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ORIGIN OF LARGE LOW-FREQUENCY DIELECTRIC PEAK IN
PEROVSKITE CRYSTALS AND CERAMICS
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Abstract—Several perovskite crystals and ceramics show very large dielectric (¢') peaks at high temperature
T and low frequency f. In some cases these peaks are in the cubic phase far above any ferroelectric transition.
Even at the peaks, the lossy part " is larger than the real part €. The € vs T curves for different f follow the
same d.c. (low-f) envelope down to some T(f) below which the curve for that f falls below the envelope.
Similarly, the conductivity (or €”) data show d.c. and a.c. (high-frequency) envelopes for which data at
different f overlap. As a first approximation to a crystal with random barriers impeding conductivity, a
model with barriers B (in T units) every lattice constant a = 4 A and barriers B + A every distance d is
assumed. The model is fit to permittivity and conductivity data for a strontium titanate single crystal, and a

good qualitative fit is obtained.
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1. INTRODUCTION

The barium titanate family of perovskite ferroelectric,
relaxor ferroelectric, and related crystals and ceramics
is one of the oldest, and is the most technically
important family of ferroelectric materials. Its ferro-
electric transitions were thought to be primarily of the
displacive type, with some quasistatic disorder intro-
duced by the random unlike charge cations in the
relaxor ferroelectric crystals. Recently it was found [1]
that even in PbTiO3, which was considered to have a
purely displacive transition, there are polar clusters
persisting well above the ferroelectric transition tem-
perature 7.

Over some years there has been data collected on
conductivity and permittivity in perovskite crystals
and ceramics. Much of this is concerned with ferro-
electric and other transitions in pure and mixed
(relaxor ferroelectric) crystals. In addition to anoma-
lies connected with these transitions, many workers
have seen dispersive dielectric anomalies at high tem-
perature and low frequency. In some cases, conductiv-
ity data were obtained as well [2—5]. These results were
interpreted in a variety of ways, in some cases as being
associated with reorienting dipoles [3, 5], and in other
cases as effects of blocking surface layers [2, 4].

2. PHENOMENA OBSERVED

There are several characteristic features of the
above results.

(1) The typical conductivity (o’) vs temperature plot
shows a high-frequency envelope on which data from
a wide frequency range overlap, as seen in Fig. 1 for
SrTiO; [2]. This envelope shows nearly Arrhenius-
type thermally activated behavior.

(2) The conductivity vs temperature plot also shows
a low-frequency envelope for which data for various
frequencies overlap. This envelope also nearly obeys
the Arrhenius law, but with a higher activation energy
than for the high-frequency envelope.

(3) For available data, the low-frequency and high-
frequency envelopes do not meet, but if extrapolated
towards higher temperatures on an Arrhenius plot
of log conductivity vs 1/T they meet at a finite
temperature.

(4) The conductivity data show frequency dispersion,
in that the curves for various frequencies cross over
from the high-frequency to the low-frequency enve-
lopes at different locations for different frequencies.

(5) The dielectric permittivity (¢) vs temperature
plots show dispersion, in that the permittivity peak
moves to a lower temperature and becomes higher as
frequency decreases, as seen in Fig. 2 for SrTiO; [2].
Available data do not go to a low enough frequency to
show saturation of this peak height increase.

(6) The dielectric permittivity curves for different
frequencies follow a common envelope at a high
temperature, with the highest frequencies peeling off
the curve first as T decreases, so this can be called the
low-frequency envelope.
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Fig. 1. Fit of our model (lines) to SrTiO; single crystal

resistivity data (symbols) (plotted as In.) from Ref. [2].

Model parameters are B = 13000K, A =4150K, and
d = 50nm.

(7) If the real part € of the permittivity is converted
to the imaginary part ¢” of the conductivity by the
relation ¢ = ¢y€'w, there is a high-frequency envelope
for ¢” from which the low-frequency curves peel off
first as temperature increases.

(8) If a plot of logarithm of peak permittivity € vs
1/T at the peak is made for various frequencies, it
obeys an Arrhenius relation, as seen by us for the
relaxor ferroelectric NBT (Nay/,Bi;/, TiO3) [5]. If ¢
values at the same f and T values are also plotted, they
obey an Arrhenius relation with similar activation
energy. The €' values are consistently higher than
the € values for various crystals and ceramics.
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Fig. 2. Fit of our model (lines) to SrTiO; single crystal
permittivity data (symbols) from Ref. [2]. Model parameters
are B = 13000K, A = 4150K, and d = 50 nm.

(9) If the Arrhenius-law envelope is subtracted from
the ¢’ data, the remaining ¢ values plotted against €
in a Cole—Cole diagram show nearly monodispersive
Debye behavior, namely a semicircle with center only
slightly below the €’ axis. Such behavior was seen by us
in NBT [5).

In our investigation of permittivity and conductiv-
ity of the relaxor ferroelectric NBT [5], the dispersive
behavior of ¢ in the temperature range of the ortho-
rhombic phase led us to believe that this large low-
frequency dielectric peak was another feature of
NBT’s relaxor ferroelectric behavior. We attributed
the similarity of conductivity and peak dielectric
activation energies to the dipolar cluster reorientation
rate being determined by rearrangement of the car-
riers which provide the conductivity mechanism. We
later learned that similar phenomena occur in a wide
variety of perovskite crystals and ceramics, in some
cases far above any ferroelectric transition. We com-
pared plots of these phenomena with those seen by us
in NBT, and attributed these phenomena to phase-
shifted electrical conductivity [6].

In ordinary conductivity there is no associated
permittivity or imaginary part of the conductivity.
This is true even if the mobility is thermally activated
in the sense that the carriers must hop over intrinsic
barriers (all of equal height) in going from one lattice
site to the next. In order to produce an associated
permittivity, there must be extrinsic barriers, higher
than the intrinsic barriers, spaced farther apart than a
lattice spacing. These barriers could be at the electro-
des, [2, 4] or at internal grain boundaries (giving the
Maxwell-Wagner effect).

3. MODEL

As a first attempt at a model which can predict the
above behavior, we choose one which has barriers B
every lattice spacing @, and higher barriers B+ A
every distance d, as shown in Fig. 3. This distance d
could represent the width of the crystal, or if internal
barriers are dominant, the typical distance between

B+A
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Fig. 3. Illustration of 2-barrier-height model showing intrin-

sic barriers B at spacing a, and extrinsic barriers B+ A at
spacing d.
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such barriers. If the barriers are internal, all pheno-
mena such as current density and electric field are
periodic in space with period 4. A mathematically
similar model, but with A — oo and 4 being the
crystal width, was developed by Coelho [7] and was
applied by Bidault ez al. [4] to BaTiO;. That model,
which assumes completely blocking electrodes at the
crystal surfaces, gives very different results than our
partially-blocking barriers model.

The high-frequency behavior, which is character-
ized by the high-frequency conductivity envelope
and by the Curie—Weiss law permittivity without the
dispersive high-temperature permittivity peaks, is
determined by the intrinsic barrier height B and the
carrier concentration n. Accordingly all the remaining
eight features listed above must be predicted for
various frequencies by only two parameters, A and d.

To preview our analysis method, we treat the spaces
of width d between the higher barriers in the conti-
nuum approximation, but treat the hopping across the
higher barriers as a discrete process. The overall
solution is achieved by requiring that the current
densities from the discrete and continuous solutions
match, and that the net charge density vanishes at the
mid-point between the higher barriers.

The continuum solution is achieved by means of
three equations. First there is the equation for current
density J(x, f), with the ‘high-frequency conductivity’
0, term which gives the effect of the intrinsic barriers,
and the ‘diffusion’ term which accounts for the back-
diffusion tendency of the carriers which pile up against
the higher barriers. Second, there is Gauss’ Law which
modifies the applied electric field to add in the field
from the excess or missing carrier density on opposite
sides of the higher barriers. Third, there is the con-
tinuity equation which relates spatial dependence of
current density to time variation of charge density p.

The equations solved in this manner provide the
current density J(x, t) and the electric field E(x, t) for
a sinusoidal applied voltage. These are related to the
measured current [ and voltage V by I=J,S=
(J +8D/8t)S and V = (E)!, where S and / are crystal
area and thickness, (E) is defined in eqn (15), and
D = e E with ¢, defined below eqn (5). The conduc-
tivity o is given by o = J,/(E).

We now give the details of the model calculation.
First we find an expression for the high-frequency
conductivity envelope o.,. We assume extrinsic con-
ductivity (the usual type for perovskites) with a tem-
perature-independent carrier density n and carrier
charge g. The observed o, activation energy then
comes from the intrinsic barriers of height B (in
temperature units) which occur every distance aq,
where a is of order of a lattice constant. We obtain
the usual expression for hopping conductivity

PCS 57-10-

0. = J/E, taking into account that the number of
carriers per unit area in a unit-cell layer on either side
of a barrier layer is na and their attempt frequency for
crossing the barrier is v:

0o = E~'quna{exp((—kB + YqEa)/kT
— exp|(—kB — }qEa) /kT]}
~ (¢*vnd’ [kT)e™5/7. (1

To reduce the number of adjustable parameters, we
assume v = kT '/h (h is Planck’s constant) which is not
quite correct above the Debye temperature (where we
are for this high-temperature behavior). However, this
assumption eliminates the pre-exponential 7-depen-
dence, which in any case is hard to detect in the
presence of a large activation temperature B. We
also assume g = 2e (twice the proton charge) which
is the value consistent with oxygen vacancy carriers
and we take a as 0.4 nm, the typical perovskite lattice
constant. Any inaccuracy in these values of v, g or a
will be reflected in inaccuracy in the n value found
from fitting our final expression

0o = (ng’a’[h) — /7 @)

to the high-frequency conductivity data for a given
sample.

We now turn to the model predictions for lower-
frequency behavior for which the higher barriers
B + A must be taken into account. To provide the
continuum differential equation for the net charge
density p, we first need the equation for current density
J:

J =0 E — 0,,70p/0x (3)

where T = kT/qzn, k is Boltzmann’s constant, T is
temperature, ¢ is carrier charge, and o, is the high-
frequency conductivity found above. The first and
second terms are the conduction and diffusion terms
discussed above.

To eliminate E from this equation, we divide by o,
take 8/0x and put 9E/dx by itself, as

BE/0x = (8 )0x) /04 + 107 p/BX>. 4)

Then we use Gauss’ law, which for our planar geo-
metry yields
OE/0x = plews ()

where €., = ¢yep,. Here ¢ is the MKS permittivity
constant 8.85 x 10™'2 C?/Nm? and e, is the back-
ground permittivity given by the Curie—Weiss law

& = C/(T - To), (6)
in which C and T are the Curie-Weiss constant and

Curie—Weiss temperature, respectively, obtained by
fitting the high-frequency permittivity.
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By equating the right sides of eqns (4) and (5), we
obtain an equation from which we can eliminate J
by using the continuity equation, which for planar
geometry is

8J /9x = ~dp/ot. (7

Upon making this substitution for 8J/9x, dividing
by 7, and rearranging, we obtain a differential equa-
tion for p which is valid in the range —d/2 < x < d/2
between the higher barriers:

Fp/Oxt — plest — (1/0,,7)0p/Bt =0.  (8)

Fortunately, the x and ¢ variables are separable in the
solution

p(x, 1) = f(x)e, 9)
for which the f(x) equation becomes

Ff10x* —Pf =0; o =1/eT +iwfoor. (10)

The solution for f(x) is
f(x) = 4e** + Be™™;
1
a = [(1/ew)? + (W/owT)T2

expflitan™ (wep/Too)-

(11)

For an overall neutral crystal we expect
p(x =0) =0 at the mid-point between higher bar-
riers, so B = —A in eqn (9).

Given A, we can find the current J(+d/2) across the
high barriers. Then with J(+d/2) known, we can use
eqn (3) to find E(£d/2). We then find E(x) from eqn
(5), and integrate E(x) and divide by 4 to find the
average (E). The conductivity then is given by
o(w) = o’ + io” = J,. We now go through these steps.

The difference in carrier density across the higher
barriers is p(d/2) — p(—d/2) = 2p(d/2). The differ-
ence in density per unit area (in the unit cells next to
the higher barriers) is 2ap(d/2). These carriers have an
attempt frequency v and a success probability
exp[—(B+ A)/kT] of crossing the barriers. Using
eqn (11), the current density at the barrier is (omitting
the ™' factor)

J(d/2) = {2vad(e*? — ey exp

[~B/T) + 0 E(d/2)}e™®/T  (12)

Then using eqn (3) and differentiating eqn (11), the
field at the high barriers is (omitting €'")
E(d/2) = (ZVCIA/O'OO)(CCM/Z —e % exp
[—(B+ A)/T) + E(d/2)e™/T
+ rad(e®/? + ¢4/

(13)

But 0, = (va’/7)e /T, s0 we obtain
E(£d/2) = {2a7 " (e*? — e/ /T 1 o

(€ + e ra/(1 -7,  (14)

where we see that 4 must vanish if A = 0, as expected
because the higher barriers causing the net charge
density become the same height as the other barriers.

To find the average (E), we first integrate eqn (5)
and add E(—d/2) from eqn (14) to find E(x). Then we
integrate E{x) and divide by d to find {E):

E(x) = E(—d/2) + /_ 2/2 2 A(e™ — e~%)dx

= E(—d/2) + (ex0) ' A(e" + &7
_ ead/Z - e—ad/Z)
dj2

E(x)dx

(E)y=d"!
—df2

(15)
By combining eqns (12) and (15) and performing
considerable algebraic and trigonometric manipula-
tion we obtain
o(w) = o' (W) + io” (w)
_ Oglbcoshb + rsinh b + itan w(be®/T cosh b + rsinh b))
" beB/Tcoshb + rsinhb — (cos? w — isin wcos w)
N 1
(€2/T — 1)(bcosh b — sinh )’

(16)

where b = ad/2,r = d/a, and w = tan™ (we, /00 ).

4. FIT TO EXPERIMENTAL RESULTS

Computer analysis of the above expressions can
encounter underflow problems for some ranges of
variables, but we were able to circumvent these. We
tried a wide variety of sets of B, A, and d to fit both the
permittivity and resistivity data [2] for SrTiO;. The
‘best fit’ depends on the weight given to fitting differ-
ent features of the curves. We are most satisfied with
the fit shown in Figs 1 and 2. The main discrepancy in
Fig. 1is that the dispersion is not as strong as observed
experimentally. In Fig. 2 some of the calculated
permittivity peaks occur at higher temperatures than
observed. We emphasize that only one set of three
parameters is used to fit both curves. In reality, the
barrier B =13,000K which occurs at every site is
fixed by the a.c. conductivity envelope, leaving only
the additional barrier height A = 4150K and its spa-
cing d = 50nm as fitting parameters to fit all the
features of both the conductivity and permittivity.
We consider this a good qualitative fit for a model
with only two free parameters.

The spacing d = 50nm of the higher barriers is
much less than the crystal thickness of 1.02mm, so
these barriers do not appear to be associated with
partially blocking contacts.
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This fit could be improved by including a barrier
distribution with more than two heights. Such fitting
could be called ‘conductivity spectroscopy’ and con-
stitutes a new analysis technique, that of obtaining
barrier distributions from conductivity data.

5. CONCLUSIONS

From this success in fitting the SrTiO; data, we
expect it will be possible to explain the main features
of both the dielectric permittivity and the electrical
conductivity at high temperature in a variety of per-
ovskite crystals and ceramics, including relaxor ferro-
electrics, by a model in which the carriers encounter
barriers with a height distribution.

Strontium titanate [2] provided the simplest fitting
problem, because the background permittivity obeys
the simple Curie C/T law in the high-temperature
range of interest. Next in difficulty will be barium
titanate [4], with its highest-temperature transition
well below the range of interest, so that a Curie—
Weiss C/(T — T,) background permittivity can be
added to that obtained from the barrier model. A
greater challenge will be PbTiO; crystals and related
crystals and ceramics [3] which have high-temperature
transitions. Even more difficult to analyze are relaxor
ferroelectrics such as NBT [5, 6]. Its highest transition,
besides being at high temperature, is smeared out for
poorly-understood reasons so that it is difficult to
separate the barrier-induced permittivity from the
background contribution. Fitting of the model to
crystals and ceramics such as these is in progress.

On the experimental side, we emphasize the impor-
tance of making conductivity as well as permittivity
measurements on crystals and ceramics such as these.
Specifically, one should plot the lossy part €” as well as
the real part € of the permittivity on the same scale, so
that the situation €’ >¢ symptomatic of phase-
shifted conductivity is easy to detect.

The measurement range should be extended to
lower frequencies and lower temperatures, to look
for saturation of the permittivity peak. In all materials
studied so far, this peak continues to increase in height
and it occurs at a lower temperature, as frequency is
lowered. However, frequencies below 20 Hz have not
yet been employed. The 2-barrier-height model pre-
dicts a yet unseen saturation.
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