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An extension of previous studies is made on the magnetic field eftects of the infinite- U Anderson
Hamiltonian. The magnetothermopower, the thermal magnetoresistivity, and the Lorenz number are

calculated. We find that the thermopower decreases monotonically as a function of the applied field. In low

fields, it varies linearly with the square of the impurity magnetization as well as with the negative electrical
magnetoresistivity. In high fields, it follows a 1/0 —1/00 behavior. These features are in good qualitative
agreement with the experiment of Berman and Kopp on Au-Fe alloys and with calculations based on the s-d
model. The field and temperature dependence of the negative thermal magnetoresistivity closely resemble those
of the electrical one. A close parallelism is therefore established between the two quantities. The Lorenz
number is found to be practically independent of the external magnetic field.

I. INTRODUCTION

Hecently, the author undertook the study of the
effect of an external magnetic field on the Ander-
son model of dilute magnetic alloys. These have
been reported in two previous papers, ' hereafter
referred to as I and II. In these papers, we have
treated the field-dependent infinite-U Anderson
Hamiltonian self-consistently by means of the
double-time Green's-function method. Then, using
the derived analytic solutions, we made a numeri-
cal study on the magnetic field effects of the local
moments, the impurity magnetization, the elec-
trical magnetoresistivity, and the Hall coefficient.
The results obtained show remarkable agreement
with experiments as well as other theoretical cal-
culations based on the s-d model.

The present paper extends previous investiga-
tions to the magnetothermopower, the thermal
magnetoresistivity, and the Lorenz number which
are the transport properties of interest apart from
the electrical magnetoresistivity in the dilute mag-
netic alloy system of Kondo' type. This is a some-
what more tedious calculation than the previous
ones since it involves the transport integrals of
higher moment K, with n&0. The range of the
outer integration in the twofold integral becomes
extended. Consequently, much effort has been ex-
pended in acquiring the appropriate subdivisions
in order to secure a smooth and efficient computa-
tion.

Experimental observations on the magnetic-field
dependence of the thermopower have been made by
Huntley and Walker, ' and Berman and Kopp. 4 How-
ever, their low-field data are complicated by the
presence of the internal fields due to interaction
effects between the impurities. Only the most di-
lute samples (0.5 ppm of Ref 3and 10 pp. m of
Ref. 4) exhibit the dominant influence of the single-

impurity effect. Theoretical studies on the mag-
netothermopower have been made by Weiner and
Beal-Monod, ' and Kozarzewski, ' both based on the
s-d model. The approach of the former is per-
turbative and the latter is exact but seminumerical,
using the S-matrix theory.

As regards the magnetic field effects of the
thermal resistivity and the Lorenz number, little
work has been reported lately. Some of the old
experimental data are collected in the review
article of Van den Berg.' The data on the dilute
Ag-Mn alloys indicate that the external magnetic
field produces little effect on the Lorenz param-
eter of the alloy.

The outline of the paper is as follows. In Sec.
II, the transport coefficients are formulated in
terms of the t-matrix so that numerical computa-
tions can be performed. In Sec. III, the computed
results are analyzed and compared with experi-
ments as well as other theoretical calculations.
A brief summary of the results and conclusions is
made in Sec. IV.

II. TRANSPORT COEFFKIENTS

For a magnetic alloy, the influence of a magnetic
field on the transport properties is exhibited in
the spin-dependent scattering of conduction elec-
tron off the impurities. In the limit of dilute con-
centration, it is assumed that the usual Boltzmann
transport theory applies in the alloy system. In
terms of the usual relaxation time approximation,
the Boltzmann equation can be solved with the as-
sumption of a spherical Fermi surface. The solu-
tion gives rise to the following transport integrals'

K„=— dw p(w)v'(w)w" Q ~ (w ~H)
sf (w)

~ 00 a

(2.1)
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where p(w) denotes the density of states of the host
metal, v(w) the electronic velocity, r, the relaxa-
tion time for an electron of spin o, and f (w) is the
usual Fermi-distribution function. Here, the mag-
netic field has been fixed to be parallel to the s
axis and we consider only the longitudinal effects.
In terms of the integrals K„, the longitudinal elec-
trical resistivity p~, and the thermoelectric power
S are given by
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p~(If, T) =3/e'K„

S(H, T) =K,/eTK„

(2.2}

(2.3)

where the Fermi level is taken as the energy zero.
Similarly, the thermal resistivity 5' and the Lor-
enz number L yield

W(FI, T) = 3TKO/(K+0 —K,),
L(H, T) =pz/WT=(K, K, IP)/(e—TK,)'.

(2.4)

(2.5)

The relaxation time appearing in the integrals K„
is given by the imaginary part of the scattering
amplitude

2&C,7,'(w) =v 'Imt'(ws i5),
7TP0

(2.6)

K„=(3a"/e'p,') K„',

where

(2.8)

and

K„' = — dw w" {[I—Ref (w -H + i 5)] 'w)

+[1—Ref (w+H —i5)] 'j
(2.9)

p~ = 2m*C, /Ne'wp, . (2.10}

We note that the energy averaging of ~ has been
preserved in (2.9). As discussed in Paper II, the

energy averaging of the lifetimes is not small and
it is not too good an approximation to discard it
even in the evaluation of the electrical resistivity
and the Hall coefficient which involve only the
zero moment K,. For other transport coefficients
which involve higher moments K„with n&0, it be-

where C& denotes the impurity concentration and
t' is related to g' as

t'(w ~ i5) =+ (i/2d)[I —y'(w+ i5)]. (2.7)

In Paper I we derived and solved the singular inte-
gral equation for t . The solutions are summa-
rized in Paper II [Eqs. (II 1.2) to (II 1.23)] for the
purpose of numerical computation. For transport
properties at low T», w «D, we can approximate
v'(w)=vs. The density of states p(w) is givenby
p0 for a square band. As a result, the transport
integrals K„ in (2.1) can be simplified to yield
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FIG. 1. Temperature variations of the thermopower S
amI the Lorenz number L at zero field for two values of
T». The vertical scales are in reduced units.

comes essential to retain such an averaging effect.
Using the general expressions (2.3)-(2.9) and the

equations [(II 1.2)-(II 1.23)] of Paper II, we have
calculated the magnetothermopower, the thermal
magnetoresistivity and the Lorenz number by
means of numerical computation. The computing
technique has been described in Paper II. Readers
are referred to that paper for the details. In order
to facilitate the comparisons with the results ac-
quired previously, we adopt the same parameters
D=2x10' K, &~=-0.05D and T»=2 K in the present
computation. However, an additional value of T»
i.e. T»=0.1 K is also employed in the zero field
calculation. The final results are made certain
to be accurate to better than 1%.

III. RESULTS AND DISCUSSIONS

A. Zero-field results

First, the transport properties are analyzed in
zero field. The temperature variations of the
thermopower and the Lorenz number have been
computed numerically for five decades of tempera-
tures from 10~ to 10 K. Two values of Kondo
temperatures are used, namely, T» =2 and 0.1 K.
The outcomes are displayed in Fig. 1. The result
on the thermopower indicates a giant dip of S at a
temperature slightly below T». In the temperature
range between 0.1T» and 0.01T» below T», the tem-
perature dependence of S can be approximated by
lnT. These features are in good qualitative agree-
ment with various experimental observations. ' '

As for the Lorenz number, the variation is rath-
er rapid at low temperatures. However, a well-
defined broad peak is obtained at a temperature
higher than T». This agrees with the theoretical
calculations of Suhl and Wong, "Murata and Wil-
kin, "and Nam and Fullenbaum, "all based on the
s-d model. The recent experiment of Sharma and
Chari" on the dilute Cu-Cr alloys confirmed that
the electronic Lorenz number increases with the
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decrease of temperatures. A low-temperature
maximum was conjectured to occur in the vicinity
of T», in complete accord with the theoretical pre-
dictions.

It should be noted also that the positions of the
minimum and maximum of S and I in Fig. 1 depend
sensitively on the choice of the parameter e~. As
illustrated in an earlier communication, "these
positions can be made very close to T» by shifting
E~ towards the bottom of the conduction band.

-0.1

-0.2

B. Malnetothermopower

1.0

O.S

0.6

s(HT)
Sto,T)

0.4

0.2

0
0 20 40

H (le)
60

I

$0

FIG. 2. Relative magnetothermopower S(H, T)/S(0, T),
as a function of external magnetic field for a number of
temperatures. The solid lines represent our calcula-
tions and the single-dashed line is the experimental
curve of Berm~ and Kopp (Ref. 4) for a 10-ppm Au-Fe
alloJJ.

Figure 2 shows the results for the magnetother-
mopower in the form of S(Ff, T)/S(0, T) as a func-
tion of H for various values of T around T» which
is fixedat 2 K. The thermopower decreases mono-
tonically with the increase of magnetic fields even
at temperatures above T». The lower-temperature
curves show a sharp decline initially and then level
off at high fields, tending asymptotically to zero.
Also in Fig. 2, we have displayed an independent
plot of the data of Berman and Kopp4 for the most
dilute Au-Fe alloy at 0.44 K. We then compare the
experimental curve with our theoretical one at 0.4
K. The agreement, though qualitative, is surpris-
ingly remarkable indeed, considering that no fitting
has been attempted between the theory and the ex-
periment. Of course, the close agreement may be
fortuitous.

We have in Paper II interpreted the magnetore-
sistivity phenomena in terms of two competing
mechanisms: the spin-flip scattering process and
the "freezing out" mechanism. The argument in
fact applies generally to all transport properties.
For thermopower, the spin-flip scattering process
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FIG. 3. Magnetothermopower S, in reduced units, as
a function of temperature for a number of external mag-
netic fields.

is responsible for the giant minimum exhibited in
Fig. 1 as well as the initial decay of the low-field
magnetothermopower. When the value of H/T gets
sufficiently large, the "freezing out" mechanism
becomes dominant and the spin-flip scattering
process becomes inhibited. This results in the
leveling off of the thermopower to yield an asymp-
totic tail in the high-field region.

Experimental results on more concentrated
Au-Fe alloys" indicate an initial rise in the rela-
tive thermopower, yielding a low-field maximum
in the S(F, T)/S(0, T) curves. This has been inter-
preted by Huntley and Walker' in terms of internal
fields due to interactions between the impurities.
This phenomena is however, beyond the scope of
present investigations in which only the single im-
purity effect is studied. The one impurity phenom-
ena is exhibited in the most dilute samples mea-
sured (0.5 ppm of Ref. 3 and 10 ppm of Ref. 4).
There, the interaction effects are negligible and
the relative thermopower decreases monotonically
with increasing field, in excellent qualitative
agreement with our theory as illustrated in Fig. 2.

In this connection, we wish to comment on the
work of Kozarzewski' who has calculated the mag-
netothermopower using s-d model and compared
with the 300-ppm sample of Berman and Kopp. 4

We feel that the comparison he made (see Fig. 2

of Ref. 6) is rather inappropriate as his calcula-
tion is based on one impurity theory which should
be compared with the most dilute 10-ppm sample
instead of the 300-ppm one. The increase of the
relative thermopower in the 300-ppm sample is
likely a consequence of the impurity interaction
effect which is not included in his one impurity
theory.
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FIG. 4. Field dependence of T (the lower curve) and

S~ (the upper curve), the latter is in reduced units.
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FIG. 5. Negative magnetothermopower, -AS(H, T)/
S(0, T), vs the square of the impurity magnetization,
(~q/p~), for a number of temperatures around Tz.
The low-field curves are enlarged and shown in the in-
sert.

It is of interest to study the influence of magnetic
field on the low-temperature minimum of the ther-
mopower. This is shown in Fig. 3 in which the
thermopower is plotted as a function of tempera-
ture for a number of applied fields. The thermo-
power, taking its absolute value, decreases rap-
idly in the presence of the field, especially so at
low temperatures. The application of the field not
only reduces the value of the minimum S, but also
shifts the temperature of the minimum T to higher
temperature. The variation of S as well as T
with H are shown in Fig. 4. Linear relations are
obtained for both, yielding S ~B and T ~H,

As mentioned earlier, the reduction of the ther-
mopower is a consequence of the gradual "freezing
out" of the local magnetic moment. The same
mechanism has been held responsible for the de-
preciation of the electrical magnetoresistivity and
the increase of the Hall coefficient. Naturally,

FIG. 6. Relation between the negative n~metothermo-
power, -4S(H, T)/S(0, T) and the negative electrical
magnetoresistivity, -6pL (E, T)/pL, (0, T), for a number
of temperatures around Tz. The low-field results are
enlarged and shown in the insert.

all these quantities are interrelated. The variation
of the thermopower with the square of the d mag-
netization is shown in Fig. 5. In the low-field
region, i.e., H/T&2, the variation is linear with
slopes strongly temperature dependent. The same
proportionality to M~ was observed in the low-field
behavior of the negative electrical magnetoresis-
tivity and the Hall coefficient. With increasing
magnetic field, the curves give rise to large curva-
tures and tend to saturate at high values of H/T.
The relation between the thermopower and the
electrical magnetoresistivity is shown in Fig. 6.
Linear variations are obtained for H/T& 2 and the
slopes are weakly temperature dependent. The
high-field curves tend to saturate just as the case
in Fig. 5. The low-field results so acquired in
both Fig. 5 and 6 confirm the perturbation calcu-
lation of Weiner and Baal-Monod' that in the re-
gionH/T&2,

—nS(H, T)/S(0, T) ~ —&Pz (H, T)/P, ,(0, T)

Mq,

where &S(H, T) =S(H, T) -S(0, T).
The behavior of the thermopower in the high-

field region is also investigated. In Figs. 7 and 8,
the thermopower is plotted as a function of 1/H
for various values of temperatures. The variation
is nonlinear in the low-(II/T) region. However,
when the values of H/T become sufficiently large,
perfect straight lines are obtained. This is clearly
illustrated in Fig. 8. By extrapolating the lines to
the horizontal axis, we obtain a common intercept,
II, ', which is finite and of the order of 0.0014 kG '.
This leads to the relation
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FIG. 9. Negative thermal nmgnetoresistivity,
-4 W(H, T)/W(0, T), as a function of external magnetic
field for a number of temperatures.

FIG. 7. Relative magnetothermopower, S(H, T)/S(0, T),
plotted against 1/H for a number of temperatures.
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for the thermopower in the high-field region.
Such a high-field behavior of S has been observed
experimentally on Au-Fe alloys (cf Fig. 6 of Ref.
4). Our result thus, confirms the perturbation
calculation of Weiner and Baal-Monod' on the 1/H
law of S at high fields. However, their prediction
that all lines of the S(H, T)/S(0, T)-vs 1/H curve-
should pass through the origin is not observed by
us, neither is it detected by experiment. 4

C. Thermal magnetoresistivity and Lorenz number

0.06

s(H,T)
S(O,T)

The thermal resistivity due to the scattering of
the electrons off the impurities has similar field
and temperature anomalies as in the electrical
resistivity. Accordingly, the negative thermal
magnetoresistivity is defined as

0.04— 4W(H, T) W(0, T}—W(II, T}
W(0, T) W(0, T)

(3.3)
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FIG. 8. High-field behavior of the relative magneto-
thermopower as a function of 1/H.

the field dependence of which is shown in Fig. 9
for a number of temperatures. The same results
are plotted in Fig. 10 as a function of temperature
for a number of external magnetic fields. The
field and temperature dependence of the negative
thermal magnetoresistivity closely resemble
those of the electrical one if one compares Fig. 9
with the corresponding Fig. 9 of Paper II. The
similarity between the two implies that the resis-
tivities are dominated by the field and temperature
dependence of the imaginary part of the transition
matrix t'.
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FIG. 13. Relative Lorenz number, L(H, T)/L(O, T), as
a function of temperature for a number of applied fields.

IV. CONCLUSIONS

The main results and conclusions are summa-
rized as follows:

low-(fl/T) region. Nevertheless, the actual change
of the value of L in Figs. 12 and 13 is very small.
For fields up to 100 kG, the change is only of the
order of 8%. It is therefore doubtful whether such
a small change of L can be detected experimental-
ly.

(a) At zero field, the temperature variation of
the thermopower and the Lorenz number yield a
well-defined broad minimum and maximum respec-
tively, at a temperature in the vicinity of 7'&, in
complete accord with experiments" ""and
other theories

(b) The magnetothermopower shows a mono-
tonical decrease as a function of the applied field
even at temperatures above T~. This agrees re-
markably well with the experimental data of Ber-
man and Kopp4 on Au-Fe alloys.

(c) In the low-field region, i.e., H/T&2, we
find that the negative magnetothermopower and
the negative electrical magnetoresistivity are pro-
portional to each other and to the square of the
impurity magnetization. This confirms the per-
turbative result of Weiner and Beal-Monod. '

(d} In the high-field region, the relative ther-
mopower follows a I/H —I/H, behavior, in agree-
ment with the experimental result on Au-Fe al-
loys. '

(e) The field and temperature dependence of the
negative thermal magnetoresistivity closely re-
semble those of the electrical one. A close paral-
lelism is therefore established between the two
quantities.

(f} The I orenz number is found to be practically
independent of the external magnetic field. This
agrees with the conclusion drawn by Chari" on
Ag-Mn alloys.
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