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The pyroelectric response of a saccharose single crystal is hardly detectable at room temperature but shows
a maximum at 14 K (pyroelectric coefficient 7'~2 X 10~* uC/cm’K). The low-temperature behavior is
explained in terms of the lower-frequency TO phonons involving an electric-dipole variation, parallel to the
pyroelectric axis (v = 45 cm™"). There is no hint of the so-called Born divergence down to 5 K.

I. INTRODUCTION

Pyroelectric detectors have been developed for
several years.! They are generally used at room
temperature. However, it has been suggested that
the pyroelectric response could diverge at very
low temperature?:® and we would like to discuss
this rather complicated problem in the case of
saccharose which belongs to a pyroelectric crys-
talline system at room temperature (C3—P,,) and
the pyroelectricity of which has been quoted by
Hayashi.*

For pyroelectric measurements, the electric
displacement vector D =€ E +P is of the most im-
portance since it gives the charge density on the
plane-parallel faces of the electrodes in a classic
condenser generally used for such experiments.

D is defined in terms of electric field E and polari-
zation P, and it is this charge density which is the
purpose of the measurements. In the case of vacu-
um P=0, and D=¢,E, with E=-V/d (Fig. 1), V
being an external potential applied to the plates;

when a dielectric is filling the empty space between -

both electrodes, the charge density is increased
by P (Fig. 2): D=¢,E +P. '

Now, if there is no external potential applied to
the plates (Fig. 3), E =0 and the charge density is
written D=P. It is null except in the case of spon-
taneous polarization P,. Let us consider a pyro-
electric plate cut perpendicular to the polar axis:
pP=P(T,E,o), ¢ being the macroscopic stress ten-
sor, and hence, D =D(T,E,c). On the other hand,
¢ is related to the strain tensor s, ¢ =o(s,T), and
D=D(T,E,s). It will be understood that in all the

FIG. 1. Vector displacement D in a vacuum conden-
ser.

differentiations the macroscopic electric field is
kept constant and that this constant value is zero,
or close to zero (cf. Fig. 3). Then,

_ (2D’ oD\ .
dD-(aT>sdT+<as )Tds,

now

(ﬂ) =(Q) +<31?.> (_ai)
aT /), \aT/, \es /p\oT/ "

The left-hand side gives the “total pyroelectric
coefficient” (constant stress)

oD 3Ps)
————n = | —— = ° 1
(aT)o ( oT /, " @
The first term in the right-hand side gives what is

called the “primary pyroelectric coefficient” (con-
stant strain)

The second term gives the secondary pyroelectric
coefficient

(52), (55, (), 65, =

-D

FIG. 2. Vector displacement D in a dielectric con-
denser.
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FIG. 3. Vector displacement D in a dielectric con-
denser (no external electric field applied).

and
=M+, (3

Now,

(2, (2), 65,
2 \oo /p \as/p\oT/,’

Ty=ds;c;;a;, Wherei,j=1,2,3 label coordinate
directions, with direction 3 parallel to the spon-
taneous polarization, dj; are piezoelectric com-
pliances, c;; are elastic moduli, and q; are the
thermal expansion coefficients. It is seen that 7,
is induced by expansion via the piezoelectric ef-
fect.

According to Glass et al.,® if we look more close-
ly at the unclamped experimental condition, in the
expanded situation at temperature T +dT, the con-
denser charge @ will adjust itself to @ +dQ in such
a way that it again cancels the total displacement
charge, i.e.,

w(T +dT)
(1+adT)d ’

w(T +dT) being the total electric dipole value at
T +dT.

Q+dQ=

(P, +dP)Ad(1 +20,dT + a 3dT)
d(1 +a,dT)

Q+dQ=

Hence
dQ~2AP 0 ,dT +A dP; .
Now we measure
dP! =(dQ/A) =dP, +2P,a,dT,

and thus

apP!
_<—3—;—) =TT'-2PS(¥1°

a

Let us write 7’ =—(8P /8 7T),, the “apparent”
pyroelectric coefficient, and then

=Ty +T, = 2P, 0y 4

The “apparent” pyroelectric coefficient 7’ we
measure with an unclamped sample is the sum of
the clamped or primary pyroelectric coefficient, plus
the seeondary pyroelectric coefficient due to thermal’
expansion via the piezoelectric effect (7,=dg;c,;a,),
plus a term due to pure thermal expansion in direc-

tions perpendicular to the polar axis. Now, atvery
low temperature, o, < T%, P,~const, then

7w, +KT®. (5)

Now we are able to limit the discussion to the
temperature behayior of 7,; the primary pyroelec-
tric coefficient (clamped pyroelectricity). This
discussion is of great interest both theoretically
and for its practical application to pyroelectric
detectors. From a theoretical point of view 7,
occurs from the anharmonicity of lattice vibration
and this has been first discussed by Born in 19452
and in 1954.° In this last discussion, it has been
shown that 7, is proportional to 73 at very low
temperature. A simplified demonstration has been
given by Grout ef al.® in the case of a one-dimen-
sional anharmonic oscillator with potential energy
V) =%az®+5bz°% The z° term is present only in
the noncentrosymmetric case required for pyro-
electricity. The condition of equilibrium, 8V/sz
=0, yields az =—bz%, and if we accept it for small
vibrations, then

(z2)==(b/a){z?). (6)

Then a rigid-ion model is assumed. The elec-
tronic clouds follow the ions without deformation,
and hence the average dipole moment (p) of the
oscillator is proportional to {z), and thus (p) <E,
E being the average energy of the lattice pscillator,
proportional to 7% at low temperature. We thus
have 7, T3, Szigeti” has given a general demon-
stration and rejected the first arguments of Born,?
leading to a linear relation between 7, and T in all
cases, and those of Grout et al.,® leading to the
same linearity for nonrigid ions. Szigeti has shown
that 7, is proportional to T° near absolute zero,
and that the cubic potential and second-order mo-
ment enter into 7, in exactly the same way and
with the same temperature dependence.

From an experimental point of view the earlier
experimental measurements by Ackerman® are the
only ones which could be in favor of this linearity.
But in fact they were only made at 23 and 88 K.
For ZnO studied between 4 and 300 K, 7, is pro-
portional to 72.° For lithium sulphate monohy-
drate, the pyroelectric coefficient shows a change
of sign at about 110 K. To account for this be-
havior, Lang extended the Born theory by adding
a contribution from nondispersive optical modes
to the pyroelectric effect. Agreement between
theory and experiment was obtained with five in-
dependent oscillators in addition to the acoustical
modes, by adjusting the coefficients and frequen-
cies to fit the pyroelectric and specific-heat data.
In fact, while ZnO has only one ir-active band
located at a high frequency (380 cm~!), LiSO,-H,0
has a number of low-frequency ir-active bands.
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However, the frequencies used by Lang have not
been correlated to the far-ir-active bands. There
is also the case of LiNbO; and LiTaO; where mea-
surements have been reported® from above room
temperature down to 5 K. In a remarkable paper,®
they are explained mainly by the contribution of
one far-ir lattice vibration, but its frequency
(around 65 cm™! in both materials) is somewhat
different from the soft modes. This lattice vi-
bration gives rise to a pronounced maximum in the
pyroelectric response (proportional to 7//@, €
being the heat capacity) which is observed near

30 K.

We shall see the same effect in the case of sac-
charose where a maximum is observed at 14 K,
but in that case the lattice vibration responsible
for it corresponds to the strongest far-ir absorp-
tion band located at 45.4 cm™'. [A maximum has
also been observed for the pyroelectric response
of NdBrO,-9H,0. It is located at 61.5 K. How-
ever it is a sharp maximum and it has been ex-
plained by a phase transition.!* We shall exclude
these cases where heating produces phase transi-
tions.]

II. EXPERIMENTAL
A. Charge-integration technique

The change of spontaneous polarization as a
_function of temperature was obtained by integrating
the charge which appears on the faces of the crys-
tal with an operational amplifier.'***? With this
arrangement the field across the crystal is essen-
tially zero at all times, and the polarization change
can be recorded continuously as a function of tem-
perature. The crystals were 5x5x0.3 mm?® and
electroded with silver paste on the faces normal
to the polar axis and fixed to the copper finger of
the cryostat. The temperature is given by an AsGa
diode located in a hole behind the crystal (Fig. 4).
A glue improves the thermal contact between the
diode and the holder. The distance between diode
and pyroelectric plate is kept smaller than 0.5 mm,

electrodes

crystal

diode

FIG. 4. Crystal plate mounted with silver glue on a
copper finger.
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FIG. 5.(a) A P;'vs T obtained by the charge-integra-
tion technique. (b) ™’ vs T derived from Fig. 5.

The change AP/ of spontaneous polarization versus
temperature is given in Fig. 5(a) from 6 to 300 K,
and 7’ = ~d(AP!)/dT is also calculated [Fig. 5(b)].
There is a change of sign around 160 and 270 K.

B. Dynamic pyroelectric technique

This method, first developed by Chynoweth!?
does not give directly the pyroelectric coefficient
7 and has to be used with some care.!* Let us re-

(a)

(b)

(c)

FIG. 6. Pyroelectric signal at 800 Hz for 7"=6 K (a),
T=20K (b), T=30K (c).
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FIG. 7. Pyroelectric response m/¢ vs T (experimen-
tal). The unit is 107% pC/JK.

call the result of a simple treatment of a pyroelec-
tric detector.!® The pyroelectric plate perpendicu-
lar to the pyroelectric axis (type-Idetector) is shortr
circuited by a bias resistance p and is illuminated
on its whole surface by a beam sine wave modulat-
ed at an angular frequency w.

A sine-wave voltage at the same frequency ap-
pears across the crystal with amplitude

S =EALMaTR%w7T'(1 +w272)"1/2
X (1 +w27r72)" 2, (7

where AL, is the amplitude of brightness modula-
tion; E is the beam acceptance; o is the absorp-
tion coefficient of the detector; 7 is the window
fransmission; 7’ =—(dP!)/dT is the apparent pyro-
electric coefficient; § is the thermal conductance
per unit area; 7= /g is the thermal time constant;
€ is the thermal capacity per unit square area
(€=c’d, ¢’ being the thermal capacity per unit
volume); R™'=p~ ! +(p’)"!, p being the bias resis-
tance, p’ the internal resistance of the crystal
plate, and 7’/ =RC is the electrical time resistance,
C being the electrical capacity. Let us assume
w312« 1 and w?7%>»1, then

S~1EAL,aTR(1'/€). ()

To satisfy these conditions we had to use a chop-
per at a 800-Hz frequency. The light source is a
He-Ne laser (A =6328 A), the brilliancy of it being
suitably attenuated; the bias resistance p =10 Q.

d(l/kT)Ze v/kT(Ze v/kT) 1,

v=0

—2A2) e~(A1=245)/kT +(A +24, - 6A2) ¢~(241-6 A3)/kT

The signal from the pyroelectric detector is amp-
lified with a PAR amplifier No. 121, Its shape is
continuously visualized on a cathode ray oscillo-
scope through a wave form eductor PAR No. TDHY.
The wave shape is still a triangle at temperatures
as low as 6-20 and 30 K (Fig. 6).

The result of the study is given in Fig. 7 in terms
of m’/@ versus temperature from 6 to 300 K. There
is a maximum for 7 =14 K, a change of sign at
150 and 260 K, and the pyroelectric response is
close to zero above 140 K,

III. THEORY
A. General treatment

Following Garrett' we shall use a model with one
single-anharmonic optical mode giving a dipole-
moment variation parallel to the polar axis z. Let
us call '15, the electric dipole moment of the Ith
primitive unit cell of the pyroelectric crystal.

Its direction is parallel to the polar axis z and
its modulus is temperature dependent. In the unit-
cell number I, the displacement of the atoms in a
vibrational mode giving p dipole-moment variation
parallel to z depends on an Hamiltonian #,, which
can be written simply in the case of one coordinate
variation

H,=m? /2y +3pw?2} +az} +8z1. 9)

u is the reduced mass, m, the momentum, z, the
displacement along the z axis; o and 8 are an-
harmonic coefficients (the @ coefficient is intro-
duced in the case.of pyroelectric crystals where
there is a lack of center of symmetry).

For this anharmonic oscillator we can include
the quartic term to first order and the cubic term
to second order in perturbation theory.!” In that
approximation, the energy levels are written

1
E, =liw( +%) - 45 T (—ZZ-—) (W% +v +3)

13
2B(— 2 1. 10
+2ﬁ(uw> (W2 +v +3) (10)
Let us assume that the temperature is low enough

to confine practically all oscillators population in
levels 0-1-2 (Fig. 8); then

_ A+(A+A
E~ ( L

1 +¢~A1-242)/kT | ,~(2A1-643)/kT

o toat Kyl 80y
AT 77 e \nw) 30128 e/ 2

(11)
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FIG. 8. N,/N vsT/@® for a harmonic oscillator.

and to first-order approximation,
E=A +(A,;-24,) e~ “1m245)/*T (12)

We can check that in the harmonic-oscillator
limit case, i.e., @ =$=0, A,=0, A~}(iw), we get

E =1(iw) + Bwe /4T,

Now let us assume the average value {(Ap,) is
proportional to (z7) because of anharmonicity and
also because electronic clouds deformation gives
a second-order dipole contribution (see for in-
stance Refs. 5 and 2);

(apy) ={Aap;)o - (2} =2 . (13)

(Apy)o o
{Ap,), being the contribution of one mode of the TO
branch to the electric dipole moment at 0 K. Now,
for the harmonic oscillator,

(22) =E/w?. (19)

Accepting this relation as a first approximation
for the anharmonic oscillator, we write

(apy) - <AP1>0 A, - 2A2)e-(A1-2A2)/k1'
<A1’l>o A

(ap) =(apy), ((—A—‘;—le e~ (Aamzdd/ar 1) .

In fact, the primitive unit-cell / is not isolated
in the crystal and its energy results from its par-
ticipation to all modes of the optical branch. If
we neglect any dispersion of the TO branch, all
modes have the same frequency and the average
vibrational energy of the Zth unit cell due to the
TO branch considered above is the total energy of
all modes divided by the number of modes (i.e.,

(15)

hv/(e™*T 1) + kv in the harmonic approximation).

In that way, Eq. (15) represents the average di-
pole moment of the unit cell due to all modes in
the TO branch. Now summing on all unit cells
contained in the unit volume at 0 K, we get

AP, = (A1 ZZAZ e~ (A1-242)/RT 1) z’: (AP,

(16) .

e )}

AP, being the contribution of the whole TO branch
to the spontaneous polarization at 0 K and AP, the
same contribution at temperature T (neglecting
the change of volume).

In a first approximation, neglecting 24, against
A, we get

A,~0; A=~ifw
and

AP ~2AP, (1+€)e"/*T L AP (17)
with

2 () (T AR,

d ey fw
me—— (APy), m~2AP (1+¢€) ZTZ €

(18)

~Rw/k T

€ is thus representing the effect of anharmonicity
of the optical mode w on 7. This is the same ex-
ponential law as obtained by Glass and Lines® in a
slightly different way.

In the case of saccharose we have used Eq. (18)
and assuming € =KT3 and €=0, we get

m _ 2AP, fiw e~hw/aT (19)
e kKT® :

There is a maximum for d/dt(w,/e) =0, i.e.,
Thax = 5©, ©=7w/k being the Einstein temperature
of the optical mode.

B. Application to saccharose

The lower far-infrared frequency observed in
the absorption spectrum of saccharose has been
located at 45.4 cm™ for T=4 K.'® The band is a
strong one, but the polarization is not known
since Yoshinaga has not prepared the single cry-
staland has used the powder. We introduce this fre-
quency in (19) and draw Fig. 9 which is closely
related to Fig. 7 (experimental); the maxima of
both curves fit remarkably well (theoretical maxi-
mum at 13.2 K, observed at 14 K). However we
have to insist on the point that the approximations
used do not allow to consider the curve drawn on

.
%

20

0 02 . X . .
[ X3 0.6 08 1 12 14 T/e

FIG.9. m/e vs T/® (theoretical).
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FIG.10. m’'/e vs T derived from 5(b) assuming e
=KT? (arbitrary units).

Fig. 9 as available for T/0© > 0.3 and indeed it is
drawn as a dotted line.

The experimental curve (Fig. 7) obtained with
the dynamic pyroelectric technique can be checked
by the charge integration technique which has led
to Fig. 5(b) which gives 7’ vs T. Toget ©’/@vs T
we have to make an assumption on € since no mea-
surements are available at low temperature. We
have put @ =K T3 and drawn Fig. 10 (arbitrary un-
its). A maximum is observed around 16.5 K,
which is quite good.

IV. CONCLUSION

The pyroelectricity of saccharose is negligible
at room temperature and the low-temperature
maximum is very small. The high-sensitivity
methods used are needed to make such studies.

However, the pyroelectric method leads to a
reasonable signal-to-noise ratio and brings con-
firmation to the measurements made by others on

materials with a much higher pyroelectric coeffi-
cient, i.e., LiSO,* H,, LiTaO,, LiNbO, where a
maximum of the ratio 7,/€ has been observed at
low temperature. This seems an evidence of the
role played by low-frequency transverse optical
(TO) phonons when they have the right polarization
to give an electric dipole variation parallel to the
polar axis. The second-order dipole moment
seems responsible for a large part of the low-
temperature pyroelectricity. In the case of sac-
charose, other contributions are negligible and
the room-temperature pyroelectricity is hardly
detectable. It is the first time that a TO phonon
frequency used to explain the pyroelectricity is
exactly related to a far-infrared absorption band.
We have to check that its polarization is parallel
to the polar axis.'® At very low temperature the
contribution of the optical mode to 7’ is vanishing
exponentially [Fig. 5(b)] and we can say there is
not any hint of the so-called Born divergence in
good accordance with (5) and (7), and we can even
state that the term proportional to 72 in Eq. (3)
is very small (Fig. 7).

At high temperature, the pyroelectric response
7’/@ is close to zero (Fig. 7). There is still a
contribution of the lower-frequency polar modes,
but formula,’® which gives positive contributions,
is not applicable. On the other hand, #’=m,
+dy ey~ 2P, and the expansion coefficients
are increasing with temperature.
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