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Electrocaloric effect as a cause of dielectric loss
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Abstract

The difference between adiabatic and isothermal susceptibilities is caused by electrocaloric effect. Here we show how this effect
contributes to dielectric dispersion in a sample of finite dimensions or in a non-homogeneous material. Maximum contribution to
dielectric losses occurs at a frequency that is inversely proportional to the square of characteristic dimension. The first Fourier
components of susceptibility in a non-pyroelectric material are proportional to the square of the amplitude of ac field. In a pyro-
electric material with temperature dependent susceptibility a contribution to static polarisation arises due to alternating electric

field. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Dielectric losses arise from different causes! and their
frequency spectra are very different. Many studies have
been devoted to relaxation processes connected with
molecular motion or transport of free electric charge. The
principal purpose of the present paper is to draw atten-
tion to dielectric losses that are connected with conduc-
tion of heat.

When periodically changing electric field in the sam-
ple, heat is periodically released or absorbed, for exam-
ple due to electrocaloric effect>=* (ECE). If the sample is
homogeneous and infinite (without any boundary), and
the electric field is homogeneous as well, then in all
points of the sample the temperature is the same and no
heat flows from one point to another. In this case the
process is adiabatic and no energy dissipation is present.
However, if the sample is finite, then temperature at a
given time and at a given point within the sample is
generally different from the temperature outside of the
sample. Similarly, temperature gradients arise in non-
homogeneous materials, like polycrystals. In both last
cases the heat flow is present and we can expect non-
zero dielectric losses. From the above consideration it
is obvious that dielectric dispersion properties depend
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on the sample thickness in the first case mentioned
above and, in the second case, on characteristic dimen-
sions of homogeneous regions in a non-homogeneous
sample. We remark that the homogeneous regions can
be domains, homogeneous crystallites in ceramics or
microdomains connected with glassy dynamic proper-
ties of relaxors.

Although it is well known that difference between the
adiabatic and isothermal values of susceptibility is
caused by ECE,> little attention (as far as we know)
has been paid in literature to the frequency law of
dielectric dispersion due to this mechanisms. In the
monograph* we can find formula (5.2.4) but it seems to
us that it is little justifiable. One of the aims of this
contribution is to derive this dispersion law.

In previous papers>® the considered ECE is coupled
only with the pyroelectric coefficient of spontaneous
polarisation. In the present work we will discuss also the
pyroelectric effect (PE) connected with temperature
dependence of induced polarisation. It is clear that the
electric polarisation induced by a biasing electric field plays
a similar role as spontaneous polarisation in the dis-
cussed problem. The ECE coupled with induced polar-
isation is quadratic in the amplitude of ac electric field,
nevertheless its contribution to polarisation is not only
in the second harmonic but also in the first and zero
harmonic. We do not consider dielectric hysteresis. It
means that only reversible ECE is taken into account.”
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All the results described in the present work depend on
the thickness of a homogeneous sample or on the dimen-
sions of homogeneous regions in a non-homogeneous
sample.

The ECE is only one of the possible heat sources. Heat
can be produced in the sample also in other ways, for
example by means of mechanical oscillations induced by
electromechanical effect. However, these effects will not
be considered in the present treatment.

2. Theory

The relation between total polarisation P and electric
field FE in pyroelectric materials in linear approach has
the form:

P =Py(T)+eox(DE M

where Pg is spontaneous polarisation, gy is vacuum per-
mittivity and x is isothermal susceptibility. The relation
(1) describes a quasistatic isothermal process at constant
temperature. When the process is not isothermal then
the possible change of temperature 7= T, + 7 has to be
taken in account:

bl 0P,
X(D) = ((To) +528T  PAT) = P(To) + 5287, (2)

We suppose that aside from the alternating electric
field a biasing electric field is also present:

E = Ey + Ejcoswt. 3)
We insert Egs. (2), (3) into Eq. (1) and obtain
P(T) = Py(Ty) + soxEo + o xEcoswt

+ (I + T E coswt)8 T 4)

_ ax P o 8_)(
Iy = |:<90 <3T>E0 + BT:|a IT; =g <8T) ®)

The change of temperature is described by the equa-
tion for heat conduction, in which the ECE is the source
of heat power:

(6)

T P\ dE
'OCEccli_l = AAT — T(a ) d

oT) -
In the last equation, p is the mass density, ¢ the heat

capacity per unit of mass measured at constant electric
field E, A denotes the thermal conductivity of the material

and A is the Laplacian. The quantity (), has the
meaning of pyroelectric coefficient; pyroeffect (PE) is

the inverse of ECE. It follows from the Eqs. (4)—(6) that

dr T .
— = PAT+ — I Ejwsin wt
dt PCE
T _E .
——IT; =L wsin 2wt @)
ocg 2

where a*> = A/ pcg.
For simplicity we will consider the linear geometric
case with the boundary condition

L
5T<:I: 5) =0. (8)

The solution of the heat conduction equation with a
periodic alternating source can be found in many
monographs.® It has the form

8T = fi(x)sinwt + g1 (x)coswt + f>(x)sin2wit
+ g2(x)cos2wt + ... C)

where f, g are combinations of trigonometric and
hyperbolic functions of coordinate x. If we inserted Eq.
(9) into Eq. (4) we would obtain an expression for a
local dielectric response in various points of the sample.
Measured harmonic contribution to susceptibility is the
value of this expression averaged over space coordinate.
In the case of a homogeneous electric field it is sufficient
to average the temperature. The space averaging gives

P = Ps+ g9 xEy + Payn + €0E1 (X coswt + x'sinwt) + ...

(10)
In the above expression, the polarisation Pyy, is the
dynamic contribution to ‘“‘static” (zero harmonic) polar-
isation and y’, x” are real and imaginary part of the first-
harmonic susceptibility. The explicit dependences of Pgyn
and of the susceptibilities on material constants, electric
field and dimensionless frequency Q=w/w, (with
wo=2a*/L?) are given by

T
Pap = 5 (@)~ DA} (1)
2
X =1+ T[Mmmyuﬁ&m@m} (12)
E0PCE
2
o = T[mMm+m5mmﬂ. (13)
E0pCE

The functions B(£2), B(2) introduced in the last
equations are given by
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() = shv/Q + siny/Q
(chv/Q + cosv/Q)VQ 14)
shy/Q — sinV/Q2 (
A = (chv/Q + cosv/Q)vVQ

The term (11) shows that the dynamic process con-
tributes to static (zero Fourier component) polarisation.
It cannot be observed at ac permittivity measurements,
but the evidence of this effect can be obtained by mea-
suring the electric current induced by a change of tem-
perature. We find an effect similar to dynamic PE
measured on compositionally graded films.®

For the discussion of dielectric dispersion, it is useful
to draw the graphs of B;(2), B.(2) (see Fig. 1) or to
expand these functions in power series. For the case of
low w (2 <<1) we obtain

2

Q
ﬁl :1__+~"5

Q
- Br=—rt ... (15)

6

In the case of high frequency the functions can be
expanded as

1 1

Tote P st (16)

B =

We remark that the function 8,(€2) has a maximum at
Qm ~ 5.08 (i.e. wy~10.16 x a?/L?) which corresponds
to the maximum of x” when only quasi-spontaneous
polarisation is present. The frequency w,,/2 corresponds
to the maximum of x” if only the induced polarisation

A1k

g B,. 19 B,

0 1
Ig Q2

Fig. 1. Reduced real and imaginary parts of susceptibility due to ECE
[B1> B2, see (17)] as functions of dimensionless frequency .

plays an important role. In the low frequency limit we
have 8y — 1, 8, — 0 and, in agreement with expectation,
x' — x (isothermal susceptibility) and x” — 0. In the
region of very high frequencies the expression for x’ con-
verges to adiabatic susceptibility x.q known in classical
thermodynamics and x” approaches zero. If, for example,
IT;=0, then it follows from the above discussion that

X (@) = Xad _
X — Xad

X'(@)
X — Xad

po. (17)

This means that the graphs in Fig. 1 describe the fre-
quency dependences of real and imaginary part of
reduced susceptibility. Similar relations hold for IT; =0,
but with the replacement Q—2%.

3. Examples

At the beginning, we choose some frequently studied
ferroelectric materials: TGS [(NH, CH, COOH); H,
SO, ], KDP [KH, PO4] and BaTiO; for which we will
discuss the magnitudes of quantities studied in the pre-
vious section. Material constants we will use here are
summarised in Table 1.

The dynamic contribution to static polarisation has
not yet been studied. In the non-pyroelectric phase, the
limit value of P4y, for high frequencies is given by the
relation [see (5), (11)]:

Pun o 15 (0 (1)
E()E%_Z,OCE aT ’

First, we find the value of the right-hand side of Eq.
(18) in the case that temperature of the sample is one
degree above the Curie temperature. Supposing the
Curie—Weiss law for susceptibility and using numerical
values of Table 1 we obtain the value of the order of 10~!°
for TGS and for KDP and the value of the order of 10~1¢
for BaTiO;. We can also compare the values of Pgy, and
P;,q iInduced by the same static field E,. For example, if we
chose the amplitude E;2 103 V/m we obtain Payn/Pind
~]10~* for BaTiO;. If we wanted to choose the magni-
tude of the field in such a way that Py (T=Tc+1
K)~P, (T=Tc1 K) we would have to choose E, E}=
10'3 V/m for BaTiOs, since P; is about 10~! C/m?.

Table 1

Material constants®

Material T. Curie constant Specific heat Molar heat Molar mass Density dP/dT
O C(K) (J/kg/K) (J/mol/K) (kg/mol) (kg/m?) (C/m*/K)

TGS 49 3.2x103 313 3.067x 107! 1695 3x1073

KDP —150 3.3x10° 63 1.349x 107! 2338 1.15x107!

BaTiO; 120 1.5x103 ~500 6100 1.2x1073

% Values taken from Refs. 3 and 4, dP,/dT has been determined from a graph.’
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The maximum contribution to susceptibility due to
PE induced by bias field E, (in the paraelectric phase)
can be estimated from the formula [see (5), (13)]

LT [3x\*
X u<X> eo 2. (19)

If the dispersion of dielectric susceptibility is mea-
sured for example at a biasing field of the order of 10°
V/m then the contribution of ECE to susceptibility is
about of 107 for BaTiO5 and 10? for TGS, KDP. If the
bias field Ej is zero, then the PE is induced only by
alternating electric field characterised by amplitude E;.
In this case an equation similar to the Eq. (19) holds but
in this formula Ej is replaced by E;.

In the above part of this section we have been dealing
with ferroelectrics in the paraelectric phase. Now, we
will pay attention to the ferroelectric phase and the
contribution of induced PE will be not taken in
account. The magnitude of the true PE contribution can
be estimated from the following equation

T [(0P\’
= °) . 20
X £0PCE (8T) 20)

This formula gives the dielectric losses x” of the order
of 102 for TGS, 10° for KDP and 10 for BaTiO; in the
vicinity of Tc.

At the end we determine a typical numerical value of
frequency w,=10xa?/L? at which the dielectric losses
reach maximum. Typical values pcz2210° J/(m3xK) and
72210 W/(mxK) provide ¢*2210~> m?/s. If the sample
has a thickness of 1 mm then the frequency at maximum
losses is about 100 Hz. If, for example, crystallites in a
polycrystal have linear size of Ipum then the dielectric
dispersion connected with heat conductivity is in the
region of 108 Hz.

The studied effect in materials mentioned above is
small, due to relatively high coefficient pcg/T. A more
pronounced effect could be expected at low tempera-
tures in materials with a low phase-transition tempera-
ture. As an example of such materials lithium—thallium
tartrate (LTT) may be chosen which has a phase tran-
sition temperature of about 12 K. An essential differ-
ence between adiabatic and isothermal susceptibility
observed even in paraelectric phase'® suggests that this
material could have good properties for testing the
effect discussed. However, the absence of data on heat
capacity of this material prevented us from calculating
the numerical values of the expressions considered.

4. Conclusion

The electrocaloric effect manifests itself in the dielectric
dispersion measured for a sample of finite dimensions or

for a sample of a non-homogeneous material. The dis-
persion law of the above mentioned contribution to
dielectric dispersion was determined for the case of sim-
ple geometry (Fig. 1). The frequency region where dielec-
tric loss attains its maximum depends on the thickness of
the sample or on the characteristic size of non-homo-
geneities (wn=210xa?/L?). The value of the maximum of
dielectric losses is about one half of the difference between
the isothermal and adiabatic values of susceptibility for
our simplified model.

We have taken into account three types of pyroelectric
effect: the true effect connected with spontaneous polar-
isation, the effect induced by external bias field and the
effect induced by an ac field. The last contribution to
susceptibility is quadratic in amplitude of ac field and can
become observable at very low temperatures on materi-
als with low-temperature phase transitions. Interesting
may be the conclusion that the alternating electric field
contributes also to the “static” polarisation.

Our calculations are based on the assumption of linear
dielectric properties. Therefore the non-linear depen-
dences on the field in the resulting formulae are of purely
dynamic origin.
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