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I. INTRODUCTION

The work described in this report was conducted from 1 October 1973
to 30 September 1974 under Advanced Research Projects Agency Contract
DAAB 07-74-C-0470, P,M, Raccah, principal investigator, F, Rothwarf,
contract monitor, Its purpose was to improve our understanding cf the
rhenomenon of pyroelectricity through an exploration of the fundamental
physical processes involved. It is hoped that such improved understand-
ing will lead to practical guidelines for the selection of materials for
use in infrared detectors and to useful insights into the factors limiting
the performance of devices employing the pyroelectric effect.

The ferroelectric perovskites were chosen as a focus for this
investigation since their properties have been extensively studied, and
they provide a family of isomorphous materials in which the effects of
varying certain physical parameters can be examined systematically.

The pyroelectric behavior of the pervoskites is intrinsically related
to their ferroelectric behavior. Below the Curie temperature these crystals
are spontaneously polarized, and although this peliarization is always
screened by stray charges attracted to the erystal, any change in tempera-
ture produces a change in the polarizatiocn of the ¢rystal which appears as
a net dipole moment and which persists until it can be compensated by a
gain or loss of stray charge at the surfaces. This pyroelectric effect can
be described by any theory of ferroelectricity which accounts for the tem-
perature dependence of the spontaneous polarization. We have examined the
simple thermodynamic theory due to Devonshire, and obtained from it several
new results (Sectiocn II) which yield the pyroelectric coefficient and the
figures of merit for pyroelectric detectors in terms of the parameters of
that theory or in terms of simple (but at present less useful) thermo-
dynamic relntions, Sectiorn III describes our search for a2 microscopic cal-

culation of thc prrameters appearing in Devonshire's theory. We obtain




the perhaps surprising result that a sultable generalization of the mean
field theory so familiar in ferromagnetiem can be used here with consi-
derable success. The generalization required allows the theory to des-
cribe first-order as well as second-order transitions, and thus represents
an interesting contribution to the general theory of phase transitions as
well as a partial solution to the present problem. In justifying the use
of a mean field theory, we must overcome the objection that the symmetry
of the high-temperature phase does not permit the existence of the per-
manent dipole moments assumed in the theory. A variety of experimental
evidence for the existence of a partially disordered array of dipoles

in the pervoskites is presented, including our own measurementis of

Raman scattering in KNbO,. Finally, Section IV describes additi&nal
experiments now in progress which may yield further evidence for the
order-disorder nature of the phase transitions and outlines some new
theoretical ideas which, although still speculative, show prcmise of

greatly enhancing the power of the mean field theory.

|
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II, THERMODYNAMIC THEORY

Devonshire's thermodynamic theory of ferroele aricityl’2 can be used
as the basis for a description of the pyroelectric effect in the perovskites.
Port A of this section deseribes the free energy function introduced by
Devonshire and summarizes the well-known results obtained from‘that
function. Part B employs Devonshire's rormalism to cbtain expressions
for the pyroelectric coefficient and the figures of merit relevant to
the operation of pyroelectric detectors., These latter resul*ts, while
simple, do not appear to have been dlscussed previously.

A, The Free Energy. If we restrict our attention to the transition

from a non-polar (paraelectric) phese having inversion symmetry to a polar
(ferroelectric) phase and consider only polarizations P along the polar

axis, then the free energy at 7ero stress can be expandedl in a power

series in Pe:

G=LaP +LBP + zCP L, (1)

where the coefficients A, B, C,... are functions of the temperature,
(Strictly speaking, the free energy G at non-zero stress is the elastic

Gibbs function.l) The applied electric field is given by

E = 3G/oP = AP + BPS + P + cees (2)

and the dieleciric stiffness (reciprocal of the susceptibility X) is

For the susceptibility of the paraelectric (P=0) phase to exhibit a

Curie-Weiss behavior, iv is sufficient to assume

!l
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A= AO(T-TO), (L‘)

where T is the absolute temperature and T, is the Curie-Welss temperature
(For x>>1, the usual Curie coefficient is then approximately 2n/Ac).
Most discussions of the thermodynamic theory2 further assume that the higher-
order Devonshire coefficients, B,C,... are temperature-independent and that
the expansion of G in Eq, (1) can be cut off at the term proportional to
P6. Since the first assumption is contrary to the results of the micro-
scopic model to be presented In Section III, we will avoid its use, The
second assumption so greatly simplifies the theory that we will adopt it
here, with the warning that our analysis of the experim:=ntal data for
BaTiO3 raises some doubt as to its validity. We should also note that
this approximation for G requires C > Q in order to prasvent the minimum
of G from occurring at infinite polarization. Equations such as (1)-(3)
which are correct to all orders in P will have that fact indicated by
the continuation sign (...).

Conditions for the existence of a spcntaneous polarization in the
absence of an applied field can be obtained from Eqs, {(1)-(4). If terms
of order P8 and higher in G are neglected, then Fq.(2) with E = O has the

solutions P =0 and P = Ps, where

P = - B/2C (1 £/ 1-bAc/E). (5)

In order to have Ps real we must have hAC/B2 < 1. Hence no polar
state is possible at temperatures higher than Tu’ where Tu 1s the solution
of hAC/E2 = 1, (For A given by Eq.(4) and B,C independent of T, we obtain
the usual resultz, T, =T, * Bz/hAOC.) For the polar state to be stable

(or metastable) we must have G(Pé) be & local mir.imum of G, and hence
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bp'G/bP2 =1/x > 0. Thus requires the choice of the plus (minus) sign in
Eg.(5) if B is negative |positive).

We must now consider separately the cases B> 0 and B<0, 1IfB>0
we have P =0 at T=To, and PBZ is negative ror T, <T< T, Hence no
spontaneous polarization is possibie above To’ and for T < To the polariza-
tion increases cortinuously from zero, giving rise to a second-order
transition. For B < 0, spontaneous polarization 18 possible for To <T< Tu’
but the polar state is metastable as long ss G(Ps) > G(0) = 0, The phase
transition occurs at the Curie temperature T,» at which G(PE) = 0, Using

Eqs.(1) and (2) with G = E = 0, we obtain
P° =-3B/kC, at T = T, - (€)

Since the polar state has a finite polarization at Tc’ the transition is

first-order. Combining Eqs. (5) and (6) yields

A =38°/16C , at T = Ty - (7)

(For A given by Eq.(4) and B,C independent of T, Eq. (7) gives the usual
2 - 2 v )
result”, T =T + 3B /16 AC.)
Equations (6) and (7) can be used to compare the susceptibilities
xp and Xp of the paraelectric and ferroelectric phases, respectively3.

From Eq. (3) we nave

1/xp = A
L

2
/xp = A + 3BP" +5CP .

Direct substitution of Eqs. (6) and (7) gives

I
=}

X, = by, at T =T, (9)
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Note that the results (5)-(9) hold regardless of the temperatw . deperdence
of B and C, but require that terms in G of order higher than P6 be negligible,
The temperature derivative of G at constant strain and polarization

gives the entropy

S = - 3G/3T = - (%A'p2+—&B'P“+%c'P6+...) ; (10)

where the prime indicates differentiation with respect to temperature,
The entropy decrease in going from the non-polar to the polar phase is

thus
. .
AS =3 A' P FEB P _+ZCUP 4+, (11)

where P_ . is the value of P at I =T.
Of course, A4S is non-zero only for a first-order transition (B<0).

The latent heat associated with a first-order transition is simply
W=T &5 . (12)

B. Pyroelectricity. The pyroelectric coefficient ¥ is just the

temperature derivative of the spontaneous polarization:

® = - 3P_/3r . (13)

Since P_ satisfies Eq.(2) with E = O, we can differentiate this equation

with respect to T and cbtain

A'P + B'P3 + C'P5 + ... :
(p - o 8 8 = = X (A'P + B'l’j + C'PS + ooo) (ll‘)
2 4 s s 8 ’
A+ 3BPS + SC Ps eoe

where the prime again indicates differentiation with respect to temperature,
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Various figures of merit have been defined for the operation of
pyroelectric detectorsh'6. Byer and Roundy5 have shown that the respon.e
of a pyroelectric detector in the high-frequency limit is proportional
to ¢/¢, where ¢ = 1thm X is “he dielectric constant. So for X >> 1 we

mey define the response figure of merit
M, = 9/X , (15)

and the thermodynamic theory then gives

M, = A'P + B'P3 + c'P5 + ... (16)
1 s 8 S

5,6 that the signal to noise ratio of a pyro-

It has also been shown
electric detector is propertionul to @ﬁ/é, implying a noise figure of
merit

M, =M, %2, (17)

It is clear from Egqs. (14) and (16) that any microscopic model for
ferrcelectricity, in order to be useful in predicting pyroelectric
coefficients and pyroelectric detector performance, must successfully
predict the temperature dependencc of the Devonshire coefficients. As will
be shown below, the l-west-orde. aporoximation to Eq.(14), @ = onPs,
does not provide an adequate description for BaTiO3 and is likely to fail
for other perovskites as well.

It should be noted here that Eq.(14) is just a specisl case of the

general result

®/x = (JE/3T)y . (.8)

Equation (18) rollows from the thermodynamic relation

T e e e e e R e e i S S
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& &+ & =0,
BPT BTE BTP

which is valid at constant stress. A general examination of the thermo-
dynamic significance of the pyroelectric coefficient and figure of merit

is currently in progress.

[
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III. MICROSCOPIC THEORY

Two distinct types of theory have been developed to describe the
ferroelectric phase transition. The more recent aud generally fruitful
of these is based on thu concept of the lattice dynamical instabvality, or

f and Andersons. This theory assumeg

"sort mode", introduced bv Cochran
the existence of an infrared-active phonon mode whose frequenay of vi-
bration is small due tc & compensation of the short-range restoring
forces by long-range Cowlomb interactions. By making reesonable assumptions
concerning the temperature dependence of the force constants or by in-
troducing the anhuaZ.unicity of the lattice explicitly, one can obtain a
soft-mode frequency which vanishes at a characteristic temperature To.
The crystal then acquires a disuvurtion and polarization of the same
Symmetry as the 50.%t mode, and thz Lydanne-Sachs-Teller relation predicts
a Curie-Weiss law for the dielectric constant7. The soft-mode theory thus
establishes a connection between th~ macroscopic Devonshire coefficients
and micioscopic parameters such as inter-atomic feorce constants and
effective charges., Its major drawback in the present context lies in
the fact that there do not exist adequate a priori thecries for the micro-
scopic parameters involved. Instead, one must infer values of these para-
meters from the observed values of the wacroscopic quantities. Hence in
its present state of development the soft mode theory lacks the predictive
power aeeded to relate the pyroelectric behavior of a crystal to its
microscopic propecties,

In searching for a formalism better suited to the problem at hand we
have re-exar‘ned older theories based on the mean-field approximation9.
Such theorie. de- .. ibe the ferroelectric phase transition as an order-
disorder transforuation resultir - from the ordering of an array of - 2rmanent
dipoles, as in the Weiss molecular-field theory of ferromagnet:sm, This

approach would not appear to be applicable to the pervoskites, where the ‘
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structure determined for the paraelectric phase (space group Ohl) has
each atom located at an inversion center, thus precluding the existence
cf permanent dipoles. In addition, the phase transitions predicted by
the mean-field theories are of second-order, while many of the perovskites
exhioit first-order transitionsz. The purpose of this section is vo shuw
that neither of these objections should be regarced as ruling out the
possibility of an adequate description of ferroelectricity in the perov-
skites besed on a mean-field theory. Part A presents experimental
evidence for the existence of disorder in the paraelectric phase of the
pervosxites, indicating that the atomic sites may be inversion centers
only in some average sense and that a consistent interpretation can be
given to the dipole momeat which appesrs in the mean-field theories.

With the first objection to this approach removed, part B outlines the
results of the conventional molecular-field theory, using the Lorentz
form for the local field, Part C then introduces a generalized form for
the local field which permits the existence of first-order as well as
second-order transitions, thus eliminating the second objection mentioned
above. Although introduced in an ad hoc way, this local field can be shown
to represent a reasonable generalization of the Lorentz field and to
correspond in a formal way to a modification of the molecular field intro-
duced by Onsager in order to correct well-known failures of the Lorentz
lozal field in dealing with liquids and solids containing permanent dipole
moments,

A, Evidence for Disorder, The first indication of disorder in the

pervoskites was obtained from the observation of diffuse scattering of
electronslo and x-raysll in tetragonal BaT103. Diffuse scattering was seen
in all {100} reciprocel planes except those passing through the origin.
Comdc et a1l? extenied these observatior to all four phases of KNb0; and

found that as the temperature was lowered, one set of diffuse scattering

NS .
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planes disappeared at each phase transition, until the lowest-temperature
(rhombohedral) phase exhibited no diffuse scattering. In the ferroelectric

phases, scattering was seen only in reciprocal planes perpvendicular to those

cubic axes which were themselves perpendiculur to the spontaneous pola-

rization. This behavior was interpreted by Comes et a112’13

a model proposed by Takahasilu, as arising from correlated displacements

, following

of the metal atoms from the centers of the oxygen octahedra. The observed
scattering in the cubic phase was accounted for by assuming that each
metal atom is displaced along one of th:. €. t equivalent < 111 > directions
in which the displacements along the chain direction are corielated for
distances of from 10 to 30 unit cells. Averaged over distances large
compared to this correlation length, howev r, the structure has cubic
symmetry. At the cubic-to-tetragonal transition, long-range order appears
along one of the cubic axes, which then becomes the tetragonal c-axis (and
the direction of spontaneous polarization), while only the suort-range
order persists in the other € 100> directions. Tae lower-temperature
transitions can then be described as the appearance of long-range
order along the remaining cubic axes. It is readily shown13 that this
model accounts for the observed form of the diffuse scattering and for its
progressive disappearance at each of the transition temperatures,

More recently, similar diffuse scatterinz patterns have been seen in

KIbO,, KTal

3’ 3’ 3’
Both neutron scattering and MR measurements
16,17

3

ineitastic neutron scattering experjmentsl5 on BaTiO

KTabel_x03 (KTN), and SrTiO3.
have shown, however, that the displacement correlations are dynamic

12
rather than static as originally proposed by Comes et all"13. The dynamic
character of the correlations is not an obstacle to the use of an order-

disorder model, however. As no'ed by Yamada et a118, the neutron scattering
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results, which are generally interpreted in terms of an overdamped soft
phonon, can be equally well described as a tunneling mode i which the atoms
tunnel through a potential bparrier between eq.ilibrium positions symme-
trically arranged about the center of symmetry. In the latter

picture, the unit-cell dipole moment whish appears in the molecular

field calculations can be interpreted as an instantaneous

value (corresponding to one of the equilibrium positions) and the free
energy obtained by time averaging has the same form as it would if the
dipoles were static.

Further evidence for disorder in the perovskites has been obtained
from Ramar scattering measurementslg-2l. No first-order Raman scattering
can be produced by a crystal having the cubic perovskite structure, since
each atom is located at an inversion center. Yel Fontana and Lambert19

observed broad scattering peaks in tetragonal BaTiO, which snow no sharp

3
drop in intensity at the cubic-to-tetragonal transitiocn temperature; the
integrated intensity of these peaks exhibits a temperature dependence
different from that expected for either first- or second-order scattering.
Although Barbosa et a.l22 have suggested that this peculiar temperature
dependence is not intrinsic but rather due to an increase in optical
absorption at high temperatures, careful measurements of both absorption

and Raman scattering on the same, high-quality sample confirm that the
behavior is in fact intrinsic23.

Fontana and Lambert19 suggest that these observations could be accovnted
for if the anomalous features in the Raman sp2ctra are interrreted as
disorder-indv~ed first-order scattering, i.c., one-phonon scattering by modes
which would not be Raman-active in a perfect ¢r .al but which become so
when both the translational and point-group symmetries are broken by the

disorder. Since all phonons (not only those at the zone center) can become

Ruman active in this way, one anticipates a scattering spectrum proportional
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(in first approximation) to the one-phonon density of states., We have
performed Raman scattering measurementsal cn good quality, single
domain orthorhombic KNbO3 crystals (provided by E. Wiesendanger, ETH
Zirich), and some of the results are shown in Figs. 1-3. Figure 1 com-
prares the results obtained in two different scattering geometries,
X(YY)X and X(ZZ)X. (The notation ?i(?izs)ﬁs indicates the directions
of the incident and scattered wavevectors Ei and Es’ respectively, and
of the polarization vectors of the incident and scattered waves :i and
:s, respectively. The axes are those of the high-temperature cubic
phase, with the convention that the spontaneous polarization PS is
along (110).) The two spectra are strikingly different, despite the
fact that both involve the sane momentum transfer E;-Qi and the same
symmetry component (Al) of the Raman tensor>>. In the X(YY)X geometry,
both incident and scattered photons are polarized perpendicular to Z,
the direction in which the disordered chains are formed, and the result
is a typical first-order spectrum, showing sharp peaks against an
essentially negligible background., The x(zz)i geometry, on the other
hand, has both incident and scattered photons polarized parallel to the
z-axis, and the resulting spectrum contains, in adaiticn to the peaks
seen in the X(YY)i spectrum, a broad, relatively feat:reless background
whose intensity is comparable to that of' the one-phonon peaks, This
background appears to have a meximum near 150 cm'l; as noted by Quittet
vt alac, neutron scattering experiments15 have located a rather flat
rhonon branch, corresponding to TO modes propagating perpendicular to
the z-axis, rear this energy which could be respons’ ‘e for a maximum in
the density of states,

Figure 2 illustrates a second interesting aspect of cur experimental

= . 23a
findings. The geometry Y(XZ)Y yields scattering from modes of B, symmetry 3 5
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which is that of the soft mode responsible for the orthorhombic-to-
rhombohedral transition’’ In the Y(XZ)Y spectrum (Fig. 2a), the peak at
39 cm'l has been attributedzo to a density of states maximum due to the
flat TA bra.nch15 near 50 cm-l. We have found, however, that if the crystal
is rotated about its x-axis (see Fig. 2b) this maximum shifts rapidly
toward higher energies, A typical spectrum for the rotated crystal, labeled
Y(XZ)Y + R, is shown in Fig., 2a. In this measurement the direction of
propagation of *the light inside the crystal has been rotated away from
the y-axis by less than 120, but the position of the peak is shifted by
nearly 25 cm-l;or more than 50%. This behavior is inconsistert with ihe
assumption that the scattering is due to the one-phonon density of states,
and we believe instead that it is produced by a phonon of nca - -zeso wave-
vector whose frequency-momentum relation is highly anisctropic. It has

been shown15 th.:t the lowest-lying B, .mode is soft only for wavevectors

2

- -y

in the xy-plane, so that as we rotate the momentum transfer ks-ki (and,
assuming that crystal momentum is conse:ved, the wavevector of the emitted
phonon) from the y-axis toward the z-axis, we should ex ect a significant
increase in the phonon fra2quency.

It can be shown, using arguments similar to those of Loudon23a for
the case of a uniaxial crystal, that if the anisotropy of the short-rarge
force constants is small compared to the electrostatic interactions, the
angular dependence of the phonon frequency w should be given by

2

w = uie sin2 0+ w

22 cos® 8 s (19)

where 6 is the angle between the phonon wavevector and the z-axis. We
measured w for external angles of incidence (8' in Fig. 2b) up to 550,
corresponding to values of 6 {assuming a refractive index r. = 2,3) ranging

fiom 690 to 900. We also found w for 6 = hso from spectra taken in the
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Y(ZX)2 geometry. The results, indicated by the triangles and square in
Fig.3, are in good agreement with the prediction of Eq. (19), shown by
the solid curve in Fig. 3. A least-squares fit gives w = 250 cxn-l and
W, = 39 cm-l. Unfortunately 1t is not possible to observe a mode of B2
symmetry when the momentum transfer is along the z-axis (i.e., 8=0), We
have observed, however, that spectre corresponding to Ay symmetry with
momentum transfer along z, e.g. Z(XX)Z, exhibit a broad peak centered at
250 cm-l and that this peak shifts slowly to lower energy as the crystal
is rotated about the x-axis. The angular dependence of this peak in the
range 0 € 6 < 21° was measured (circles in Fig. 3) and also found to

fit Eq. (19). This agreement suggests that we are in fact seeing the
same mode in each set of measurements, despite the group theoretical
restriction that only B, modes should be seen in the 7(X2)Y geometry
and only Al modes for Z(XX)Z. Such an explanation is admissible if we
note that the group-theoretical scizcuion ruies hold only for phonons
exactly ¢t the center of the Brillouin zone. The phnonons observed in
Raman scatteriag have finite (although small) wavevectors vaual to che
mementum difference Es'gi' At finite wavevector an infra-red active

2
phonon car hav:2 mixed symmetry 3a

, with atomic displacements e ual to a
lirear combination of displacements transforming according to each of the

zone-center symmetri~s which is inirared active (in this case A Bl’ and

l’
BQ)’ The results shown in Fig. 3 suggest that this m’ xing may be quite
strong., The strongest ol.jection to our identification of the 39 cm-l line
as t..e soft mode is that ithe neutron scattering experiments of Currat et

15

al™” place the soft mode frequency of about 25 cm.l at room temperature,
This discrepancy could be caused by a difference between our sample and
theirs in the value of the orthorhombic-to-rhombohedral transition tempe-

rature. Untortunately, the transition temperature was not measvred for




either sample, because of the danger of damage to the crystal in passing
through a first-order phase transition.

B. Molecular Field Theory. The evidence presented in the previous

section strongly suggests the presence of disordered dipoles in all but
the lowest-temperature phases of the pervoskites. Lambert and Comészu
have examined the consequences of assuming that the phase transitions

in these materials are of the order-discrder type and concluded that such
a description is consistent with experiment. In the fcllowing we will
re-examine the molecular field theory (MFT) used by Lambert and Coméseh
in order to show that it is in fact not adequate to describe the behavior
of the pervoskites and in order to lay the foundations for the generalized

molecular field theor: to be presented in the following section.

Since the MFT, as applied to ferromagnetism, is treated in most ele-

Z

\N

nentary texts on statistical mechanies ™, we will simply summarize the
results obtained in the cace of ferroeicctricity.
The instantaneous energy of orientation of an electric dipole moment

; is given by

il

H:-p,, L (20)

where §L ic the local field acting on the dipole. The usual MFT is o*-

tained by assuming that the local field has the Lorentz form

-t

EL=§+

wlF

P, (21)

where E is the applied (macr~scopic) electriz field, and 3 is the macros-
copic polerization. If we consider a cubic (or isotropic) medium (so that
P is parallel to E) and assume that the dipole moment can rotate freely,

the usual statistical a guments for an array of N independent dipoles give

P(T) = np L(x) , (22)
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where

L(x) = cothx -l/x and x = UEL/RT (23)

(k is Boltzman's constant).

For small values of x, L(x) can be expanded in a power series
=1 1 .3 2_ .5
L(x)—BX-FS'X +'9'h—5‘x +-o- 9 (2’4)
and this series can be inverted to give
x=3y+2y + 2L Y4, (25)
> 175
where y = L(x) = P/Ny. Equation (25) which relates E, and P, can be

solved for E tc give

E=A(T-T) P+ BPS + CP° + ... , (26)
where
2
A= 3k/Nu
B = 38 T/N (27)
c = 99A0T/175 Nhuh, ete.
and

T, = bn/3A . (28)

Since the electric “ield (26) has the same form as Eq. (2), we obtain

a "ree energ of the Devonsiire form

G=1 A(T--)) P+ 1 B + % o+ ... . (29)

An important property of the free energy (29) is that the coefficient of

Ph, B = 3AOT/N2u2, is positive for all finite temperatures, Hence the MFT

predicts asecond-order phase transition. This conclusion is not altered
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if one replaces the assumption that the dipole moment can rotate freely
by the requirement that it be either parallel or antiparallel to the
applied fieldzh or that it have one of a set of possible orientations
consistent with the cubic symmetryé. The addition to Eq. (22) of an
induced polarization26 aEL, proportional to the molecular polarizability
o, also has no effect on the order of the phase transition. The obser-
vation of firsi-order transitions in the pervoskites casts serious doubt
on the validity of a MFT based on Eq. (21). Sinca the theory predicts

a second-order transition which has no latent heat, to attempt, as do
Lambert and Comészh, to identify the saturation polarization Psat = Nu
with the spontaneous polarization at Tc and to calculate the latent heat
from Eqs. (11) and (12) is to distort the conclusions of the MFT.

Before discussing our proposed generalization of the MFT, we should
note two other consequences of the MFT which are frequently considered
objectionable27. First, Eq. (28) implies that AT = 4r/3, while in
every case in which Ao and To have been measured in a pervoskite, one
finds A T << Ln/3. The theory thus requires a Lorentz factor in Eq. (21)
which is substantially smaller than ir/3, However, the Lorentz factor
varies rapidiy with position in the perovskite unit cell28 so that the
finite extent of the dipoles (or the finite displacement of the equilibrium
positions of the ions from the cubic lattice sites) may produce & subs-
tantial reduct® m f the Lorentz factor. A second objection arises from
the fact that if each unit cell contains an independent dipole, the
entropy change produced by the ordering will be of the order of k per unit
cell, ~hile experiments indicate a value which is smaller by at{ least an
vrder of magnitude27. This difficulty can be met if the x-ray results are
inter; "eted to . ean that the independent ¢ °'pcles are ictually chains of
length 10-30 unit cells. "e entroy., change is then reduced to approxima-

tely the observed valuezh, although the conventional MFT continues to
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predicet a second-order transition.

C. Generalized Molecular Field Theory. We will now describe a

generalized molecular field theory (3MFT), whickh, by permitting a first-
order phase transition, overcomes the main objection raised to the
conventional MFT, The GMFT is obtained by simply replacing the Lorentz
local field (21) with a local field of the form
Eg=E+ AP+ NP+ A"P + ... . (29)

We have used the cubic symmetry of the crystal and the assumption
that the polarization occurs along a cubic axis in order to suppress the
tensor nature of A,\',\",... and permit them to be written as simple

coefficients, With this modification of the local field, Eq. (25)

novw gives
E = AO(T-TO)P + BO(T-Tl)P3 + co(T-Tz)PS +ouee (30)
where
A = 3/, T = MA,
R . (31)
L L

C, =9 A0/175 N'p', T, =) /co

and so forth, This leads to the free energy

=14 AO(T-TO)P2 + 3 BO(T-Tl)Pk + % C, (T-T2)P6 tee . (32)

L

One sees immediately that for T. > To the coefficient of P ,

1
B=B (7-T)) , (33)

will be negative in the vicinity of To’ and a first-order transition

is possible. The temperature dependence of B has been measured only in
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BaTiO3. Drougard et al29 studied the polarization dependence of 1/X in

the paraelectric phase and found that B has the predicted form (33) with
B = 1.8 x 1071% cgs and T, Mi8 K. Also, Huibregtse and Young™
determined B from measurements of the susceptibility and spontaneous
polarization in the ferroelectric phase (Jjust above the tetragonal-
orthorhombic transition) and found a value in good agreement with Eq,(33)

29

using the parameters given by Drougard et al ~. More recehtly, the work
of Matsuda and Abe3l has fajiled to confirm Eq. (33), but these messure-
ments yield B only indirectly, via a calculation which mekes the dubious
assumption that C is temperature-independent.

Before entering into a detailed examination of the consequences of
the free energy (22) predicted by the GMFT, we will discuss briefly the
question of the local field in order to justify the form proposed in

32 that the Lorentz local field (21)

Eq. (29). It has long been known
ir rot suitable for the deseription of liauids composecd of polar molecules
{i.e. molecules having permanent electric dipole moments). The reason is
that if the observed densities and molecular dipole moments are substituted
in Egs, (27) and (28) the MFT pr:dicts that one should observe ferroelec-
tric ordering in many common liquids at room temperature. (Water, for

32

example™ , would order at T_ = 1140 K.)

Among the numercus attempts to avoid this difficulty in the MFT, one
33

finds a particularly interesting and elegant approach due to Onsager—-,
Consider a medium of dielectric constant ¢ in an uapplied elecirid field E.
The field inside a spherical cavity of radius a containing a single dipole
of moment : can be calculated as followssu. For ; = 0 the applied field

-

producec a field in the cavity, G = 5%%i E. The presence of the dipole
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e~1
e+l

is the difference between the field which the dipole would produce in

gives rise to an additional field R =

2 =
=3 “his "reaction field"
a

n

vacuum and that actually produced in the medium. The field in the cavity
is then the field of the dipole itself plus the sum 6+§. If E were an

induced dipole it would be related to the macroscopic polarization by

P = W/V, vhere V = % a3
G+R = E + Ln/3 P. For a permanent dipole, however, Onsager

» and one would obtain the Lorentz result,
33 pointed out
that since ﬁ is always parallel to :, the only field tending to orient
; parallel to 3 is the cavity field 5. Thus the local field appearing

in the orientation energy (20) should be EL =G or

- - hn =
E,{J =E + 2¢+1 P ’ (3’4)

¢ = =3 e-1 = ‘-
where we have used P = Xf = ;= E. If e >> 1, we have Ln/{2e+l) ~ 1/2x,

and the Devonshire result for the dielectric stiffness (3) gives

E,=E+LAP+2BP +2CP ... . (35)

Thus in & ferroelectric the Onsager local field is not linear in
the polarization but contains terms of all orders in P, While Eq. (35)
can be regarded as a special case of (29), several points should be kept
in mind. In our development we have assumed implicitly that the coeffi-
cients A,A',\",... are temperature-independent. This is nct th~ case for
the Onsager field (35), and the consequences are interesting. Although
Onsager believed that Eg.(35) uaes not lead to a phase transition since

33 35

the dielectric constant cannot diverge=, it was later shown™ " that there

is in fact a first-order transition but without a Curie-Weiss behavior of
35

the dielectric constant. Pirenne~” has compared the Lorentz and Onsager
forms of the local field in terms of thc degree of correlation among the

dipoles which they imply. The Lorentz form assumes no correlation: the

| .
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dipoles of the medium do not respond to the orientation of the test dipole,

8n e-1=
3 Derl P, On the other

hand, the Ousager formulaassumes "complete" correlation: the medium is

so that the reasction field is always equal to

always polarized in a way consistent with the instantaneous orientation
of the test dipole, so that R is always parallel to E.Since processes
involving the rotation of dipoles or the tunneling of ions are generally
much slower than zlectronic processes, one might expect the real situation
to lie somewher: between these two extiemes, Finaily, Frﬁhlich33 kas
pointed out that in deriving either form of the local field one neglects
short-range forces £v.d considers only long-range, dipole-dipole inter-
actions, 7Yet lattice dymamical calculations36 indicate that short-range
forces play & significant role in the correlations which lead to the
formation of chain:.. They are also likely to affect the interaction
between chains, causing a departure from the simple dipole-dipole inter-
action assumed in deriving the Onsager result (3L4), 1n summary, the
proposed form (29) for E, resembles the Onsager result in that its non-
linear dependence on P permits the existence of a first-order transition,
while the introduction of the A,A',A", ... .. u«’justable paramecers peruats
the theory to take into account the short-range forces in an empirical way.
Calculations are now under way in an attempt to relate the expansion co-
efficients A,A',A", ... to the microscopic quantities whiczh determine the
dynamic behavior of the lattice.

In order to compare the predint.ons of ‘he free energy G (32) with

experiment, we note first that the cozfflecients Ao’ B, Co’ «s. given by

o}

Eq. (31) depend on just two parameters, N and p. If we ignore te ms in
G of order higher than P6, we have only three additional parameters, the

temperatures T , T), and T,, For BaTiO;, four of these quantities have
been determined directly from experiment:29’37
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A = 7.6 x 1077 cgs » T = 383 K
B =1.8x 10 cgs , T. =LK
o] 1
We obtain frum these the nmumber of independent dipoles, N = Ai/SkBo =

L}

( 3AO/SBO)%

1.5 x lO22 unit

WE 10 ent = Nandl thel saturation polarization P . = N

= 17 uC/cmz. The observed density of BaliO; gives N,
cellﬂ/cm3, so that the calculated value of N corresponds to a chain

length L = Nb/N = 33 unit cells, which is quite consistent with the
observed width of the diffuse x-ray scattering streaks12’13. Experimental
estimates of the saturation polarization lie in the range 16-26 uC/cmz,
depending on the quality of the sample29. Our calculated value of Psat
is somewha® low, especially sin.e the data (36) are for a sample wih

a relatively large spontaneous polarization, but the agreement with
experiment is still satisfactory. In principle, one more piece of ex-
perimental data would be required for each of the additional characteristic
temperatures T2,T3, «e. We wish to determine, We can proceed in an

approximate way, however, if we note that the observed values of Ps near

the Curie point are guite close to our calculated Psa

38

& and that, as noted

elsewhere~ , the approach of Ps to its saturation value as the temperature
is lowered is much more rapid than is predicted by Eq.(5) with constant
values of B and C. These observations suggect that if we ignore terms

in G of order higher than P6, we should approximate Ps at T = Tc by Psat’

so that Eq.(6) gives

o=-L4/35 ,at0=1T , (37)
where O = (T-Tl)/(T-Tz). Evaluating Zq.(5) at the Curie point gives
/o = 21/176 , et T=T_, (38)
where T = (T-To)/(T-Tl) . Equation (38) yields
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176 T -210T
1 0 ¢l (39)
c 176 - 21 o, ’ (39

where the subscript ¢ indicates T = Tc. Substituting the approximation

(37) and the experimental data {36) in Ea. (39) gives

T_ = (20T +3T))/23 = 39L.5 K , (40)

which is in excellent agreement with the observed Curie temperature29’37,
T, = 392 K. We aust point out, however, that the approximation (37)

also leads to
T, = [(oc-l) T, + Tl]/oc = 346.5 K, (41)

When the free energy (with B € 0) is truncated at tha P'6 term, it no
loniger has a stable minimum at P = P if C = CO(T-TQ) vanishes, (»ee
Section II). Hence the temperature ‘I‘2 is a lower bound for the valiaity
uf the assumption that the higher-order terms are negligible, and we
find that results depending on this assumption, such as Egs. (5) and (1k4),
can bte correct in at most the limited range Tc-T <45 K 1In fact, even
close to the Curie point there is evidence for the importance of higher-
crder terms: Eq. (9), relating the susceptibilities of the paraelectric
and ferroelectric rhases xP = hxf, is not well satisfied39. If, despite
these warnings, we continue to neglect the higher-order terms, we obtain
from Eqs. (11) and (16) the entropy change at T,

AS:%AOP'?C+%BP"‘ +%cop6 , (b2)

and the response figure of merit,

_ 3 5
i B AcPs * BoPE * CoPs : (43)
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The predictions of Egs. (U42) and (43), with PS =P = Psat’ are compared

sSC
2,27,40

with experiment in Table I, which summarizes the experimental

tests of the GMFT, The overall agreement for BaTiC_, is quite good,

3
despite possible errors arising from the truncation of the power se.ies
for G. We are currently attempting to estimate the magnitudes of such
errors snd to find methods of calculation which avoid them.

As noted in Section I, the GMFT leads to contributions tn ® and Ml
from the temperature dependence of B and C, and these are not negligible,
For exam)le, if B and C are assumed terperature-indepcrdent, one obtains
M, = AOPS = 3.9, which is less than half the result given by Eq. (43) and
substantially less than the experimental figure of merit (see Tsble I).
It is also worth pointing out the important role of the local field in

determining M From Eq.(L43), together with Eg.(2) and the observation

l.
that E=0 for PEPS, we obtain

M, = % (AP_ + AP+ A" P 4 ... ), (Lk)

where we can recognize that the term in parentheses is equal to EL for
E=0., The first term of (Ll), M, = AOTOPS/T, was obtained from the con-
ventional MFT by van der Ziel6, who concluded that the factor TO/T implied
that increased Curie temperatures would result in improved room-temperature

detectivity. In fact, the correct temperature dependence of M. is given by

1
Eq. (43): Ml depends on temperature only through PS. The 1/T dependence

given by (LL), while correct, is misleading since it reflects the fact that
the oriertational contribution to ¥ vanishes as the polarization saturates.

Detector verformzace is then limited by electronic contributions to X which

are not ircluded in the model.
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IV, PRESENT STATUS AND FUTURE PLANS

A, Experimental - In addition to our contimuing investigation of
Raman scattering in KNbOB, measurements are now in progress on BaTiO3
and LiTa0,. In KNbO, we have obtained spectra exhibiting line shapes

3 3
characteristic of resonant interference, similar to the results of Rousseau
and Porto™ for BaTi0;. We are currently in the process of fitting and
interpreting these spectra with the aid of the theory developed by Fanouz
for Auger processes., An interesting preliminary observation is that
the interference seems to involve a sharp line of (predominantly) Al
symmetry at about 195 cxn-l and the same broad, strongly orientation depen-
dent peak discussed in Section III A, If our interpretaticn of this
latter feature is correct, we are seeing interference between scattering

L3

processes involving two different one-phonon final states ~, not a one-
phonon state and a two-phonon state as proposed by Rousseau and Portohl.

We have also begun a second series of experiments designed to
explore the nature of the disordes in the perovskites. Wwe plan to measure
optical second harmonic gene.ation (SHG)uh as a function of temperature
near the cubic-to-tetragonal transition. Since the cubic perovskite
structure has inversion symmetry, a perfectly ordered crystal having this
structure would produce no SHth. Thus observation of SHG in the high-
temperature phase would add to the evidence favoring the existence of
disorder, and its spatial distributin. would contain information concerning
any correlations of the atomic displacements., SHG measurements below the
transition temperature will be of value also, since only a limited amount
of data on the temperature dependence of the SHZ coefficients is availablehs.
Simple theoretical modelsh6 suggest that these coefficients should be
directly proportional to the antisymmetric part of crystalline potentional

and hence to PS. This behavior has been found in BaT103 and LiTaO3 but




has not been verified in geueralus. The linear electro-optic coefficient,

another nonlinear optical coefficient similar to the SHG coefficient
b7

’

but describing the mixing of photons one of which has :ero frequency
can also be shown to be proportional to PS in the medels employed in
Ref. 46, If we keep only the first term in the expansion (1) for the
pyroelectric coefficient 9, we obtain the proportionality between the
pyroelectric and linear electro-optic coefficients proposed by Sorefha.
Equa‘’ion (14) shows that this proportionality should fail when PS
approaches its saturation value, and higher-order terms in ¢ tecome
important. We intend to pursue, both thecretically and experimentally,
these relations between the pyroelectric and nenlinear optical coefficients.
B. Theoretical, The GMFI' proposed in Seccion III lends itself to
extension and improvement in two distinct areas defined by the structure
of the theory. As 6ne can see from Eq. (31), the coefficients AO,BO,CO,...
depend only on the parameters N and u and our choice of the function
L(x) = cothx - 1/x. On the other hand, the temeratures ToTysTos vee
depend on the local field as well as on the coefficients AO,BO,CO,... .
It therefore makes sense to concider separately the problem of determining
the temperatures and that of determining the coefficientc since, while
not independent, the two problems are courled in a particularly simple
way. Our ultimate goal is %o relate all these parameters to microscopic
quantities which can be obtainea from either experimentul or theoretical
descriptions of the lattice dynamics of the pervoskites.
Calculation of the coefficients in Eq.(Bl) can itself be divided into
two subproblems. The parameters N and p can be obtained from lattice

dynamics calculations since the former is related to the correlation length

3¢

characteristic of the chains” , and the latter can be calculated from the
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effective ionic charges used in the calculation and the atomie¢ dis-
prlacements observed below the phase transition, Since lattice dynamics
calculations gznerally require the input of a sudstantial number of
experimentally determined parameters, we do not regard this approach

%5 inherently superior (or more fundamental) th... our pro. dure in
Section III of taking .he coefficients Ao and Bo directly from ex-
periment, The higher-order coefficient. Cn, ete. then cepend -+ the
choice of L(x), which introdwces our secc~d subproblem. The present
wor4 has used L(x) = cot*~ - 1/x, whch corresponds to the classical
or "infinite-.pin" limit in which the dipole is free to assume any
arbitrary orientation with respect to the applied field. The assumption

of Comés et a112’13

that in the cubic phase the unit cell dipole orien-
tations are equally divided among the < 111 > directions leads to a
corresprndence with the spin 3 case, in which L(x) = tanhx. We have
found, however, that this assumption for L(x) leads to poorer asgreement
with experiment than the classical one and that the gross features of

the diffuse x-ray scattering can be explained using other assumptions

for the possible nrientations of the unit cell dipoles. We are now
exploring systematically the consequences of assuming possible dipole
orientations corresponding to higher spin values, It is irmportant to note,
however, that van der Ziel6, using & conventional MFT and the assumption
that the dipoles may be varallel or anti-parallel to each of the cubic
axes, has obtained a martition function, and hence an expression for L(x),
whic does not correspond to that obtained for any value of the spin.

Thus t. catalogue of spins J = %,1,..., ® does not exhaust the list of
acceptable partition functions, and we are now seeking both a method of
varametrizing * -~ ~omplete set of such partition functions and a physical

avrgument, perhap+ .ased on the d tails of the aiffuse x-ray scattering,
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which will determine unambiguously the correct choice.

Calculation of the temperatures in Eq.(31) involves the local
field.EL and here we are exploring an approach which, while still
speculative, seems at present to be very promising. The local field (29)
is given to us as a pover series in F, where the coefficients must be
detesmined from experiment. If this expansion 1. regarded as merely
an approximation. it is reasonable to examine other fi,ctional forms for
EL vhich yield Eq. (29) as an expansion for small values of P. One set
of possibilities is provided by the theory of Padé approximantshg.

Instead of Eq. (29) we can write

E, =E+ (m,n] , (L)

where (m,n] = pm/qn, the (m,n) Padé approximant for the power series
AP + A'P3 + A"P5 + ... , is the ratio of polynomials P and qQ which are

of order m and n in P, respectively. The approximant [m,n] agrees with

the series up to the term of order Im+n. ‘he lowest-order non-trivial
approximant is [2,2] whicn gives
E, =E + ——th— . €Ls)

L l'(l'/}\)Pz

Imis agrees with Eq., (29) up to the term in Ph (whict. happens to vanish)

ar.d predicts

A" = )\12/)\ . (146)

p . 2
Using the experimental data (3%5) and Eq(3l) we obtain A" = (BoTl) /AOTO =

2.23 x 10722

This is to be compared with the result of the GMFT
with L(x) = cothx - 1/x, which gives ¢, =1 B02/7Ao, T, = 346.5 K (Eq. (1)),
and A" = CoT2 =2,32 x 10-22. This agreement of better than 5% is strong

evidence that the coefficients of P in the expansion of EL(29) are not
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independent but are related as implied by Eq.(45). Equation (45) poses
en important question, however, which is to justify on physical grounds
the presence of a pole in EL and to determine its location. The smooth
dependence of Ps on temperature would rule out the possibility of a

pole for P < Njp = Pﬁat’
that the pole occurs at P = Psat’ we obtain

If we make the assumption, as yet unjustified,

B, = (VA)2 (47)

The experimental data (36) then give Py = 20 uﬁ/cm2 in reasonable
agreement with the prediction of the GMFT and with experiment (Table I).
The success of Egs. (46) and (47) suggests that Eq. (45) contains an
important insight into the behavior of the local field, but this result

remains to be established cn a sound physical basis,
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V. SUMMARY

The work described in this report was undertaken with the goal
of improving our basic knowledge of the phenomenon of pyroelectricity
in a way which would lead to practical guidelines for the selection
of infrared detector materials and to an understanding of the factors
limiting the performance of pyroelectric detectors. The pervoskite
family, an extensively studied group of isomorphous materials, was
chosen as the object of this investigation both for its simple crystal
structure and for the range of physical properties exhibited by its
members,

We have developed a theoretical treatment of pyrcelectricity in
the pervoskites which is btased on the connection between pyroelectricity
and ferroelectricity in these materials (Section II). With the aid of
this theory it was shown that the figure of merit commonly used to
characterize pyrcoelectric detectors is not merely an emnirical quantity
but one of fundamental thermodynamic significance, This opens the wey
to an analysis which may lead to a priori limitations on detector
efficiency. Th= theory aiso permits the figure of merit to be calculated
using measurements of the static dielectric constant above the Curie
temperature instead of the more difficult direct measurements of the
pyroelectric coefficient and dielectric constant below the Curie point.

We have also devised a simple microscopic model (Section III),

a g.neralization of the molecular field theory to familiar in ferromagnetism,
which accurately describes the ferroelectric phase transition using only

a small number of experimentally accessible parameters, This model not

only predicts the ferroelectric and pyroelectric behavior of interest in

the present work but is broadly applicable to structural and magnetic
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phase transitions of all types. It is simple to use and likely to be
of value in many problems involving phase transitions. The model has
basic features which are quite novel, and it represents an interesting
contribution to the general theory of phase transitions,

Finally, we have performed Raman 3cattering measurements on
KNbO3 which reveal unexpected, anomalous features that cariot be
explained in terms of the conventional vicw of the structural phase

transition but wtich are fully consistent with our generalized molecular

field theory.
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Table I. Comparison of predictions of the GMFT with experimental

results from Refs,2, 27 and LO.

Psat (“C/cma)

T, (K)
85 (k/unit cell)
W (cal./mole)

M, (egs)

Theory

17

391.5
0.03
24

8.5 (Pszpsat)

eriment

16-26

392
0.011-0,06
9-47
10 (373 ¥)
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Figure Captions

Fig. 1. Comparison of KNbO3 Reman spectra for the scattering geometries
X(YY)X and X(2Z)X, showing disorder-induced one-phonon scatterin:
for incident and scattered rhotons polarized alcng the z-axis
(direction of chain tormation).

Fig., 2. (a) Raman spectra of KNbO3 for the scaitering geometry Y(XZ)Y
and for the same geometry but with thc crystal rotated by 9'=27°
about the ¥-axis. The latter spectrum is labeled Y(XZ)Y + R.

(b) 3cattering geometries for the spectra in (a), showing the
internal and external propagation angles 6 and 6', respectively.

Fig. 3. Angular dependences of the Raman scattering peasks observed at
39 et in the Y(XZ)T geometry and at 250 em L in the Z(XX)Z

geometry. The colid line is the prediction of Eq., (1y).
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