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Conductivity, Hall-effect, and Seebeck-coefficient measurements on single-domain crystals of n-type
BaTiO; are described. In the cubic phase above 126°C, the electron mobility is 0.5 cm?/V sec. When the
material becomes tetragonal, the mobility perpendicular to the ¢ axis increases rapidly to 0.54 cm?/V sec a
few degrees below the transition temperature, then increases more slowly to 1.2 cm?/V sec as the tempera-
ture decreases to 26°C. The mobility parallel to the ¢ axis decreases rapidly to 0.35 cm?/V sec a few degrees
below the transition, then decreases slowly to 0.13 cm?/V sec at 26°C. From the Seebeck-coefficient meas-
urements, the density-of-states effective mass of cubic BaTiO; is (6.542)m,. The experimental data in the
tetragonal state are interpreted in terms of a relatively simple distortion of the band structure applicable to

cubic perovskite-type semiconductors.

1. INTRODUCTION

LTHOUGH much effort has gone into studying
the electrical and optical properties of semicon-
ducting barium titanate, relatively little is understood
about electron transport in its ferroelectric state. Other
cubic perovskite oxides such as SrTiOs;! and KTaOs?2
exhibit conduction in bands formed from the transition-
metal d orbitals. The very low electron mobilities of
about 0.1 cm?/V sec reported in tetragonal BaTiOs
single crystals® however, would imply that a Bloch
band model for this material is marginal at best.
Further, the infrared reflectivity in conducting, ferro-
electric BaTiO; has been interpreted in terms of a small
polaron, “hopping” model* rather than a band picture.
The difficulty of obtaining samples suitable for trans-
port and optical experiments has been a principal
barrier to BaTiO; research. Most electrical measure-
ments have been made on reduced or doped ceramic
samples, with particular emphasis placed on the positive
temperature coefficient of resistance® (PTC) observed
above 90°C. Few results are available for single crystals
and, even with single crystals, experiments below the
Curie temperature (~120°C) can be seriously affected
by ferroelectric domain patterns. The transport meas-
urements of ITkegami and Ueda® are thus difficult to
interpret without knowing the domain structure of their
single crystals. Mattes® has investigated the resistivity
and piezoresistance in thin BaTiO; single crystals whose
faces were perpendicular to the ¢ axis in the tetragonal
and orthorhombic phases. He concludes that a large
anisotropy must exist between resistivities measured
parallel and perpendicular to the ¢ axis. Dichroism in
the band-edge absorption in the tetragonal phase also
has been reported by Casella and Keller.”
1H. R. P. Frederikse, W. R. Thurber, and W. R. Hosler,
Phys. Rev. 134, A442 (1964).
2 S. H. Wemple, Phys. Rev. 137, A1575 (1965).
3 8. Tkegami and I. Ueda, J. Phys. Soc. Japan 19, 159 (1964).
4P. Gerthsen, R. Groth, K. H. Hardtl, D. Heese, and H. G.
Reik, Solid State Commun. 3, 165 (1965).
5 References to earlier work on the positive temperature co-
efficient of resistance are contained in J. B. MacChesney and
J. F. Potter, J. Am. Ceram. Soc. 48, 81 (1965).

8 B. L. Mattes, J. Appl. Phys. 34, 682 (1963).
7R. C. Casella and S. P. Keller, Phys. Rev. 116, 1469 (1959).
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This paper discusses conductivity, Hall-effect, and
Seebeck-coefficient measurements in single-domain,
single-crystal BaTiO; in the cubic and tetragonal phases.
Measurements both parallel and perpendicular to the
tetragonal axis were made possible by the availability
of large, pure, single crystals of BaTiO; from which
single-domain samples could be obtained. It is shown
that the transport properties of ferroelectric BaTiOs
can be satisfactorily interpreted by a band model only
slightly different from that assumed for the cubic
perovskite compounds. Infrared and visible optical
properties of these single-domain samples will be pre-
sented in a subsequent publication.

2. EXPERIMENTAL METHODS

The BaTiO; crystals studied were grown by Dr. A.
Linz of M.LI.T., and were cut into (100) slices approxi-
mately 1 mm thick. The samples were then reduced in
flowing hydrogen. Uniformly reduced crystals with the
largest single-domain regions were obtained by re-
duction at 900°-1000° for 8 h or more followed by a slow
cooling to room temperature of several hours. All
measurements were made on polished, single-domain
parallelipipeds cut from the reduced slices.

The conductivity data were taken using the four-
terminal method, separate measurements being made
on each sample perpendicular to and parallel to the
tetragonal ¢ axis. Indium-gallium Ohmic contacts were
made to the samples since it was found that evaporated
chrome-gold contacts often tended to introduce internal
strains into the BaTiO;. The Hall measurements were
made using standard techniques on rectangular samples
of the order of 1X2X5 mm.

Seebeck-coefficient measurements were made using
an automatic technique.® Approximately square sam-
ples, typically 1X3X3 mm, were mounted perpen-
dicular to and parallel to the ¢ axis on the heater as-
sembly shown in Fig. 1 such that a one-dimensional
temperature gradient could be set up. Care had to be
taken that the samples were free to expand, since 90°

8 C. N. Berglund and R. C. Beairsto, Rev. Sci. Instr. 38, 66
(1967).
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domains were easily introduced into the samples by
external stresses. Electrical and thermal contacts were
made to the edges of the samples by the indium-gallium-
mercury pools shown in Fig. 1. The two copper-
constantan thermocouples were placed in the pools
as near as possible to the edges of the BaTiO; samples.
Careful experiments showed that such an arrangement
introduced negligible error into the measurements.
The direction of the spontaneous polarization (the
tetragonal ¢ axis) was determined unambiguously by
cutting a single-domain cube from one of the reduced
samples and examining it between crossed polarizers.
The direction of polarization established in this way
was consistent both with the conductivity data of
Mattes® and with the direction of the band-edge optical-
absorption anisotropy reported by Casella and Keller.”

3. THEORETICAL MODEL

Kahn and Leyendecker® have proposed that the
SrTiOs conduction band is siliconlike having six prolate
ellipsoidal minima along the (100) directions at or near
X, the Brillouin-zone edge [Fig. 2(a)]. Experimental
data tend to support this model, not only in SrTiOs,*
but also in several other cubic perovskite-type semi-
conductors.’! The BaTiO; transport properties to be
described are also reasonably consistent with this model.
However, more recent augmented-plane-wave (APW)
band calculations suggest that the conduction-band
minimum may be at T, the center of the Brillouin
zone, as shown in Fig. 2(b).”? The two possibilities are
difficult to separate experimentally because both the
band calculations and the experimental data to be pre-
sented suggest that the energy separation between X3
and T’ is only 0.1 to 0.15 eV. Thus the electrons
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( ? A.)H. Kahn and A. J. Leyendecker, Phys. Rev. 135, A1351
1964).

0 H, P. R. Frederikse, W. R. Hosler, and W. R. Thurber, Phys.
Rev. 143, A648 (1966) ; J. F. Schooley, W. R. Hosler, and M. L.
Cohen, Phys. Rev. Letters 12, 474 (1964) ; M. L. Cohen, Phys.
Rev. 134, A511 (1964).

17, Camlibel (private communication). Magnetoresistance
measurements on KTaO; at 4.2°K are consistent with the many-
valley model.

2], F. Mattheiss (private communication).
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Frc. 2. (a) Constant-energy surfaces in the Brillouin zone
near the conduction-band edge for conduction-band minima at
X;. (b) Constant-energy surface in the Brillouin zone near the
conduction-band edge for conduction-band minimum at Iy’

contributing to the transport properties will be spread
over a large region of & space in both cases, and similar
transport behavior will result.

Since at present there is no unambiguous experi-
mental evidence to decide which model is correct, the
more familiar many-valley conduction-band model has
been chosen for cubic BaTiO; as the basis on which to
interpret the data. As a first approximation in the
tetragonal state, it will be assumed that the conduction-
band minima are the same as in the cubic state except
for a simple shift in energy of the two minima lying
along the tetragonal ¢ axis with respect to the other
four. It must also be assumed that no other conduction
bands are near enough in energy to contribute to the
conductivity. The experimental data to be presented
indicate that one or more of the above assumptions is
not completely accurate. However, the model does agree
with the major features of the data and provides a
simple basis on which to interpret the experimental
results.

A. Conductivity and Hall Effect

The general expression for the isothermal current in
the ith conduction-band minimum A, in terms of
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applied electric and magnetic fields, is'
O =00 Byt ory OByt (0

where 03, and o), are the conductivity and Hall
conductivity tensors, respectively. When the (100) axes
of BaTiO; are chosen as the frame of reference, the
symmetry of the conduction band makes the conduc-
tivity tensor diagonal with two independent com-
ponents.

al(i)=n(">q2(r)/ml*
and

oD =nDg(r)/ms*, (2)

where (r) is the average electron scattering time (as-
sumed to be isotropic), 7 is the density of electrons
in the 7th minimum, the subscript / refers to a direction
along the (100) axis on which the minimum is located,
and the subscript ¢ refers to a direction perpendicular
to the (100) axis. Similarly, the Hall conductivity
tensor has two components, oz;? when the magnetic
field vector is parallel to the (100) axis on which the
minimum is located, and oz, when the magnetic field
is perpendicular to the (100) axis.

o =1 P em®, aui® =n O ) emim,  (3)

where (%) is the average of the square of the electron
scattering time.

The total mobility and Hall coefficient are found by
suitable summations of Eqgs. (2) and (3) over all six
conduction-band minima. In the cubic state, the sum-
mations are relatively simple and lead to an isotropic
conductivity

oo=5(Ng*(r)) L(1/mi*) +(2/m*) ], (4)

where N is the donor density. (It has been assumed
that the donors are fully ionized and the sample is
nondegenerate.) If longitudinal and transverse valley
mobilities are defined

m=q{r)/mi* and  p,=q(r)/m*, (5)
Eq. (4) gives for the mobility in the cubic state
po=00/qN = Fum+3u. (6)

The Hall coefficient R is the sum of the six Hall con-

ductivities divided by the square of the total conduc-
tivity. Hence, in the cubic state

R 2y [1/3mi24-2/3m*m*] )

Ngclry?  [1/3mi*+2/3m>T -~

When BaTiO; becomes tetragonal (point group Cuy),

it can be shown to have two independent mobilities,

us perpendicular to and p; parallel to the tetragonal

¢ axis, and two independent Hall coefficients, R1 when

the magnetic field is perpendicular to and R;; when

the magnetic field is parallel to the tetragonal ¢ axis.

If we assume that the two minima along the ¢ axis move

13 C, Herring, Bell System Tech. J. 34, 237 (1965).
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in energy with respect to the other four by an amount
AE (assumed positive if the ¢-axis minima move down),
the population ratio in the valleys is given by the
Boltzmann factor exp(AE/kT), and the measured mo-
bilities can be written

p=011/qN = (pit2pe2ET) / (142¢254T) - (8)
and
u=02/qN =[abo 59 (ub ) 1/ (1426-5807). - (9)

Defining 5 as the valley mobility ratio u;/us, and a as
¢ AERT Fqgs. (8) and (9) become

wi=pe(n+2a) /(1+42a), (10)
pr=p[14+a(14n)]/(1+4-2a), (11)
and
ps [14a(i+n)]
o [nt2e] (12)
Similarly
) (14-2a) (1+20a)
KNy Otettnr
and

Roo ) [ntaCm) 1(1+20)
Nge(r ) [14a(1+n) 1 (n+20)"

It should be noted that Egs. (8) through (14) were
derived assuming that the valley mobilities at a given
temperature are independent of the degree of tetrag-
onality. This implies the additional assumption that
intervalley scattering is relatively weak.

Herring and Vogt!* have shown that the relaxation
time = is not in general isotropic as assumed above.
However, inclusion of an anisotropic relaxation time
does not aid in the interpretation of the data, and in
view of the previous simplifying assumptions of the
model provides an unnecessary complication in the
equations.

(14)

B. Seebeck Coefficient

It has been shown that if there are two types of
carriers in a semiconductor contributing to the con-
ductivity, and if these two carriers have partial Seebeck
coefficients S; and S;, the Seebeck coefficient of the
semiconductor S is given by'®

S = (o1/00) S1+ (02/00) S,

where o7 and oy are the contributions to the total con-
ductivity o of the two types of carriers. This concept
can be extended to a many-valleyed conduction band
of a semiconductor such as BaTiO;, where each valley
has a unique Seebeck coefficient and contributes a
certain fraction to the total conductivity. If the Seebeck

(15)

14 C, Herring and E. Vogt, Phys. Rev. 101, 944 (1956).
15 See, for instance, A. H. Wilson, The Theory of Metals (Cam-
bridge University Press, Cambridge, England, 1953), p. 205.
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coefficient of the two minima located along the ¢ axis
is Sc and the Seebeck coefficient of the other four
minima is Se, then the quantities defined in Sec. 3 A can
be used to show that

Si=(1Sc+2aS.)/ (n+2a), (16)
SJ-=[:Sc+aSa(1+77)]/[1+a(l+77>]7 (17)

where S| is the Seebeck coefficient measured parallel
to and St is the Seebeck coefficient measured perpen-
dicular to the tetragonal ¢ axis. In Egs. (15), (16),
and (17), the Seebeck coefficients Sy, S, Sa, and S, are
isotropic. The anisotropy indicated by Egs. (16) and
(17) in the measured Seebeck coefficients arises from
the anisotropic conductivities used in the summation
of Eq. (15).

For a nondegenerate conduction-band minimum the
Seebeck coefficient is

S=(k/q)[(—Er/kT)+8], (18)

where Ey is the Fermi energy relative to the conduction-
band minimum, and 8 is a constant which depends on
the energy dependence of the electron-scattering mecha-
nisms (between 2 and 3 for lattice scattering) . Equation
(18) is strictly correct only if the electron energy de-
pendence of the scattering is isotropic. In this case, the
Seebeck coefficient in Eq. (18) will be isotropic. How-
ever, even if the electron energy dependence of the
scattering is not isotropic, Eq. (18) is expected to be a
good approximation. Here it will be assumed that Eq.
(18) applies for BaTiO; and that 3 at a given temper-
ature is the same for all six conduction-band minima.
(A discussion of the validity of these assumptions will
be given later.) Hence, the difference between the two
Seebeck coefficients S, and S, is

Se—Sa=(k/q) (AE/RT), (19)
and substituting Eq. (19) in Eqgs. (16) and (17)
G _GAB( 2 (14w )
S S”_qT (n—l—Za 1+a(14n) /) (20)

At a given temperature, Eqs. (12) and (20) indicate
that measurements of uy}, us, Sy, and Si give sufficient
information to determine py, us, and AE. A comparison
of experimental data from BaTiO; with Egs. (12) and
(20) as a function of temperature, particularly through
the tetragonal to cubic transition, will then be an
indication of the validity of the proposed model.

4. EXPERIMENTAL RESULTS

A. Conductivity and Hall Effect

The conductivity parallel to and perpendicular to the
¢ axis was measured on several single-domain BaTiO;
samples from 26 to 150°C. All samples gave essentially
the same results, the conductivity perpendicular to
the ¢ axis being larger than that parallel to the ¢ axis.

ELECTRON TRANSPORT IN BaTiO;
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F1c. 3. Typical temperature dependence of the electron mobility
in BaTiOs.

Figure 3 shows typical data. The curves have been
normalized to give mobility by dividing by the temper-
ature-independent free-carrier charge density gN de-
termined from subsequent Hall measurements. The
magnitude of gV was obtained assuming the Hall mo-
bility to be equal to the drift mobility in the cubic
phase. This assumption is probably reasonable in view
of experimental results on other similar perovskites.?

In the E||¢ curve, a 90° domain formed in the
sample leading to the peculiarity in the data near
115°C. The solid line”shows the usual behavior as
determined from subsequent measurements where no
domains formed. Within a few degrees of the transition,
the two mobilities are shown as rapidly varying func-
tions of temperature, but not discontinuous as expected.
It is believed that this is due to small temperature
gradients which existed in the samples during measure-
ments. Above the ferroelectric transition temperature
of 126°C up to a temperature of 150°C, the mobility
appears to be nearly temperature-independent.

Hall data were obtained from several samples with
H || c and H | ¢, but with current flowing perpendicular
to the ¢ axis in both cases. Although this gave measure-
ments of both R|; and Ry, only the conductivity per-
pendicular to the ¢ axis was obtained during the Hall
measurements. Most of the samples measured had
carrier concentrations between 10%® and 10 cm™3 and
the Hall voltages were relatively small. Typical data
are shown in Fig. 4(a). The accuracy of the Hall-
coefficient measurements on these samples is no better
than =£209%. Although this accuracy is not sufficient
to allow detection of the small variations in R expected
from the #- and ¢-dependent terms in Eqs. (13) and
(14), it can be concluded that the mobility is es-
sentially independent of carrier concentration and that
the Hall coefficient is constant within experimental
error over the temperature range from 26 to 200°C.
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Fic. 4. (a) Typical Hall data for BaTiOs. Both Hall coefficients are shown as constants, since within the experimental error of
+209, there was no detectable temperature dependence. (b) Hall data for a lightly-doped BaTiO; sample.

The latter conclusion supports the earlier assumption
that the donors in BaTiO; are fully ionized over the
temperature range of study.

One sample that was studied had a relatively low
carrier concentration of 2.5X107 cm™3, resulting in
considerably higher Hall voltages and better accuracy.
This sample exhibited electron mobilities similar to
those obtained from the more heavily-doped samples
and a rapid variation in both Hall coefficients near
the ferroelectric transition temperature. The" temper-
ature dependence of the Hall coefficients is shown in
Fig. 4(b). The effects could not be unambiguously
reproduced on any more heavily doped samples, and
no samples with carrier concentrations below 2.5X10%
cm~3 were available.

The Hall and conductivity data shown in Figs. 3
and 4 and the Seebeck-coefficient measurements to be
described later are plotted using temperature as the
variable. However, the electrical properties of BaTiO;
are in general related to temperature in a very compli-
cated way because of the tetragonality. More easily
interpreted comparisons of the experimental results to
the proposed theoretical model can be made if a
different variable is used. The directly measured mo-
bility ratio pi/u;; has been found to be a convenient
variable which is easily related to theory.

If o is defined as the (isotropic) mobility in the
cubic state, then Egs. (10), (11), and (12) can be
manipulated to show that

] 3 b

R T (21)
po  142pr/uy pee

and
pa_ 3us/py e

po  12u1/py) pee

where uy and p, are the transverse valley mobilities
in the tetragonal and cubic states, respectively. If it
is assumed that the valley mobilities suffer no dis-
continuity in going through the ferroelectric transition
and do not change with temperature, then the factor
wet/mee can be set equal to unity. Hence, a plot of
w1/ and pi/po versus pa/uy compared to Egs. (21)
and (22) with pq/use set equal to unity provides an
excellent test of the theoretical model since the shapes
of the curves depend only on the assumption of six
equivalent minima in the (100) directions. In addition,
it should be possible to determine if there is a dis-
continuity in the valley mobilities at the ferroelectric
transition and to determine the temperature dependence
of the valley mobilities. Figure 5 shows the experimental
points obtained from Fig. 3 and the theoretical curves
obtained from Eqs. (21) and (22). Points corresponding
to values of ui/uy less than 1.3 are not shown because
their accuracy will be seriously affected by small tem-
perature gradients in the sample. For u1/y); less than 3
(corresponding to temperatures greater than 90°C),
there is excellent agreement between the theoretical
curves and experimental points. In fact, by varying
the ratio ue/ue for best fit over this temperature range,
it could be concluded that py/pe is unity within an
estimated error of 59%. However, for us/u; greater
than 3, there is a departure of the experimental points
from the theory. Although this departure may be
partially due to a simple temperature dependence of
the valley mobilities, it will be shown later that the
major cause of the discrepancy is a breakdown of one
or more of the assumptions on which the theoretical
model is based.

One important result of the data in Fig. 5 is that
there is no evidence of any discontinuity in the valley
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mobilities at the ferroelectric transition temperature.
If there is a discontinuity, it must be less than 5%.

Figure 4 shows Hall data for both H || ¢ and H 1 c.
Since the high carrier densities of the samples studied
limited the accuracy of the measurements, a plot of
Ry, and R. from Fig. 4 versus the mobility ratio p./p
cannot be unambiguously analyzed on the basis of Egs.
(13) and (14). However, using the values of # and a
established from the Seebeck measurements, it can be
shown that the ratio of R;/R. should vary within the
range from 0.75 to 1.1 over the temperature range
studied. Results similar to those shown in Fig. 4(b)
are expected, with a rapid change occurring in the
vicinity of the ferroelectric transition. These expected
variations in R are within the accuracy of the measure-
ments shown in Fig. 4(a).

B. Seebeck Coefficient

Figure 6 shows typical measurements of the Seebeck
coefficient of BaTiO; from room temperature to 160°C
on a sample containing 6.0X10® cm™® free electrons.
The relative accuracy of each curve (parallel to and
perpendicular to the ¢ axis) is better than 1%. It was
noted on most samples that the curves for the two
measurements did not match as expected at temper-
atures above the ferroelectric transition. Careful meas-
urements, after demounting and remounting the sam-
ples several times, showed that the same relative tem-
perature variation of the Seebeck coefficient was always
measured, but the curves after demounting and re-
mounting usually differed by a temperature-independ-
ent scale factor which varied over =59%. It was con-
cluded that the problem was due to difficulties in
electrically contacting the small samples at the same
points as the temperature was measured. This would
cause the values of Seebeck coefficient to be in error

By
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Fic. 5. Mobilities of BaTiO; normalized to the cubic phase
mobility plotted versus the mobility anisotropy.
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Fic. 6. Seebeck-coefficient data for a typical sample of BaTiO;.

in an absolute sense, but would not significantly affect
the relative accuracy or temperature dependence of
the measurements. For this reason, the Si curve in
Fig. 6 has been arbitrarily normalized to .S;, at temper-
atures above the ferroelectric transition where S|, should
equal Si. Such a procedure assures that the error in
the quantity of major interest, the difference between
S); and Su, will be minimized. The temperature de-
pendence of S1—.S|, using the normalized S1 curve is
also shown in Fig. 6. The error margin was estimated
assuming an accuracy in Si and Sj of +1%. As a
result, it may be too pessimistic.

All BaTiO; samples measured exhibited behavior
similar to that shown in Fig. 6, although there were
minor differences. The Seebeck coefficient parallel to
the ¢ axis .Sj; was always more negative than Si in
the tetragonal state, and the difference in the two
Seebeck coefficients, S1—.S)|, always reached a maxi-
mum of approximately 100 uV/°C near 60 to 70°C
independent of carrier concentration within experi-
mental error.

The Seebeck coefficient can be used with Eq. (18)
to provide an estimate of the conduction-band effective
mass. Assuming the primary electron-scattering mecha-
nism is by lattice vibrations, 8 in Eq. (18) lies between
2 and 3 and the conduction-band effective mass of
BaTiO; in the cubic state is (6.542) m,, where m, is the
free-electron mass. This value compares with 0.8, for
KTa0s % and Smy for SrTiOs.1

More detailed information on the nature of the
conduction-band minima in BaTiOs; can be obtained
by examining the experimental data shown in Figs. 5
and 6 using Egs. (10), (11), (12), and (20). Figure 7
shows the theoretical difference in Seebeck coefficient,
S1—S);, based on the theoretical model, with the

16 H. P. R. Frederikse and G. A. Candela, Phys. Rev. 147, 583
(1966) .
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mobility ratio us/u|, as the parameter. Also shown are
the experimental points from Fig. 6.

Although there is reasonable agreement in shape
and magnitude between the theoretical and experi-
mental results,  must be allowed to vary from
0.1040.01 at 26°C to 0.184-0.04 near the transition
temperature (126°C) to explain the data. This result
suggests that one or more of the assumptions on which
the theoretical model is based are not accurate over
the entire temperature range studied. However, the
fact that very close agreement between theory and
experiment was obtained for p1/u;; less than 3 (temper-
atures above approximately 90°C) seems sufficient to
verify the basic assumptions of the nature of the con-
duction band in BaTiO; in the cubic phase. In addition,
it can be concluded that the transverse valley mobility
u: is approximately five times greater than the longi-
tudinal valley mobility u; in the cubic phase, and that
the ¢-axis minima move to lower energy with respect
to the other four when the semiconductor becomes
tetragonal.

It has been pointed out that » must be allowed to
change from 0.10 at 26°C to approximately 0.18 at the
transition temperature in order to explain the experi-
mental results using the simple theoretical model. These
values of 7 apply primarily to the ¢-axis minima, since
they make the dominant contributions to the con-
ductivity in the tetragonal phase. Equations (10), (11),
(12), and (20) also indicate that this change in 7
results almost entirely from a change in the transverse
valley mobility u;. Over the temperature range studied,
i remains nearly constant at approximately 0.13
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cm?/V sec, while u; varies from 1.2 cm?/V sec at 26°C to
0.65 cm?/V sec at the ferroelectric transition.

Figure 8 shows the energy separation between the
c-axis minima and the g-axis minima as a function of
temperature calculated from the experimental data
using Egs. (10), (11), (12), and (20). The curve at
temperatures below 90°C is dotted to emphasize the
fact that the experimental results do not accurately
match the theoretical model with constant 5 in this
range. The c¢-axis minima move down with respect to
the four ¢-axis minima approximately 0.020 eV at the
ferroelectric transition, and as temperature is lowered
the energy separation increases rapidly to nearly 0.120
eV at room temperature. Although the energy sepa-
ration varies with temperature similar to the square
of the spontaneous polarization, the agreement is not
sufficiently good to allow unambiguous conclusions to
be drawn.

5. DISCUSSION OF RESULTS

The experimental data indicate that a siliconlike
conduction band with ellipsoidal minima along the
(100) directions at or near X3 is a reasonable first
approximation for BaTiOs. On the basis of this model,
the minima are prolate, with approximately a five to
one ratio between the transverse and longitudinal mo-
bilities in the cubic state. Assuming that the electron
relaxation time is isotropic, the Seebeck measurements
indicate that the transverse effective mass is approxi-
mately 1.5m and the longitudinal effective mass is
approximately 7.5, if the conduction-band minima
are within the Brillouin zone. If the conduction-band
minima are at Xs, the transverse mass is approxi-
mately 1.0m, and the longitudinal mass is approxi-
mately 5.0m,.
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Fic. 8. Calculated energy separation between the ¢-axis con-
duction-band minima and the ¢-axis conduction-band minima
as a function of temperature for BaTiO;.
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If the cosine approximation is used for the conduction
band between Ty’ and X3, the previously determined
longitudinal effective mass can be used to show that
the energy separation between I'ss” and X3 is approxi-
mately 0.15 eV. However, it was found from the
measurements that the two c-axis conduction-band
minima move down in energy with respect to the
other four minima approximately 0.02 eV at the ferro-
electric transition, increasing to nearly 0.12 eV at 26°C.
Hence, the energy separation between the minima is
comparable to the energy separation between I'y;” and
Xs. This suggests that there is some distortion in the
shape of the conduction band and a non-negligible
change in the valley effective masses with temperature.
Since the theoretical model used to interpret the data
assumed constant effective masses at all temperatures,
this fact may have partially caused the departure from
theoretical expectations noted in the experiments.

In the analysis of the Seebeck coefficient no detailed
knowledge of the band structure and electron-scattering
mechanisms were available. As a result, two basic
assumptions were required. The electron energy de-
pendence of the scattering in each conduction-band
minimum must be isotropic, and the value of the
scattering term 8 must be the same for all six minima
at each temperature. Both assumptions are probably
reasonable in the cubic state provided that the electron-
scattering mechanism is primarily by lattice modes.
In the tetragonal state the band distortions discussed
above, and any significant intervalley scattering, will
tend to break down both assumptions leading to a
departure from the theoretical model as the tetrag-
onality increases. However, it is not expected that
significant errors will result since 8 in Eq. (18) is
relatively insensitive to both effects. The breakdown
of the assumptions leading to Eqs. (10), (11), (12),
(13), and (14) will be a much larger source of ertor.

It has been proposed that the major electron-scatter-
ing mechanism in several perovskite-type semicon-
ductors is by the transverse optical (ferroelectric)
mode.”” However, there is no evidence that this mode
is dominant in the scattering of electrons in BaTiO;.
The frequency of the transverse optical vibrations de-
creases to near zero as the temperature is decreased to
the ferroelectric transition temperature. At the ferro-
electric transition temperature, it is expected that a
discontinuous increase in its frequency would occur
which would in general result in discontinuous increases
in the longitudinal and transverse valley mobilities.
However, the experimental data show that the mobility
is only weakly temperature-dependent above the ferro-
electric transition temperature, and the valley mo-
bilities undergo no noticeable discontinuity at the
tetragonal phase transition.

7S, H. Wemple, A. Jayaraman, and M. Di Domenico, Jr.,
Phys. Rev. Letters 17, 142 (1966).
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It has previously been suggested that the conduction-
band minimum in BaTiO; may be at T'y’ rather than at
or near X3 The analysis of the data on this model is
rather complex, but to a first approximation the results
would be basically the same as the many-valleyed
model. The very small energy separation between I'ys
and X; makes it difficult experimentally to separate
the two possibilities. In both cases, electrons con-
tributing to the conductivity will not be restricted to
values of £ very near the conduction-band minima over
the temperature range of study. It is interesting to
note, however, that the experimental departure from
the simple many-valleyed model arises primarily from
a temperature dependence in the transverse valley
mobility u;. The longitudinal valley mobility u; remains
essentially constant from 26°C to beyond the transition
temperature of 126°C.

6. CONCLUSIONS

The transport measurements on single-domain crys-
tals of BaTiOs confirm Mattes’s result that there is a
large conductivity anisotropy in the tetragonal state.
The electron mobility is approximately 0.5 cm?/V sec
in the cubic state near the Curie temperature, with the
mobility perpendicular to the ¢ axis increasing to 1.2
cm?/V sec and parallel to the ¢ axis decreasing to 0.13
cm?/V sec as the temperature is decreased to 26°C.
These values are slightly smaller than those reported
for SrTiO;. The dominant electron-scattering mecha-
nism was not evident from the experimental results.
However, the data near the ferroelectric transition
indicate that scattering by the transverse optical (ferro-

_electric) mode may not be important in BaTiOs.

The transport properties of BaTiO; can be satis-
factorily described if the conduction band is many-
valleyed having six prolate ellipsoidal minima along
the (100) directions (near X3). Using this model, the
two minima lying along the ¢ axis move down in energy
with respect to the other four 0.02 eV at the ferro-
electric transition temperature increasing to 0.12 eV at
26°C. The longitudinal to transverse mass ratio in each
valley is approximately 5:1 in the cubic state, with the
transverse mass estimated to be 1.0mo to 1.5m de-
pending on the location of the conduction-band minima
in the Brillouin zone. The density-of-states effective
mass is estimated from the Seebeck-coefficient measure-
ments to be 6.5m,, slightly larger than that of SrTiOs.

Although the many-valleyed model described above
is'in good agreement with the experimental results, a
model in which the conduction-band minimum is at
the center of the Brillouin zone (I'ss’) must also be
considered. The data can also be described if the con-
duction-band minimum is at £=0 with constant-energy
surfaces consisting of long “fingers” extending along
the (100) directions. For both models, the energy sepa-
ration between Iy’ and X; is approximately 0.15 €V.
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Hence, it is difficult to determine unambiguously which
model is applicable for BaTiOs.
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The Weiss molecular-field treatment of the Heisenberg model of ferromagnetism has been extended by
the introduction of volume-dependent exchange interactions. An interaction of this type produces a con-
tribution to the expansion coefficient. This paper presents computed results for the temperature dependence
of the specific heat (including the simple Weiss model with constant exchange), the magnetization, and the
expansion coefficient. The application to antiferromagnetic MnF; is discussed.

1. INTRODUCTION

HE standard Weiss molecular-field model of ferro-

magnetism and antiferromagnetism! deals with the
Hamiltonian

L= “'2]0 Z S,"Sj,
©>7

where Jg, the nearest-neighbor exchange interaction, is
a temperature-independent constant. In real solids, the
strength of the exchange interaction will be influenced
by changes in the separation of the interacting moments,
and if the lattice is deformable the thermal and mag-
netic properties of the ordered state can be considerably
modified.2 In particular, the variation of the magneti-
zation from maximum alignment at T=0°K to zero
at the transition temperature 7 will be accompanied
by changes in the lattice volume; i.e., the effect of the
volume-dependent exchange interaction is to produce
a contribution to the expansion coefficient. Bean and
Rodbell? showed that if the interaction is sufficiently
strong, the transition from the ordered state to the
paramagnetic state can become first order.

However, in this paper the discussion is restricted
to evaluation of the properties of the Heisenberg ferro-
magnet and antiferromagnet (with volume-dependent
exchange) where the transition is of the usual second-
order type. The molecular-field approximation is made
throughout. The expansion coefficient has been calcu-
lated on this model, and has the form observed experi-

17. S. Smart, Effective Field Theories of Magnetism (W. B.
Saunders Company, Philadelphia, 1966), p. 22.
2C. P. Bean and D. S. Rodbell, Phys. Rev. 126, 104 (1962).

mentally3* Another effect which is reported here is
the influence of this type of interaction on the magnetic
contribution to the specific heat. Volume-dependent
exchange results in an increase in the total energy E
associated with the magnetic specific heat;

To
E= f Cdr.
0

According to the simple molecular-field model, the
value of E/NET, is independent of the magnitude of
J and has the value $.5(S+41), where .S is the spin per
atom and N is the total number of magnetic atoms in
the specimen.® A model which includes volume-depend-
ent exchange interaction predicts an increase in the
value of E by as much as 209, above the value predicted
by the simple molecular-field model. This arises from
the modified temperature dependence of the magnetic
specific heat (discussed in Sec. 5). The interaction
results in an increase in the specific-heat discontinuity
at the transition temperature, the size of the disconti-
nuity increasing monotonically with the increase in
aJ/ovV.

Calculations have been made of the temperature
dependence of the magnetization, the magnetic specific
heats, and the expansion coefficients for various magni-
tudes of the interaction. Results have been computed
also for the magnetic specific heat associated with the
standard molecular-field model where the exchange

3 M. Foex, Compt. Rend. 227, 193 (1948).

4D. F. Gibbons, Phys. Rev. 115, 1194 (1959).

®J. A. Hofmann, A. Paskin, K. J. Tauer, and R. J. Weiss, J.
Phys. Chem. Solids 1, 45 (1956).



