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The low-temperature behavior of spontaneous polarization in LiNb03 and LiTaO, has been measured by direct

charge integration techniques and by the dynamic pyroelectric method, which observes current response to
absorbed radiation. Measurements are reported from above room temperature down to 5'K and the results

of the two methods are compared. A theoretical derivation of the expected low-temperature contributions to
spontaneous polarization from the soft mode and from other lattice modes, including acoustic modes, is given

using the self-consistent phonon formalism. We find that the derived theoretical form dP, /d T = K, T'+
K2T "e ""'" + -, with K, and K2 independent of temperature T can account quantitatively for
observations up to T —30-40'K. The term Ki T3 results from acoustic-mode popuhtion via strain and is

positive in LiwbO, producing an initial increase in P, with T at very low temperature. The exponential term

arises from thermal population of a low-energy optic mode, not necessarily at long wavelengths, with a
minimum energy gap h0, of order 60-70 cm in both materials. This mode gives rise to a pronounced
maximum in the dynamic response, which is observed experimentally near 30'K in both materials.

INTRODUCTION

The operation of pyroelectric materials as ther-
mal detectors of infrared radiation is based on the
change of spontaneous polarization ~P,' of a pyro-
electric crystal when it is heated by incident radia-
tion through a temperature ~T:

—6P,'(&u} =p6T (&a),

where p is the pyroelectric coefficient. The prime
is included since we shall later show that P,' is not
exactly equal to P„the electric moment per unit vol-
ume, in a free crystal, although the difference P,'
—P, is relatively insignificant at all except the very
lowest temperatures. For an incident power f(~),
sinusoida1. ly modulated at frequency ~, the dis-
placement current density Z(&o} in the crystal is
given by

J(&} ep
f(&o) C(1 + I/aPr'} ' (1.2)

where e is the fraction of incident light which ther-
malizes in the crystal, C is the thermal capacity,
and ~ is the thermal relaxation tune of the crystal
with its surroundings.

The performance of most detectors improves as
the temperature is decreased because of the de-
crease in thermal noise. With pyroelectrics,
though, p usually decreases with decreasing tem-
perature, thereby decreasing the responsivity of
{1.2), resulting in little, if any, improvement in
detector performance. However, at sufficiently
low temperatures the thermal capacity C decreases
rapidly, which would tend to increase the respon-
sivity, and the behavior of the ratio p/C at low tem-
perature is not immediately obvious.

Early observations of several pyroelectrics sug-
gested that polarization deviation is proportional to

T2 at low temperatures, which implies that if the
specific heat c„follows a T' law according to Debye
theory, then p/C would diverge at low tempera-
tures-a resuIt of great practical importance.
These observations were accounted for by Born~
within the Debye approximation assuming them to
be second-order acoustic-mode contributions to
constant strain polarization. Later data on ZnO,

however, showed that with reasonable accuracy P/C
is constant between 10 and 40 'K. Using a model
of a single anharmonic optic mode Garrett~ could
account for this behavior, but such a model is not
applicable at low temperatures where the acoustic
branches play a dominant role. The pyroelectric
coefficient of lithium sulphate monohydrate, on
the other hand, shows a change of sign at about
110 K. ' To account for this behavior, I ang
extended the Born theory by adding contributions
from nondispersive optic modes to the pyroelec-
tric effect. Agreement between theory and ex-
periment was obtained with five independent os-
cillators, in addition to the acoustic modes, by
adjusting the coefficients and frequencies to fit
the pyroelectric and specific-heat data.

In this work we study directly the temperature
dependence of the polarization and of the ratio p/C
for LiTaO, and LiNb03, and account for the behav-
ior in terms of the acoustic- and optic-mode spec-
tra of these crystals, including the effects of dis-
persion in the Brillouin zone. These materials are
isomorphous rhombohedral ferroelectrics belonging
to the space group B3c below the Curie tempera-
ture T, (T, =618 'C for the LiNbO, crystal and T,
-1130-1145'C for the LiNb03 crystals used in this
work). Below T„22infrared-active lattice modes
(4A, +9E) are expected. In the temperature range
up to -40 'K a single low-frequency optic mode is
found to dominate the temperature dependence of
the ratio p/C. Indeed direct measurement of the
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ratio p/C provides a much more sensitive indica-
tor of optic-mode contributions to the polarization
than measurement of P,' alone.

II. EXPERIMENTAL

A. Measurement of polarization change

The change of spontaneous polarization as a func-
tion of temperature was obtained by integrating the
charge which appears on the polar faces of the crys-
tal with an operational amplifier. With this ar-
rangement the field across the crystal is essential-
ly zero at all times, and the polarization change
can be recorded continuously as a function of tem-
perature.

Several crystals of typical dimensions 0.7 cm on
a side were electroded with gold on the faces nor-
mal to the polar axis. The crystals were mounted
in an unclamped manner in a helium gas flow De-
war~ so that the temperature could be varied con-
tinuously from 5 to 400 'K.

Typical results are shown in Figs. 1(a) and l(b)
for LiTaO, and LiNbO3. The smallest charge which
could be measured with this setup was about 10 ' C
over a 100-sec interval, so that fractional changes
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FIG. 1. (a) Change of spontaneous polarization with
temperature for LiTa03 as measured by the charge in-
tegration technique of Sec. IIA. Note the change of scale
at 50'K on the temperature axis. (b) As for (a) but for
LiNbO&.

of P,' of about one part in 10' could be measured.
All measurements were made at constant stress.
Of course p can be obtained by differentiation of
Figs. 1(a) and 1(b).

B. Measurement of p/C

The ratio of the pyroelectric coefficient to ther-
mal capacity was measured directly from the cur-
rent response of the crystals to the absorbed radia-
tion, according to Eq. (1.2), using the dynamic
technique of Chynoweth. The crystals were mounted
as before in a gas flow Dewar with windows through
which the crystal could be illuminated by a filtered
tungsten lamp (wavelength range 0.6-4 p, m).

The modulation frequency (1 kHz) of the incident
light was well below any piezoelectric resonance
frequencies of the crystal to avoid inertial clamp-
ing. The light was chopped with a duty cycle of
1:4 to minimize heating of the crystal at low tem-
peratures. The 200- psec "on" time was shorter
than the thermal relaxation time of the crystal with
the surroundings (+v «1) at all temperatures.
This was checked by observation of the waveform
of the current response. The time constant of the
measuring circuit was much less than 200 p,sec.

With this technique it is difficult to ensure that
the crystal is uniformly heated. Two experimental
geometries were used: In one the radiation was ab-
sorbed directly at the front electrode, and the crys-
tal was heated by thermal diffusion from the sur-
face; and in the second arrangement edge elec-
trodes were used (polar axis normal to the incident
radiation), and the light was absorbed in the crys-
tal volume. Even with this geometry there was
significant absorption at the electrodes. Further-
more the crystal surface is in intimate contact with
the helium gas, giving rise to further temperature
gradients in the bulk. Both experimental geome-
tries gave the same temperature dependence of the
pyroelectric response, but clamping effects due to
inhomogeneous heating cannot be ruled out. Indeed
the theoretical analysis suggests that clamping ef-
fects are significant.

With this dynamic technique only relative mea-
surements of p/C are accurate. Absolute calibra-
tion can be made at room temperature using the
pyroelectric data of Figs. 1(a) and 1(b) and values
of C of -22 and -24 cal mole ' 'C ' for LiNbO, and
LiTaos, respectively. o io

Typical results are shown in Figs. 2(a) and 2(b).
A peak in the pyroelectric response is observed
around 30 'K in both LiTaO, and LiNb03 followed by
a sharp drop below this temperature. Pyroelectric
response was still easily observable down to 5 'K.
It is clear from Figs. 1 and 2 that direct measure-
ment of the ratio p/C gives greatly increased sen-
sitivity at low temperatures than would be obtained



182 A. M. GLASS AND M. E. LINES

(a) is

+6-
~ N

Q.o

+4-

+2—

03

)+Io - cs

x
+8- g

xI- - ~

~06 —4

~~ +4-g

x
X

~p
x

p

~ p x x x
x

p ~ ~ ~ 0

p p p

l 0 Cl I

0 10 20 30 40 50 100 150 200 250 500 0% lpp

TEMPERATURE (4K) T (4K)

I

200
I

300

FIG. 2. (a) Ratio of pyroelectric coefficient P =-dP, /dT to thermal capacity C as measured for LiTaO3 by the infra-
red detection technique of Sec. II B. Only relative measurements are accurate, although an approximate calibration of
the ordinate can be made from the room-temperature values dP, /dT ~ —18x10 3 pC/cm K [from Fig. 1(a)] and C =24
cal/mole oK. Also shown (crosses) are equivalent measurements for an effectively clamped crystal. (see text). (b)
Ratio of pyroelectric coefficient P =-dP~/dT to thermal capacity C as measured for three different samples of LiNb03
by the infrared detection technique of Sec. IIIB. Open circles denote measurements made on a LiNb03 sample with a
stoichiometric Li:Nb composition ratio in the melt of 50:50; closed circles on a 50:50 sample of Li Nb03, and crosses
on a Li-deficient (congruent melt) 48.6:51.4 sample of Li Nb03. Measurements have been arbitrarily normalized at
the low-temperature peak value of response. An approximate calibration can be obtained only for the Li-deficient sample
{crosses}, which was the sample used for the charge integration measurements of Fig. 1(b), by noting the approximate
room-temperature values dP, /dT =-8.3X10 pC/cm 'K [from Fig. 1(b)j and C =22 cal/mole K.

from independent measurement of p and C.
The main experimental error was the measure-

ment of temperature itself. A carbon resistance
thermometer close to the crystal, but not in con-
tact, was used to measure the temperature below
100 'K, and in a gas flow Dewar some error may
be expected at low temperatures. Moving the ther-
mometer did not vary the temperature by more
than 2 K at 30'K and —,

' Eat O'K.
The pyroelectric response of the unclamped crys-

tals includes both the primary pyroelectric re-
sponse and the secondary pyroeleetric response
due to thermal expansion and the yiezoelectric ef-
fect. To determine whether any of the main fea-
tures of Fig. 2 were due to piezoelectric effects,
inertially clamped measurements of p/C were also
made. Instead of the tungsten lamp and chopper,
a pulsed rhodamine 6-G dye laser at 6000 A was
used with a pulse duration of 150 nsec and an en-
ergy of about 1 mJ. The crystal was effectively
clamped since the fundamental resonances were at
frequencies below 1 MHz. The integrated current
response &P,' = fs Jdt of the crystal t'o a single pulse
is shown in Fig. 3. The initial fast pyroelectric
response is followed by piezoelectric resonances.
The initial response is plotted on Fig. 2(a) together
with the low-frequency data. It is seen that the
general features of the high- and low-frequency re-
syonses are the same, but there are some differ-
ences at the lowest temperatures. This may be
due to the fact that at low temperatures the piezo-
electric resonances became very large (and slowly
decaying), making accurate measurement of the

primary effect difficult. Furthermore, at low tem-
peratures the crystal temperature may rise signifi-
cantly during a single pulse leading to inaccuracy
in the measurements of p/C.

III ~ THEORY: SOFT-MODE CONTRIBUTION TO
POLARIZATION

In LiN'bO~ and LiTaO, the soft mode is anA, -
symmetry long-wavelength (q- 0) transverse-optic
phonon describing a mean ionic motion or displace-
ment along the polar e axis. Its frequency rises
with decreasing temperature from essentially zero
at T, to in excess of 200 cm ' as T-0 K."'~ In
both the tantalate and niobate this soft mode is the
lowest-frequency q =0 polar e-axis mode through-
out this temperature region, and also has a mode
strength an order of magnitude larger than any
other optic mode of like symmetry. It follows that

FIG. 3. Oscilloscope trace showing the initial clamped
pyroelectric response dP '

followed by slowly varying
oscillations due to secondary pyroelectricity upon ther-
mal expansion of the crystal.
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a fairly good self-consistent description of the tern-
perature development of the soft mode should be
given by a single-mode approximation.

For example, let us describe the motion of ions
in the lth primitive lattice cell, with the symmetry
of the soft mode, by local mode conjugate displace-
ment and momentum operators $, and n, . These
could, of course, be formally related to the indi-
vidual momenta and displacements of each con-
stituent ion in the cell. In the single-mode approxi-
mation we now express the ion-displacement Ham-
iltonian for the macroscopic crystal as

X = -g gg, +g V($, ) ——P g v„,(,(,. , (3.1)

where V is an anharmonic local potential function
(describing the motion of an isolated primitive cell)
and v». provides a representation of intercell inter-
actions. The statistical description of (3.1) in
terms of temperature-dependent phonons is readily
obtained in the so-called self-consistent phonon ap-
proximation'3 as follows.

Using (3.1), the equation of motion for displace-
ment can be written (both classically and quantum
mechanically)

sV(hg)~v
ge ag,

(3.2)

At a particular temperature T, let the mean dis-
placement &$g&, which is cell independent, be de-
noted 4(T}. Expressing $g in terms of its devia-
tion from the thermal average, we can rewrite
(3.2) as a function of u, = ]g —go(T),

iig =Q vgg. [$0(T) +ug. ] — V[&0(T) +u, ] . (3.3)
gs

Let us define the expansion

V((k) Pgg ]?gg

n=0
(3.4)

Equation (3.3) becomes

u Qg v [g(g( o) T+u] g—+2na„[4(T)+ug]" ' . (3.5)

We now make the basic assumption of self-con-
sistent phonon theory, namely, that the ensuing
motion is quasiharmonic about (,(T). In other
words &ii,&=&u,&=0. Expanding (3.5) as a series in
powers of ug/$0(T), assuming this parameter to be
small (i. e. , low temperatures), a,nd taking thermal
averages on both sides, we find

gvgg, —-+2na„(ao" a(T){1+(n—1)(2n —1)[(ug&/g(T)])
(s.6)

to lowest order in &u,&/$0(T). This equation ex-
presses the temperature dependence of go(T) (or,
in other words, of soft-mode polarization) in terms
of the mean-square displacement &uag&. To evaluate

the latter we subtract (3.6) from (3.5) and introduce
running waves

(s. I)

where q is a wave vector and N is the number of
cells in the macroscopic lattice. Linearizing the
resulting equation by thermally approximating
u; uk. u;" by u, (u,.u, "& for all q' and q" we find a
renormalized harmonic-oscillator form

ug = —Q g'(T)ug,

where

(s. 6)

v(q) +Q a(T) =g 2n(2n —1)gg„)ao"a(T)
ff=1

x [I +(n —1)(2n —3)[&u,&/$0(T)]], (3.9)

with

v(q) =Q v„.e*~'gg' ", (s. lo)

again working to first order in &ukg&/g(T). The
standard statistical result for quantum oscillators

&ug& =N gg cath (3.11)
a

now completes the self-consistent phonon picture
and closes the set of equations (3.6), (3.9), and
(3.11) for the temperature dependence of soft-mode
polarization and soft-mode frequency at low tem-
peratures.

We now compare Eq. (3.6}at temperature T with
the same equation at absolute zero. Defining a nor-
malized polarization deviation k = [$0(0}—4(T)]/4(0)
we obtain, to first order in E,

1 S'V &u', &T —(u', &,
2 a~kg o (o(O)Qao(0)

' (s. 12)

where the derivative is taken at $ = $0(0) and where
Qo(0) is the T =0 zone-center soft-mode frequency.
For cases where the dominant anharmonicity is of
lowest possible order (e.g. , fourth order, n = 2)
this expression simplifies further to

4(&ug&=T —&u'g&o)/ho(0) . (3.13)

3[2(a(0}]-1&[ii/Q (T ) ] e kok (Tg IkT&- (3.14)

where & &; indicates an average over the first
Brillouin zone of the reciprocal lattice.

For temperatures of interest in the present ex-
periments (viz. , below room temperature) Raman
and infrared absorption experiments"'2 indicate

Using the latter expression for illustrative pur-
poses [although as far as T dependence is concerned
both (3.12) and (3.13) a.re identical] and approximat-
ing cothx by 1+2e ~' for values of x&1, we now
combine (3.13) and (3.11) to find
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P cc —=Kt p

dT
(3.i6)

in which K is a temperature-independent parameter.
The effect of mode dispersion is to modify the

t factor in (3.16), but the exponential factor re-
mains as a Boltzmann measure of the minimum en-
ergy gap associated with the band. At very low
temperatures it may be a better approximation to
assume a quadratic q dispersion close to the bot-
tom of the band and write

Q, (0) = Q „(0)+ a q~ + a,q~ + o.,q~, (3.17)

where n„,n„n,are constants. Substituting in
(3.14) leads directly to the relationship

-i/2 -1/t
dT (3.ia)

where K' is a constant and t =kT/ftQ „(0).The
presence of the exponential factor is to be con-
trasted with the analogous spin-wave situation in
Heisenberg magnetism, for which the energy gap
is absent, leading to a simple power-law tempera-
ture dependence for magnetization and its deriva-
tives.

IV. INDIRECT CONTRIBUTIONS, THERMAL EXPANSION,
PIEZOELECTRICITY

In addition to the direct contribution to the tem-
perature dependence of spontaneous polarization
discussed above there are a number of indirect ef-
fects which must be recognized. These can assume
a great importance at low temperatures since the
energy gap in the soft-mode dispersion, if the long-
wavelength values are any guide, is likely to be

that any temperature variation of the soft mode (or
of any other optic mode, for that matter) is quite
small in LiTao, and Lim&, . We shall therefore
neglect any mode softening and replace Q;(T) by
Q;(0). In this approximation the full self-consis-
tency of the earlier equations is not employed, and
the subsequent findings would also result from a
straightforward perturbational approach. We pre-
fer the more general formalism since it is mathe-
matically no more difficult and yet allows the mech-
anism of mode softening to be appreciated. To per-
form the Brillouin-zone average in (3.14) requires
a knowledge of the frequency dependence of the soft
mode. From inelastic neutron scattering data
(Chowdhury et af. 4) dispersion is fairly flat in the
direction of the c axis for which measurements have
been made. If we neglect any q dependence of the
mode and write Q, (0) =Q„Eq.(3.14) gives

e -1/t (3. iS)

in which t =kT/hQO, By direct differentiation we
find a soft-mode contribution to p of form

quite large and give rise to a rapid exponential de-
cay of soft-mode contributions in the low-tempera-
ture limit. Any indirect contribution involving a
lattice mode of lower frequency must dominate the
direct contribution to the temperature dependence
of spontaneous polarization at sufficiently low tem-
peratures.

Easiest to populate thermally are the transverse-
acoustic modes of long wavelength. With no energy
gap they can produce, via the mechanism of ther-
mal expansion and the piezoelectric effect, a con-
tribution which is not exponentially small at low

temperatures. [They can even contribute to damped
pyroelectric coefficient in second order, but the
latter so-called ' Born" contribution to p/C di-
verges as T-0 and from Fig. 2 can be seen to be
negligible in all samples at least above 10 'K. We
shall therefore not consider it further in the pres-
ent paper although the possibility that the lowest
few data points in the sample of Fig. 2(a) may be
due to this effect cannot be excluded completely. ]
In addition, there are other optic modes (the
lower-energy E-symmetry phonons) which have
a lower excitation energy than the q = 0 soft Ai
mode at low temperatures. The lowest zone-
center E modes, as measured by Raman tech-
niques, were initially claimed to be at 70 cm '
(LiTaOB) and 90 cm (LiNbO, ) (Ref. 12), but more
recent work ' casts doubt on the earlier line
assignment and suggests that the lowest q = 0
fundamental E modes may be = 140 cm (LiTaO~)
and = 150 cm ~ (LiNbO, ), although some doubt re-
mains. Such optic E modes will couple, in gen-
eral, to strain and, via the piezoelectric effect,
to polarization. Indeed there is evidence' that
grown-in imperfections allow for a direct cou-
ple;ng of long-wavelength Ai and E modes in pres-
ent crystal specimens, so that a thermal popula-
tion of q =0 E modes can affect polarization in a
direct dynamic fashion as well. We should also
recognize the fact that, while these lower-fre-
quency optic modes transform according to an E
representation for all q within local mode theory
/such as given in Sec. IVB), this is not true for
finite values of q perpendicular to the polar c axis
in a strict group-theoretical analysis of lattice
dynamics in the LiNb03 structure. ' Finally,
since there are four optically active Ai modes at
low temperatures in both the tantalate and the
niobate, they will all, in general, contribute to
spontaneous polarization. However, since the
most strongly polar Ai mode is also the lowest
in energy of these, we do not expect the others to
contribute a significant amount in the temperature
range of interest. This suggests that the acoustic
and low-energy E-mode contributions are the most
important secondary effects and we consider them
in more detail below.
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(4. 2)

where i,j = 1, 2, 3 label coordinate directions (with
direction 3 parallel to the spontaneous polariza-
tion), repeated indices imply summation, d„are
piezoelectric compliances, e,&

Rre elastic moduli,
and a,. are the thermal-expansion coefficients. The
IQRtex'1Rl constRnts d33 Rnd Q~~ Rx'6 quite %'611 docu-
mented for both LiTa03 and LiNbG3. ' '

In the expanded situation at temperature T+dT,
the condenser charge will adjust itself, Q- Q-dg,
ln such R w'Ry eclat lt again cancels tI16 totRl dis-
placement charge, i.e„
(Q+dQ)I (1+& dT) =(P, +dP, )LA(l + ct dT+2o) dT) .

(4. 3)
To fix'st ox'der the cilRx'ge pex' unit Rx'6R gRlned by
the plates is

dP,'=dQ/A =dP, +2&&P,dT

=dPg+dg~c(y&gdT+2&gP~dT (4 4)

It is norv cleax that if the spontaneous polarization
I', is defined in the conventional fashion, namely,
as electx'ic dipole pex' unit voluIQe, then the P,' of'

Secs. I and II is not this same quantity. It is for
this reason the prime was included in the earlier
symbolism.

Gn the other hand the total electric moment M
=P,AI. of the sample increases by

dM =LA(dP, +P,&sdT +2P, oqdT) (4. 5)

ox'

A. Thermal expansion

Consider a thin plate of ferroelectric LiNbGS or
LiTaG, of plate area A and thickness I., with spon-
taneous polarization P, normal to the plate, and at
a tempex'atuxe T. If condenser plates axe attached
to surfaces A, a charge Q develops on the plates
just sufficient to balance the internal Maxwell field
resulting from the spontaneous polarization, i.e. ,

(4. l)
If the temperature is now raised to T+dT, with a
resulting thermal expansion I —I.(l + n, dT), A
-A(1+2 ~cd T), where o'~ and a~ are linear ther-
mal-expansion coefficients for the trigonally sym-
Inetric situation, the spontaneous polari. zation un-
dergoes a shift dP (t. e. , P P +dP ) which ls
I11Rde up of two pR1 ts, the pl lIQRx'y pyx'Oelectx'lc
polarization dP which would result if the crystal
remained in a state of constant strain and a sec-
ondary polarization dPI induced by strain via the
piezoelectric effect. ' The former, dPO, results
fxom the soft-mode contribution plus any dynamic
A&-E mode coupling contribution. The lattex', dPj,
can be expressed

(4.6)

Since I. and A. are by definition temperature-inde-
pendent qua, ntities, dM/LA describes a suitably
normalized temperature dependence of total elec-
tric moment, i.e. , an electric moment per unit
mass.

It ls clear therefore that oux experiments mea-
sure a quantity df))/A =dP,' which is different from
electric moment per unit volume or per unit mass
fox a free crystal, although the difference between
these quantities only becomes important at very
low temperatures, as w'6 shall see. This i.ncre-
ment dP,' is therefore given by Eq. (4.4) and con-
tains two separate contxibutions originating from
therIQal expRnslon one plezoelectx'lc Rnd the other
not. %6 expect acoustic modes to contribute to
both these expansion terms but, to the extent that
there 18 slglllflcRnt optic-IQode-to-stl ain coupling,
we also anticipate contributions from both E and A,
optic modes at temperatures for which they can be
therIQally populated to any significant degree.

8. Dynamic E-mode contributions

There is direct evidence from Baman scatter-
ing'3 that, even at long wavelengths for which the
Al RIll E symmetry chRx'RctellzRtlon ls rlgorousy
there is a coupling between E and A, modes in both
LiTRG3 and LiNbG3. Whatever the detailed origin
of the effect (e.g. , a presence of grown-in imper-
fections), the result is that the E modes now carry
with them a certain small measure of e-axis polax'-
ization. Vfe may analyze the temperature depen-
dence of this contribution within local mode theory.

Representing the 1th-cell E mode by its conju-
gate momentum and displacement coordinates m'„
$'„wewrite the corresponding E-mode Hamilto-
nian for the macroscopic lattice [compare Eq.
(3.l)], including a, simple linear coupling to the
soft-mode coordinate (, as

3C. =Z[—.",".l.(~", ) —C'&,'~, ]- -22,",'~,'~,',
(4. '/)

where C' is an unspecified coupling constant. Since
the motion of the soft mode is (at our temperatures
of interest) closely centered about the equilibrium
value $, = 4(T), we shall approximate g, in (4, 7) by
its average 4(T). The coupling term then becomes
a simple effective field, and the analysis of Sec. III
for Hamiltonian (3. l) can be followed with only
minor changes.

Defining R devlatlon g) of $g fx'OIQ its IQeRn vR1-
ue $0(T), we again use the self-consistent phonon
approximation. The new (effective fieM) terms
enter explicitly only the equation for static dis-
placement, which becomes

(
act*' -Qet*,!~ )rat*'6r,')) @(r)

gt
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+4a,( &4"(T) =C'g, (T), (4. 8)

where we have written the local E-mode potential
as

((z2) (s) (t2 (E) (I4 (4. 8)
20—

(D
O

and (((a) is written as an abbreviated form of

((uI ')'). If the coupling C' is small, the static E
mode displacement is also small and becomes lin-
early proportional to the polar-mode displacement
&0(T).

It follows that by virtue of the A, -E coupling the
E-modes can contribute directly to spontaneous
polarization. Although this amount is in all prob-
ability small, the fact that the lowest E modes are
thermally excited at lower temperatures than the
soft mode may make their contribution to the tem-
Peratuxe deviation of polarization much more sig-
nificant. In fact, if we neglect for the moment any
soft-mode contribution to this temperature devia-
tion [i.e. , $,(T) = go(0)], K(ls. (3.11), (3.13), (3.14)
retain their form in the E-mode context, giving

[~.'(0) —~', (T)]/~.'(0) =3[34"(0)] '
E

x ([@/gs(T}] -hn (T)/AT)

(4. 10)
where Q- (T) is the (self-consistent) E-mode fre-

e
quency at wave vector q and temperature T.

Although the amplitude of the resulting contribu-
tion to the temperature dependence of spontaneous
polarization requires a knowledge of both coupling
constant C' and the optic-mode strength of the rele-
vant E mode, the temperature dependence of the
contribution [at least to the extent that 0-(T) is
temperature independent] is well defined and is
again of form (3.16) or (3.18), depending on E
mode dispersion, but where t is now kT/IIA, or
kT/AQ „andK is an unspecified constant.

V. ANALYSIS OF EXPERIMENTAL
RESULTS-STRAIN EFFECTS

The first observation which can be made from an
analysis of Figs. 1 and 2 is independent of any pro-
posed microscopic mechanism and is simply that
the two experimental techniques, direct charge in-
tegration (CI) and infrared detection (ID), are not
measuring the same temperature dependence of P,'
at low temperatures. The effect is particularly
pronounced for LiNb03, and we shall discuss this
case first.

Although the relative accuracy (i, e. , shape) of
the ID measurements of p/C is considerably higher
than the absolute scale, the latter can be estimated
from the room-temperature values of p and C. In
principle, therefore, a knowledge of the tempera-
ture dependence of thermal capacity enables us to
calculate the explicit temperature dependence of P,'
from the ID measurements by direct numerical in-

(D

O
E

O
O

10—

0
0 ]00

T ('K)

tegration, after which a comparison can be made
with the CI measurements of the same nominal
quantity. We are in possession of measured spe-
cific-heat data for LiNbO, down to' 80 'K and again
below 10 K. ' At very low temperatures a Debye
law is found with Debye temperatures 9D =560 K.
We expect this law to hold only at temperatures
small compared to the energy of the lowest optic
mode, but it is not difficult to interpolate smoothly
between this very-low-temperature behavior and
the measurements for T &80 K given in Ref. 9
(see Fig. 4). An added difficulty arises from the
fact that neither the ID nor CI measurements can
be continued to arbitrarily low temperatures, so
that some uncertainty remains as to the precise
limiting value of P,'(T) and p/C as T —0. Although
this uncertainty is minute in absolute terms,
amounting to only a few parts in 107 of the limiting
value itself, it obviously affects an estimate of
polarization deviation P,'(0) —P,'(T) seriously at low

enough temperatures.
The direct comparison of r)P,' =P,'(0) —P,'(T) as

a function of temperature (for LiNbO, ) as obtained
from the two (ID and CI) methods is shown in Fig.
5. The curves are quite different. At high tem-
peratures, -300 'K, the percentage difference
(-30%) is least and may be due to combined experi-
mental errors. At very low temperatures (below

FIG. 4. Since specific heat for LiNb03 LiTa03 has to
date not been measured continuously from very low tem-
peratures to room temperature, some interpolation has
been necessary in deducing the curves of specific heat
C shown in this figure. Solid circles are measured data
for LiNbO& from Ref. 9. Below 10'K the niobate C fol-
lows a Debye law with Debye temperature 0 = 560'K (Ref.
21). This Debye law (shown dashed) is used to interpolate
(full curve) between the T &10'K and T &80 K niobate data.
For LiTa03 only the room-temperature C (open circle,
Ref. 10) and low-temperaturedata (Ref. 22) below 10'K
have been published. The latter indicate a Debye law
with OH=450 K. This curve (dashed) ha, s been smoothly
joined to the room-temperature measurement using the
isomorphic niobate specific heat as a guide.
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FIG. 5. Polarization deviation ~~ from its value at
absolute zero as measured for LiNb03 by the charge in-
tegration techniques of Sec. II A (closed circles) and as
calculated from the pyroelectric data of Fig. 2(b) using
the thermal-capacity interpolated curve of Fig. 4 (full
curve). Also shorn (dashed) is an equivalent pyroelectric
curve scaled to fit the charge integration data at room
temperature.

mates for polarization deviation (Fig. 6). In fact,
much if not all of the difference can probably be at-
tributed to the lack of precise C data and the ex-
perimental accuracy. The CI values are some 30/q

less than the derived ID values throughout, and if
"scaled" to agree at room temperature (dashed
curve in Fig. 6} an essentia, l agreement at all tem-
peratures is produced. However it is pertinent to
note that the rate of decrease of spontaneous polar-
ization at low temperatures is very much larger
in the tantalate than the niobate, and that the large
relative discrepancy between CI and ID data in Fig.
5 for LiN103 would, in absolute terms, go essen-
tially unnoticed in the tantalate context.

%e feel that the likely cause of the above discrep-
ancy is an increasing effective clamping of the
transverse (perpendicular to the c axis} dimen-
sions in the ID experiments due to a decreasing
thermal conductivity as the temperature decreases.
Thus, at low temperatures, the heat pulse and re-
sulting pyroelectric response may only probe the
reaction of a layer whose transverse piezoelectric
reaction is effectively clamped by the unperturbed
bulk ferroelectric. If this is in fact the case, we
should expect a difference between the separate
CI and ID contributions at low temperatures of the
form [see Eq. (4. 4)] 2e»u, dT+2P, ~,dT, where
e» (in normal piezoelectric notation) is d„c;„and
we have made use of the symmetry restriction for
crystals in class Sm. Integrating, we find

&30 'K) a lack of knowledge of the precise value of
P,'(0) could play a role and give rise to the data
scatter seen in Fig. 5. In the region of tempera-
ture above -40 'K, however, the effect of the un-
certainty in P„'(0)is negligible, so that in this re-
gion the comparison should be good to within the
"scaling" accuracy (i. e. , the combined errors in
C and p at room temperature). In fact, from Fig.
5, we find a discrepancy at 40-60 'K of as much as
a factor 3. A second method of "scaling, "that of
assuming that the two methods necessarily mea-
sure the same AP,'(T) at room temperature, still
leads qualitatively to a similar discrepancy at low
temperatures (dashed curve in Fig. 6).

The equivalent comparisons for LiTaO3 are in-
structive. Here we have experimental specific-
heat data only beloved~ 10 'K and at room tempera-
ture. ' At low temperatures a Debye law is satis-
fied with e~ =450 'K and at room temperature C
=24 cal/mole 'K. Using an interpolated C indicated
and described in Fig. 4 we find this time a much
smaller discrepancy between the ID and CI esti-

E
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I c
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l

l20
l l I

l60 200 240
T

FIG. 6. As for Fig. 5 but for LiTa03.
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o'*. =&cc./&r ~ (5.2)

where c„is the specific heat, K~ is the isothermal
compressibility, and y,. is the so-called Gruneisen
parameter. For simple monoatomic lattices E~
and y; are usually fairly constant over a large tem-
perature range, in which case a; cc e„.In lattice
structures of the complexity of LiNbOS and LiTaOS
this proportionality to specific heat is valid only at
temperatures low enough for the Debye approxima-
tion to be realistic, i.e. , temperatures for which
the optic phonons are not appreciably populated. It
follows that in this temperature range we can write
a;~ c„~T'and, substituting in (5. 1), it follows that

m,'(ID) —~P,'(Ci) =a(e„+P)T', T-0 (5. 3)

where 8 is a positive constant.
The absolute value of 8 cannot be estimated from

the known room-temperature thermal-expansion
coefficients with more than order-of-magnitude ac-
curacy, but an extension of the low-temperature
form a,.cc e„to room temperature would suggest
B- (5-10)x 10 "'K ' in these materials and is in-
deed the right order of magnitude to account for the
observed discrepancy between the pyroelectric and
charge integration measux ements of hP,' in Fig. 5
for LiNbO, . We should stress, however, that the
T' relationship of (5. 3) may well break down for
T ~40 'K, by which temperatures the contribution
to &; from a thermal population of the lowest optic
mode is probably significant.

The important general point which emerges is
that (excluding "Born" terms) for any but a com-
pletely clamped system the lowest-order tempera-
ture-dependent contribution to polarization devia-
tion P,'(0) —P,'(T) arises from pyroelectric and
piezoelectric terms which go as the fourth power

where nP,'(ID) and ~,'(Cl) are P,'(0) P-', (T) as mea-
sured, respectively, by dynamic pyroelectric and
charge integration techniques.

Low-temperature spontaneous polarization is of
order VO pC/cm' in LiNbO, and 50 gC/cm~ in

LiTaO, . Piezoelectric stress constant &» has been
measured at and above room temperature only. '
However, it shows only a slight temperature de-
pendence near room temperature and is not ex-
pected to be anomalous as T-O. We therefore use
the room-temperature values e3~ =+23 pC/cm
(LiNbO, ) and e»= —38 pC/cm as crude low-tem-
perature estimates. It is now evident from (5.1)
that &P,'(ID) —hP,'(CI) is positive in LiNb03, in

agreement with observations, but is absolutely
smaller (and possibly even of uncertain sign) in the
tantalate. To obtain a moxe detailed temperature
dependence requires a knowledge of the low-tem-
perature form of the thermal-expansion coefficient

As a starting point we take the Gruneisen ap-
proximation

of absolute temperature,

~P,' =P', (0) P-,'(T) T', T- 0 . (5.4)

4P,'(ID) = —De T, T-0 . (5. 6)

It follows that P/C = (-1/C)dP,'(ID) jdT should be
negative at very low temperatures in both the tan-
talate and niobate. From Fig. 2(b) we see that
there is indeed evidence for a change in sign of this
quantity in one of the niobate samples as the tem-
perature decreases below about 9 'K. However, at
low temperatures the specific heat and thermal
conductivity become so small that we suspect the
heat pulse changes the crystal temperature by a
significant fraction. The resulting response aver-
aged over this temperature range obscures the lim-
iting acoustic behavior predicted by (5.5). The
low-temperature minima in p/C observed in about
V-B 'K in both materials [Figs. 2(a) and 2(b) j may
be due to this effect, or to the decreasing thermal
relaxation time of the crystal at very low ternpera-
ture, or to the onset of a "Born" divergence.

In the niobate there is additional evidence in fa-
vor of negative values of hP,' as T-0 in the charge
integration measurements. The problem here is
that an experimental measure of 4P,'(CI) = &P,' re-
quires a knowledge of the limiting value of spon-
taneous polarization P,'(0) at absolute zero. The
zeros on the &P' ordinate axes of Figs. 1(a) and
1(b) were obtained by extrapolation from the lowest
temperatures (=15 'K) for which changes of hP'
were measurable. This results in a large relative
uncertainty in the absolute value of ~'(Cl) below
20 'K. The very-low-temperature behavior of dP,'/
T' in LiNbO, is quite irregular and different from

It is for this reason that we plot hP', /T' a,s ordinate
in Figs. 5 and 6. In general, it is not possible to
predict the sign of the coefficient of proportionality
in (5.3), although for LiNbO, and LiTaO„where
the more specific relationship is

~P,'= —[B(e„+P}+De„jT',T —0 (5. 5)

with B and D positive (i.e„positive thermal-ex-
pansion coefficients), the room-temperature values
of 83„P,and e33, which are + 23, + VO, +133 pCj
cm, respectively, for LiNb03 and —38, +50, +109
pC/cm, respectively, for LiTaO~, indicate that
4P', is initially negative in both cases. For (un-
primed) real spontaneous polarization nP, the only
difference is that the P term in (5. 5) is absent,
i. e. ~ AP~ = —(Besg +D83g)T, which is again negative
for LiNb03 but of uncertain sign in LiTaO3.

If our interpretation of the polarization deviations
as measured by CI and ID techniques is correct,
then the charge integration method measures the
full deviation of (5. 5), i. e. , ~,'(CI) =nP,', while
the infrared detection method at very low tempera-
tures measures
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the equivalent tantalate results. If our explanation
of the difference ~,'(ID) —4P,'(CI) is valid, then
its sign in LiN103 should certainly not change at
very low temperatures in the manner suggested by
the data in Fig. 5. Choosing a, limiting P,'(0) to
satisfy this requirement necessitates a negative
slope for &P,'(CI) as a function of T at very low

temperatures with a turnover ~,'(CI)/dT =0 at
10-12 'K, and with a change ~' between absolute
zero and the maximum at -10 'K of 10 ' pC/cm'.
There is no experimental evidence for the analo-
gous effect in LiTa03.

0—
0 O. I

t = kT/h Q~;„

v

l

0.3
l
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VI. ANALYSIS OF EXPERIMENTAL
RESULTS-DYNAMIC EFFECTS

Having obtained at least a qualitative understand-
ing of the low-temperature acoustic-mode contribu-
tions to polarization we now turn to slightly higher
temperatures and to the lowest optic-mode contri-
butions. The ID measurements of Figs. 2(a) and

2(b) strictly contain acoustic- and optic-mode con-
tributions, but the indications from Sec. V are that
the former are very small in a relative sense in
LiTaG, . We can therefore attempt to understand
Fig. 2(a) solely in terms of optic-mode effects.
The situation for LiNbO, is less clear, and the
a.eoustic contributions to the ID curve of Fig. 2(b)
may be relatively more important. Very obviously,
however, the curves of Figs. 2(a) and 2(b) are
qualitatively the same, particularly as regards the
fast increase of p/C up to a maximum at -30 K.
We shall therefore suppose that any acoustic-mode
contribution to P/C in LiNb03 is a, weakly tempera-
ture-dependent function at lower temperatures (it
actually becomes a constant, corresponding to a
simple shift of base line, at temperatures within
the Debye region where we expect the Gruneisen

FIG. 8. As for Fig. 7 but using the theoretical form
t e of (6, 2) for a quadratic energy minimum at
@Q~„in optic-mode dispersion. Open circles are for
LiTaO& and correspond to an energy gap @QI„=63cm
while filled, circles are for LiNbO& with an energy gap

WIIljft 67 cm

p/C =Kt e ', t =kT/kOO,

in Fig. 7, and second,

(6. 1)

relation to hold), so that the broad features of Fig.
2(b) can also be discussed in terms of optic-mode
features alone.

For temperatures up to -30 K we expect the
specific heat to follow a simple T' Debye law. We
therefore anticipate from Secs. III and IV B that the
lowest-temperature optic-mode contribution to ID
response should vary as T de/dT, where d&/dT is
given by (3.16) for a flat mode response and by
(3.18) for a well-developed quadratic minimum-
band-energy response. We therefore compare the
LiTa03 and LiNb03 ID response measurements with
these two possible forrnalisms: first,

P/C =If'f-"' "", t =kT/@& „, (6.2)

l5-
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QP

!0-

0
0 O. I

t = kT/'h &O

FIG. 7. Comparison of the low-temperature pyroelec-
tric response data for LiTaO3 [from Fig. 2(a)] and stoi-
chiometric Li NbO& [from Fig. 2 (b)jwith the theoretical
form t e ' of (6. 1) corresponding to a flat mode dis-
persion. . Open circles are for LiTaO& and correspond to
an energy gap @QO =85 cm ~, while filled circles are for
LiNbO& with an energy gap SQO = 88 cm

in Fig. 8. A qualitative fit to (6.1) ca.n be obtained
up to the maximum in the response at T =30 'K if
the flat mode energy is AGO =85 cm in LiTaG,
and AQo =88 cm ' in LiNb03. These energies are
way below that of the zone-center soft mode and
even below the lowest well-documented long-wave-
length E mode (=140 em '). They are however
close to the energies of the disputed E modes
claimed by Kaminow and Johnston' to be respon-
sible for an observed Raman response in this en-
ergy range (~'IO cm ' in LiTa03 and =90 cm in
LiNbO~). Speculation, however, is not warranted
since a significantly better fit to the data is ob-
tained by use of (6. 2); see Fig. 8. Here the fit is
quantitative up to the maximum of the response
(T = 30 'K) if the band minimum responsible is at
@Q j,= 63 cm ' in LiTa03 and 67 cm ' in LiNb03.
These energies need not correspond to any long-
wavelength optic mode since they could occur any-
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where in the Brillouin zone. The agreement be-
tween the theory of (6.2) and experiment breaks
down rapidly above 30 K and the reasons are many.
First, the specific-heat T3 law breaks down above
-30 'K. Second, the quadratic dispersion law giv-
ing rise to (6.2) will probably cease to be an ade-
quate representation of the band energy at tempera-
tures much higher than 30 K. Third, if the mode
responsible for the low-temperature response is
not the soft mode, we must expect the A, soft-mode
contribution to become significant and eventually to
dominate at higher temperatures.

In the absence of inelastic neutron measurements
of the complete lattice mode dispersion curves it
is really not possible to determine whether the 60-
70-em excitation energies responsible for the
30 'K maximum in ID resyonse result from the A,
soft mode or not. The possibility of a dynamic E-
mode mechanism certainly cannot be dismissed at
this stage, although the possibility of a static E-
mode coupling to polarization via strain has been
ruled out by the high-frequency (i.e. , clamped) ob-
servations of Fig. 2(a) on LiTaO, . In fact, the sen-
sitivity of the quantitative ID response to crystal
sample possibly lends support to an E-mode picture,
but is far from conclusive.

VII. CONCLUSIONS

We have used charge integration and dynamic
pyroelectric techniques to measure the temperature
dependence of low-temperature spontaneous polar-
ization in LiNbQ3 and LiTaO3. These techniques
do not, in fact, measure spontaneous electric mo-
ment per unit volume P, but a closely related quan-
tity P,' whose temperature derivative is simply re-
lated to that of sponta. neous polarization dP, /dT by

dP,' dP,
1

where e, is the linear thermal-expansion coeffi-
cient perpendicular to the polar direction. We find,
in particular, that a derived low-temperature the-
oretical form

(V. 2)

is quantitatively able to account for the experimen-
tal findings up to about 30-40 'K in general. In
(V. 2) the first term arises from the thermal popula-
tion of acoustic modes via volume expansion and
piezoelectric strain, while the second results from
the thermal population of a low-energy optic lattice
mode with a band minimum energy gap 8 Q not nec-
essarily occurring at a Brillouin-zone center.

Since the linear expansion coefficient is, from

the Gruneisen approximation, expected to vary as
T', at low temperatures we expect the algebraic
form (V. 2) to be valid also for spontaneous pole. r-
ization proper, i.e. ,

s ~ TS ~ T-1/2 hQ/kF

dT (V 3)
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where E~=K3. The constant E~=K~ is found to be
negative in both LiNb03 and LiTaQ3 and produces a
decrease of spontaneous polarization with increas-
ing temperature. However, at very low tem-
peratures, the acoustic T' term is found to
dominate and although K~ is of uncertain sign in

LiTaO~, it is definitely positive (as is K,') in LiNb03,
It follows that for the niobate the spontaneous polar-
ization at the very lowest temperatures first in-
creases with increasing temperature. This in-
crease is small, amounting in relative terms to no

more than one part in 10 of the total polarization,
with the latter going through a maximum at T -10 'K
before beginning its fall eventually to zero at the
Curie point.

High-frequency measurements performed on an
effectively clamped LiTa03 sample establish that
the exponential terms in (V. 2) or (V. 3) are of direct
dynamic origin, i. e. , do not depend upon a coupling
to strain. The fit of theory with experiment pro-
duces estimates 80 =60-70 cm for optic-mode
energy gap in both materials. Since no zone-center
optic mode is thought to have this low an energy we
must suppose that this band minimum occurs away
from the zone center. It is not possible to tell
whether the phonon band which contains this mode
is that which eventually softens at the Curie point
or not.

It is evident from both the experimental data and
the theory that the performance of LiTa03 and

LiNb03 as infrared detectors may be improved at
temperatures near 30 K, where the responsivity
is greater than at room temperature and thermal
noise is decreased. At lower temperatures no im-
provement is expected since secondary contribu-
tions to the pyroeleetric response are considerably
smaller than the primary contributions from an-
harmonic optic modes. Indeed, in general terms,
we ean conclude for materials in which the domi-
nant contributions to the yyroelectric resyonse
come from an optic mode of low frequency 0, the
maximum responsivity occurs at temperatures in
the neighborhood of kT-(0. 2-0. 3) Kg, unless, at
extremely low temperatures indeed, the Born di-
vergence materializes.



LO- TEMPERATURE BEHAVIOR OF SPONTANEOUS POLARIZATION IN. . .

iW. Ackermann, Ann. Phys. (Leipz. ) 46, 197 (1915).
M. Born, Rev. Mod. Phys. 17, 245 (1945).

3G. Heil, and and H. Ibach, Solid State Commun. 4, 353
(1966).

4C. G. B. Garrett, IEEE J. Quantum Electron. . QE-4,
70 (1968).

V. V. Gladkii and I. S. Zheludev, Kristallografiya 10,
50 (1965) [Sov. Phys. -Crystallogr. 10, 63 (1965)],

S. B. Lang, Phys. Rev. B 4, 3603 (1971).
A. M. Glass, J. Appl. Phys. 40, 4699 {1969).
A. G. Chynoweth, J. Appl. Phys. 27, 78 (1956).
V. V. Zhdanova, V. P. Klyuev, V. V. Lemanov, I. A.
Smirnov, and V. V. Tikhonov, Fiz. Tverd. Tela 10,
1725 {1968) [Sov. Phys. -Solid State 10, 1360 (1968)].
A. M. Glass, Phys, Rev. 172, 564 (1968).

"A. S. Barker and R. Loudon, Phys. Rev. 158, 433
(1967),

'2%. D. Johnston and I. P. Kaminow, Phys. Rev. 168,
1045 0.968).

3M. E. Lines, Phys. Rev. 8 9, 950 (1974).
4M. R. Chowdhury, G, E. Peckham, R. T, Ross, and

D. H. Saunderson, J. Phys. C 7, L99 (1974).
R. Claus, G. Borstel, E. Wiesendanger, and L, Stef-
fan, Z. Naturforsch. A 27, 1187 (1972).
A. S. Barker, A. A. Ballman, and J. A. Ditzenberger,
Phys. Rev. B 2, 4322 {1970).

7S. Devine and G. Peckham, J. Phys. C 4, 1091 (1971).
W. G. Cady, Jiezoeleeh'ieity (Dover, New York, 1964).

~ R. T, Smith and F. S. Welsh, J. Appl. Phys. 42, 2219
(1971).

2 Y. Yamada, H. Iwasaki, and N. Niizeki, Jap. J. Appl.
Phys. 8, 1127 (1969).
J. Bergman (private communication).
J. Warta (private communication), reported in Ref. 8,




