5A%+ 4)=0,

(79)
Cuey+Gu(34%+ 84)=0.

Pure longitudinal or transverse modes are obtained
for q along the (1,1, 1) direction in the plane per-
pendicular to this direction. For ¢!l (1,1, 1) there
is a doubly degenerate transverse mode of frequen-
cy €, and a longitudinal mode €;;,. For q.1(1,1,1),
we obtain the modes €,;, €;,, and €5,. The fre-
quencies are given by

€fr=2(T - Tp) 5A%- 6T, & - 12G e,

80

€2,=2(Iy+2T,) 3A% (80)

with €%, given by Eq. (60).

VIII. CUBIC PHASE

The corresponding equations for the cubic struc-
ture are obtained as a limiting form from any of the
distorted structures:

A,=0,

A,=0, 2r<3
=0, A>3

e;=e, 453

|
=0, 423
b)‘11= thl . (81)

The free energy is given by
F=3wm+3)-kT3[(1+n) In(l+n) -2 Inn}
+ 505 A+ F(8T+ 2T,) A% + 3(Gyy + 2G1p)e A
+%§C?1(9161+Du)+%Aizigm(eieﬁDw), (82)

where the strain terms have the usual form appro-
priate to cubic symmetry. The molecular-field en-
ergy is defined by

w?= €2(0)+v4(0) . (83)
From 9F /% =0, we obtain
(Cr+2Cp)e+ (G1y+2G15) A= 0, (84)

which determines the contribution to the thermal
expansion of the coupling to the soft-mode coordi-
nates.

For arbitrary direction of g there is a doubly
degenerate transverse mode €,(0) and a singlet
longitudinal mode €,(0), where

€%(0)= w%(0)+ (3T, + 2T,) A
+2(Gy1+2Gyp)e +? gipleje;+Dyy), (85)
i
€2(0)=€2(0)+C.

From Eqs. (45) and (56) the supercooling tempera-
ture is defined by

W7 (0)+ (3T + 2T A(Tg) + 2(Gyy + 2G ) e (Ty)
+%>gija[ei(To)ef(To)+Dif(To)]=0 . (86)

Eliminating the harmonic soft-mode frequency using
the definition of T, the soft-mode frequencies may
be written

€%= (8T + 2T) [A(T) — A(Ty))+ 2(Gyy + 2G 1) [e (T) — e (T)] +zzj>gi“ lei(T)e (T)=e(To)e (To)+ D (T) =D yy(To) 1,

which explicitly exhibits the fact that the soft-mode
frequency vanishes at the stability limit 7= T,

IX. CONCLUDING REMARKS

A simple model Hamiltonian has been constructed
to describe the ferroelectric transitions in the

(87)

[

perovskites. The temperature dependence of the
polarization, strain distortions, and the trans-
verse g = 0 soft-mode frequencies have been calcu-
lated using the molecular-field approximation. The
soft-mode frequency in the cubic phase vanishes at
the supercooling temperature T, whereas the modes
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in the distorted structure remain finite at the su-
perheating temperature T,.

In order to calculate the ¢ dependence of the
modes, more detailed assumptions need be made
as to which ions take part in the internal displace-
ments and to the interactions among these ions.
Hiiller has considered a model for BaTiO;, assuming
that all the ions except the Ti ion are highly bound
to their equilibrium positions but including the ionic
polarizability of the oxygen ions.?* The predicted
anisotropy in the 2 dependence of the soft modes re-
sulting from the anisotropic nature of the dipolar
forces has been observed experimentally. ?®° How-
ever, no attempt was made to give a realistic de-
scription of the temperature dependence of the
modes.

In order to compare the expressions derived in
this paper with the experimental results for partic-
ular materials such as PbTiO; and BaTiO;, the non-
linear set of equations determining the soft-mode
frequencies, the order parameter A, the correla-
tion functions 4;, and the strain distortions e;
must be solved numerically for a given set of model
parameters. The model parameters must be de-
termined to give the best over-all fit with the ex-
perimental data. This program was carried out in
I for the structural transitions in SrTiO; and LaAlQ,
for which the model parameters were well over-
determined. It will be of particular interest to see
whether the series of transitions observed in BaTiOg
may be correctly described by this simple model.

Very recently, calculations based on the self-
consistent phonon approximation (SPA) have been
carried out for a model ferroelectric containing
only fourth-order anharmonic interactions.3® The
q dependence of the modes was calculated explicitly
and the mode frequencies determined self-consis-
tently using Eq. (2). A first-order transition was
obtained. However, the molecular-field approxi-
mation used in this paper gives a second-order
transition. In both these approximations, correla-
tion functions containing more than two normal-
mode coordinates are factorized into products of
pair correlation functions. Such factorization ap-
proximations are only valid as long as the fluctua-
tions are not too large. The molecular-field ap-
proximation effectively cuts off the long-wavelength
fluctuations, whereas in SPA these become so large
as to invalidate the factorization approximation.
This is discussed in more detail elsewhere. 3!

APPENDIX A

For cubic symmetry there are three distinct
coupling constants G;,,.. Introducing the reduced
notation for the last two indices, we may write

G11=G111=Gppp=Gygy

Gip= Gwz: Gigs= G = Gas3= Gan =Gggp ’

2G44=Gyp3=G513=Ggys (A1)

all other coupling constants G;,,. being equal to
Zero.

The coupling constants g;;,=g;, for all ¢,j. There
are six independent coupling constants g;;,. These
are

S111=8222=8333 »

£1218122=8131=81338 2328 233

8112811382218 22383318332

8123=8132=8 231 » (A2)
8442=8 44385518553 =8 661 =8 662 »

8441=8552= 8663 -

APPENDIX B

If we neglect the fourth-order coupling to the
strain, setting all g;,,,=0, and eliminate e¢; in
tavor of A% and A, using Eqs. (57), then for tetrag-
onal distortion, g(4?, A,) defined by Eq. (44) may
be written

g(A% 2)= wh(0)+ (T -$C, - §Cy)A®

+ (3r1‘§4‘cl -32—C2) Ay + (2T 5+ 34"01 —§-C2) 4,

(B1)
where
Gy - Glz)z Gu+ 2612)2
= -l C,= 1 “712)
¢ Ci1-Cyy ’ 2 Ciy+Cpp - (B2)

If we ignore the contribution of the correlation
functions Ay and A, to the slope at T'= T of A% as
determined from g(4% A,)= 0, the condition for a
second-order transition takes the siinple form

(T, -4C,-%Cy)>0. (B3)

We note that for a sufficiently strong coupling to
the strain this condition is no longer satisfied and
the transition is first order.

Taking into account the A% dependence of the
correlation functions the condition for a second-
order transition is rather complicated,

a+by,+cy, >0, (B4)
where

~-T
71= 557~ [cothBo 2(0)+ Bovr(0) csch®zBov (0],

0
_(d+oze)~,/1 __~éen

Y2= o, * ey 2r,
a=T,-4$C -%C,, b=30-%$C-%C,, (B5)

c=2Ty+%C -%C,, d=T,-T,+2C,,

e=T,-3I+2C, .
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