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The thermopower of dilute magnetic alloys in an external magnetic field is calculated using
the perturbation series for the s-d exchange Hamiltonian. We explicitly include terms propor-

tional to the spin polarization of the impurities.

In low fields and in the absence of interac-

tions between the impurities, we expect the thermopower to vary as the square of the impurity
magnetization. In high fields we find a 1/H behavior which should persist even with interac-
tions between the impurities. Comparison is made with the only available data, on AuFe al-
loys, and the encouraging agreement suggests that new experiments on the field-dependent

thermopower would be most interesting.

I. INTRODUCTION

This paper extends the author’s!™® perturbative
studies of the magnetic-field dependence of the
transport properties of dilute magnetic alloys ex-
hibiting Kondo* behavior to the giant thermopower
S typical of these systems., This is a somewhat
more difficult calculation than the previous ones
since, as Kondo® has shown, the zero-field contri-
butions to S come from the part of the lifetimes
which is odd in the electron energy (measured with
respect to the Fermi energy €5). These are first
encountered in the fourth-order terms in the per-
turbation series for the lifetimes. We have, there-
fore, extended our calculation of the lifetimes to
this order and obtained the field-dependent thermo-
power. This calculation is described in Sec. II.

In Sec. III our results are compared with some
recent experimental data on AuFe.*” The analysis
of the data in low fields (guy H/RT$1) is complicat-
ed by the presence of internal fields due to interac-
tion effects between the impurities’ in all samples
studied except the most dilute one (0. 5 ppm of Fe).
But in external fields high enough to make the in-
ternal fields negligible (this requires gugH/RT > 2,
at least), the behavior of the data of Ref. 6 is con-
sistent with the field dependence we predict in that
regime, S(H)x1/H. However, the temperature
dependence of the relative thermopower [S(H)/S (0)]
in this high-field regime can be understood only if
we take into account internal-field contributions to
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the zero-field thermopower S(0). At any rate, the
a’e” * behavior (e =gy H/RT) given by Kondo’s in-
ternal-field theory® and used in previous analyses
of the same data®" is definitely ruled out.

We conclude by suggesting several further experi-
ments which would help to clarify the high-field be-
havior of the relative thermopower.

II. CALCULATION OF THE THERMOPOWER

To obtain the correct result for the zero-field
giant thermopower, we must include the imaginary
parts of the second Born approximation for the scat-
tering amplitudes in the calculation of the lifetimes.®
The only subtle, but significant, point in doing so is
that one must take care to obtain the correct signs
of the imaginary parts of the energy denominators
for those parts of the scattering amplitudes which
are due to hole scattering; these terms must be
treated as antiparticle scattering terms,® which
gives the imaginary parts inthe energy denomina-
tors the opposite sign from those appearing in the
electron-scattering terms of the scattering ampli-
tude. For the s-d exchange scattering Hamiltonian

H'=-Vn-2JS-% , (1)

where # and § are the conduction-electron density
and conduction-electron spin density at the impurity
site, respectively, and S is the impurity spin, the
lifetimes are given by
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where ¢ is the impurity concentration; N the number

of atoms; (S,)((S%)) the thermal average of the im-
purity spin (spin squared); f,, the Fermi distribu-
tion function for conduction electrons of momentum
k and spin o; and p is the conduction-electron den-
sity of states at €,,. The functions g%e) are given

by
g% (€)= ;Zf [1+; In ’;TF +3 1°(;?%)1 . ®)
)=/ de’ (--g{-> 51:—%-;; (4)

The thermopower is obtained from the lifetimes
by using the standard results of transport theory.
We have

S———fo(e ———ede/Zf'ru(e LA de |

(5)

where all energies are measured from €. The
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a<<l, (8a)

o)~ a/2,
Ka)~7%/3a, a>1. (8b)

and p(H) is the field-dependent resistivity.' The
first two terms in Eq. (6) give the zero-field ther-
mopower; the last two terms, which are of lower
order in J/V and/or V/er contribute to the field-
dependent thermopower only.
which are the significant contribution of allowing
for nonzero spin polarization of the impurities.
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It is these two terms
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last two terms of the n2p%/3V part of Eq. (2) give
the lowest-order contribution to the zero-field ther-
mopower. Our procedure for obtaining the field-
dependent thermopower is to write 1/7,, as given
by Eq. (2), as a series in J/V, V/€z~pV, and J/¢,
~ pJ. The terms proportional to Jg°(€) are also of
order J/€,. We then expand 7 in a power series,
treating J/V and V/€, as small quantities of the
same order of magnitude, and therefore treating
J/€p as a second-order quantity. This expansion
procedure is identical with that described in our
previous work,'~3 the only change being that the
terms giving the zero-field thermopower are of
fifth order counting powers this way, and hence, the
expansion for the field-dependent thermopower is
considerably more complicated arithmetically.
These complications are the reason why this study
is restricted to the case |J | < V, which seems tobe
a reasonable approximation for most dilute alloy
systems,

The final result for the relative thermopower

S(H)/S(0) is

1 a¥sy: (S) ( )] p(H)
(2mpV)? S(S+1)sinh®(ta) 7%JS(S+1) p(0) ’
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In the limits of small and large fields we have
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For small fields® p(H)/p(0)=1 - aa?, with a of order
(J/V)% for large fields the experimental and theo-
retical evidence!’? is that
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p(H)/p(0)~b +cInH.

The analysis of the additional small behavior in the
relative thermopower due to the explicit a® term in
Eq. (9a) is complicated since it depends on the val-
ues of V, J (which is negative for antiferromagnetic
coupling in the s-d exchange Hamiltonian), and the
spin S. However, for typical values of these three
parameters® (V~2to4 eV, | J|~0.3-1 eV, and
S=2, 1, %), innoble-metal hosts (¢z~5-7 eV), the
coefficient of — @? is positive and essentially given
by the terms proportional to S(S+1). This means
that in Eq. () the major contribution to the low-
field behavior of S(H)/S(0) is given by the terms
proportional to {(S,) 2. Therefore, in low fields (in
the sense gug H/RT <1) and in the absence of inter-
actions,
AS/S(0)=[S(H) - 5(0)]/5(0)oc = M 2 | (10)

M being the impurity magnetization. The same
proportionality to M % was true of the low-field be-
havior of the negative magnetoresistivity’ and the
Hall coefficient? in dilute magnetic alloys. As has
already been pointed out, this is because the spin-
polarization factors (S,) and (S,) 2 vary much more
rapidly in a small applied field than the scattering
amplitudes of the Kondo series. This analysis is
somewhat more complicated in the case of the ther-
mopower, because the presence of the field induces
asymmetries inthe scattering amplitudes which give
field-dependent contributions which are of lower
order, in the sense of our expansion procedure,
than those which give the zero-field thermopower.
However, a numerical calculation using approxi-
mate values for J and V'°shows that these for-
mally lower-order terms are actually smaller in
magnitude than those coming from the field depen-
dence of the terms which give the zero-field ther-
mopower.*°

On the other hand, the magnetization is saturated,
or almost saturated, in the high-field regime and
the field dependence of the scattering amplitudes is
dominant. We can ignore the thermal smearing of
the Fermi surface for high fields; then the lifetimes
go roughly as In|e+H |. The lifetime, evaluated
at € =0, appears in the resistivity and Hall coeffi-
cient, which then vary as InH, 1-3 while the deriva-
tive of the lifetime with respect to the energy, also
evaluated at € =0, appears in the thermopower,
giving the 1/H behavior which is found here.

II. COMPARISON WITH EXPERIMENTS

The only field-dependent thermopower measure-
ments on dilute magnetic alloys have been made on
AuFe alloys.®” Berman et al.® give results for a
300-ppm sample over a wide range of field values
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(up to 75 kG), while Huntley and Walker" use small-
er fields (up to roughly 40 kG), but study more dilute
alloys: 230-ppm, 15-ppm, and 0. 5-ppm iron im-
purities., In all but the 0. 5-ppm sample the relative
thermopower, as a function of the applied field H

at fixed temperature, increases with H for small
fields (up to gug H/RT ~ 2) and then decreases for
higher fields. I we take the magnetoresistivity
estimates for J and V for CuMn,' CuFe,! and AuFe, °
our small-field approximation, Eq. (9a), predicts
that for these three alloys, in the very dilute case,
the relative thermopower should decrease mono-
tonically as a function of the applied field:

AS _pH)-p(0) _M*
s(0)  p(0) S(S+1)

a? 3 1
* Zsinh¥(a/?) ( 2" (21rpV)2) ’

where [p(H) - p(0)]/p(0) has already been shown® to
be proportional to — M2 in that region. Huntley and
Walker” have interpreted the experimental increase
in the relative thermopower in terms of internal
fields due to interactions between the impurities
using Kondo’s® result for S (H)/S(0) in which only
internal fields were included. This approach seems
to satisfactorily account for the low-field maximum
in the S(H)/S(0) curves. Further corroboration of
this interpretation of the maximum as due to inter-
action effects is found in the relative thermopower
of the 0. 5-ppm sample”: There, interaction effects
are negligible and S(H)/S(0) decreases monotoni-
cally with increasing field, even at the lowest fields,
in qualitative agreement with Eq. (9a). A quanti-
tative comparison between our results and the data
on this sample could not be made as too few experi-
mental points are available,

While meaningful comparisons with the low-field
data cannot be made, for large applied fields one
might expect that effects due to the internal fields
would be relatively less important and that com-
parisons could be made with our asymptopic form,
Eq. (9b). The experiment of Berman ef al.% is
carried to a large enough field to allow a compari-
son to be made, We have, somewhat arbitrarily,
included all experimental points lying below S(H)/
S(0) =1 in this comparison, feeling that all points
where the field-dependent thermopower was greater
than the zero-field thermopower definitely exhibited
interaction effects. These points, taken at three
temperatures (2.19 °K, 1.19 °K, and 0. 43 °K), are
plotted against 1/H in Fig. 1. Since only two points
are available at 2.19 °K, we may ignore that curve;
the data at the lower temperatures do appear to
lie on straight lines which confirm the 1/H behav-
ior predicted by Eq. (9b). The temperature de-
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FIG. 1. Experimental values of S(H)/S(0) from Ref.

6 for a 300-ppm alloy of AuFe at three temperatures,
plotted against 1/H. In the shaded region, interaction
effects play an important role, and the experimental
points deviate from the 1/H law valid for extreme di-
lution.

pendence is less satisfactorily fit; for large g zH/
RT, {S,) is saturated if the magnetization follows

a Brillouin law, which is assumed in our calcula-
tion. Then Eq. (9b) gives the relative thermopower
proportional to T for fixed H, This does not seem
to be the case experimentally, though only two tem-
peratures can be considered, and hence, only rough
estimates could be made of the actual temperature
dependence at a fixed high field. From the experi-
mental data it appears that the actual asymptopic
form is

S(H)/S(0)c(T+0.8 °K)/H. (11)

We suspect that this deviation from being propor-
tional to 7 is due to internal field effects in S(0).
We note that Kondo,® following Guénault,! proposed
for S(H =0) the formula

S T/(T+T). (12)

Equation (12) gives a satisfactory fit to experiments
made in zero applied field!? and takes into account
interactions between the impurities through 7,
which is identified with the average internal field
due to the other impurities acting on each impurity,
In the case of AuFe, interpolation of several values
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of T, deduced by Guénault*"® from the experiments?
leads to Ty~ 0. 75 °K for a 300-ppm AuFe alloy.
Assuming S (H =0) given by Eq. (12) and S(H)x T/H
for gug H/RT >1, we would have

S(H)/S(0)e< (T + Ty)/H,

which, with the value of T, deduced from the zero-
field thermopower, agrees with our results for the
asymptopic form of the relative thermopower in the
300-ppm sample, Eq. (11).

We think that several further experiments on the
relative thermopower would be most useful in clari-
fying the situation with respect to these various in-
teraction effects, First, for the 300-ppm AuFe
alloy it would be useful to have measurements of the
relative thermopower between 50 and 75 kG for sev-
eral temperatures between, say, 0.43 and 2.19 °K
in order to determine 7, more accurately. Second,
it would be useful to have relative thermopower data
on AuFe between 0 and 75 kG and at several tem-
peratures for very small Fe concentrations, e.g.,
0. 5-50 ppm, to allow a comparison between experi-
ments and our low-field result, Eq. (10). This
would also allow a determination of whether T is
indeed due to internal fields., K this is so, 7, should
be approximately zero for the very dilute alloys and
S (H)/S(0) < T/H should be observed at large fields.
Furthermore, measurements between 50 and 75 kG
would be very useful in the different AuFe alloys in
order to see if (S,) is indeed saturated in these
fields®®; if it was not saturated, one could plot the
relative thermopower divided by the experimental
value of (S,) to remove field and temperature de-
pendence due to the magnetization. Finally, we be-
lieve that the measurements of the field dependence
of the thermopower should be extended to alloys
such as CuMn, CuCr, CuFe, and AuMn for which
many other field-dependent properties related to
the Kondo effect are known.

(13)
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Results of optical absorption and electroabsorption (EA) measurements in the vicinity of
the interband absorption edge are reported for top-seeded solution-grown crystals of BaTiOs;.
In common with other perovskite oxides, the absorption edge in BaTiOj is found to display

Urbach-rule behavior.

The exponential absorption tail can be described between 20 and 450 °C
by an effective temperature T* =T+ 7T, where Tj=140°K, i.e., o« ehw/’T*

Although no

uniquely defined band gap can be extracted from an exponential edge, we propose, on the basis
of indirect arguments, that the room-temperature band gaps are 3.38 and 3. 27 eV, respec-

tively, for light polarized parallel and perpendicular to the ferroelectric c axis.

At high tem-

peratures in the cubic phase, the band gap decreases at the rate —4.5 %104 eV/°C. EA mea-
surements in the tetragonal phase show that an applied electric field along the ¢ axis shifts
the entire Urbach edge rigidly upward in energy by an amount A &, which is proportional to
the square of the total polarization P, spontaneous plus field-induced, i.e., A(‘,’:BPZ.

The effect can be described by a temperature-independent band-edge polarization potential 8
having the value B;;=1.16 eV m?/C? The smaller B, coefficient could not be measured, be-
cause of photoconductivity and carrier-trapping effects. An anomalous increase in the band
gap with decreasing temperature within 150 °C of the Curie point is attributed to coupling be-
tween polarization fluctuations and the band edge. A simple thermodynamic model is shown
to describe the temperature dependence of this fluctuation contribution with reasonable accu-
racy. The results suggest that the correlation volume V, is at most a weak function of tem-
perature and that V, does not display critical behavior. This conclusion is consistent with
several recent experiments in displacive ferroelectrics. The magnitude of the observed mean
square polarization fluctuation contribution to the band-edge position (=15 meV at T'=T) can
be understood using the simple fluctuation theory with the value V,~ 4.5 %104 A® deduced pre-
viously from photoelastic constant measurements. It is also suggested that a mean square
polarization fluctuation contribution to the band-edge position is present in the tetragonal
phase below approximately 100 °C owing to the proximity of the tetragonal-orthorhombic tran-
sition. A fluctuation contribution of about 40 meV is indicated at room temperature.

I. INTRODUCTION to fit similar absorption data to well-known formu-

las. Gihwiller? has also reported results of elec-

Several studies of the optical-absorption edge in
BaTiO; have been reported. Casella and Keller!
and Gahwiller? find a broad absorption tail extending
to nearly 2.5 eV, while Cox et al.® have attempted

troabsorption (EA) experiments in the vicinity of
the band edge and related the field-induced band-
edge shifts to crystal polarization. Recently, Di-
Domenico and Wemple* have shown that these ab-



