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Third-order perturbation-theory calculations of the conduction-electron scattering in dilute
magnetic alloys are examined in the regime pgH > kTy, Ty the Kondo temperature. The re-
sults are compared with the high-field resistivity of dilute CuCr alloys, with an S-matrix calcu-
lation of the field dependence of the Hall coefficient, and with the high-field behavior of the
thermopower in AxFe alloys. Suggestions are made for systematic studies in the high-field

regime.

It has been pointed out that perturbation theory
for the s-d exchange Hamiltonian converges in two
regimes: for hightemperatures, 7> T, T, the Kondo
temperature, and also for high fields, uzH>kTy.!
In this paper we shall investigate the properties of

perturbative calculations of the transport properties

of dilute magnetic alloy systems in the high-field
regime. A third-order perturbation-theory calcu-
lation, whose details have been published else-

where, 2 for the resistivity p will be compared with
the high-field low-temperature measurements by
Daybell and Steyert® in CuCr, and a similar calcu-
lation of the Hall coefficient! R will be compared
with More’s® results in an S-matrix theory valid at
all values of T and H. The high-field behavior of
the thermopower® will also be discussed.

An energy average with a weight factor given by
the derivative of the Fermi function is required in
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obtaining p and R from the electron lifetimes. In
zero field this averaging introduces roughly 20% ef-
fects in the temperature dependence, ’ but in high
fields the region of rapid energy dependence in the
lifetimes is far removed from the Fermi surface,
where the weight factor is significant, and we shall
therefore ignore the energy dependence of the life-

times. We then have
p=@Bni®m/e*pd) (1,+7.)° ", (1a)
R=2Ry(t%+7%)/(r,+7)%, (1b)

R, is the zero-field Hall coefficient, and 7, are the
up- and down-spin lifetimes evaluated at the Fermi
energy €r. In third-order perturbation theory these
lifetimes are®*

1/7,= (kpm/ 1) voc {V2+J%[1 +4JG(H, T)]

x [8(S+1) =(S,) tanh(ug H/ET)]

*2VUS,) [1+2JG(H, T)]}, (2)
232 | iR T (e
G(H, T)-2€F [L+21n4er+zz<ﬁ)], 3
1 7 Inlx? -
I(X)—‘l dx m— . (4)

We have assumed the impurity g value is 2; V and
J are the ordinary and exchange potentials in the
s-d Hamiltonian (J <0 gives antiferromagnetic ex-
change); v, is the atomic volume, c is the impurity
concentration, and z is the number of conduction
electrons per atom. The behavior of I(x) for large
xis

I(x)~Inx = 78/12x% « >10. (5)

For ugH> kT we have, making the approximation
V> |J| and keeping only J° terms,

3T m
p(H, T)_2€F P CVq

><{V2+J2 [l+% (1

F

1, MpH
+z1In 4€F>]

X[S(S+1) - 4(2) —<S.>l} , ®)

B _1oall) (st B2 (1 el
R0_1+4<I«') (S |:1+€F 1+21n4€F )] » (7)

where there is implicit field and temperature de-
pendence in (S,). We see that in this high-field
regime one obtains InH terms replacing the InT
terms typical of the zero-field behavior of these
Kondo effect systems. For antiferromagnetic J
these InH terms will cause the contribution of the
exchange potential J to both p and R to decrease in

T. BEAL-MONOD 3

magnitude as H is increased. However, if we use
the spin polarization (S,) obtained from free spins,
which is saturated for ugH> kT, we find that the
spin factor in the J% part of Eq. (6) is —35%and
hence p(H) will actually increase as a function of
InH.

The experimental results obtained in CuCr?® alloys
show that in the range 6. 94 kOe < H < 25. 8 kOe and
T <0.2°K, p(H) decreases proportionally with InH,
the constant of proportionality being approximately
0.26nQ cm/ppm. This is in contradistinction to Eq.
(6), assuming free-spin behavior of the spin polar-
ization. However, incremental susceptibility mea-
surements at the fields and temperatures of these
resistivity measurements® show that the spin on the
impurity is not saturated, and it is possible that
S(S+1) —4(S,)2 -(S,) >0 if we use the experimental
spin polarization. However, the incremental sus-
ceptibility, proportional to &S,)/8H, is not zero at
a field of 21. 4 kOe, and it is surprising that there
is no additional field dependence in p due to the field
dependence of (S,). We should note that the incre-
mental susceptibility is temperature independent in
this temperature range, which, taken together with
Eq. (6), explains the temperature independence, at
fixed field, of the high-field resistivity in these
CuCr alloys.

One possible explanation of this disagreement be-
tween our calculation and experiment in the sign of
the InH part of the resistivity is that the observed
decrease is not due to the explicit InH in Eq. (6),
but rather to the increase of (S,) in S(S+1) - 4S,)2
—(S,), and that at still higher fields than those used
in Ref. 3, where the impurity magnetization will be
saturated, the experimental low-temperature pla-
teau might increase with InH in agreement with Eq.
(6). This latter behavior is expected from the
S-matrix calculation,* which shows that for 7< Ty
the resistance decreases and then increases with the
field. However, this S-matrix calculation does not
successfully explain the experimental results since
it does not show the observed low-temperature pla-
teau for fixed field.

The high-field behavior of the Hall coefficient as
given by Eq. (7) is that R will decrease logarithmi-
cally with H if we assume that (S,) is independent of
H for ugH> kTy. Similar behavior is seen in the
lowest-temperature curve obtained in More’s
S-matrix calculation®: 7/T,=0.82X10"2 for ugH
>kTy. As has been noted elsewhere, * such a de-
crease must not be confused with a more important
one due to orbital effects when w,7>1, w, the cy-
clotron frequency.® It thus appears that experi-
ments to check the high-field InH decrease in R will
be much more difficult than those for the magneto-
resistivity.

We should like to recall here that a similar calcu-
lation of the thermopower S(H) in the high-field re-
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gime® gave 1/H behavior in good agreement with ex-
periments on AuFe.!® This result could be physi-
cally understood by noting that the thermopower in-
volves the derivative of the lifetime, proportional
to 1/H in high fields, while the magnetoresistivity
and the Hall coefficient involve the lifetimes them-
selves, giving InH behavior.

We can conclude from this study that although the
experiments would be difficult it would be very in-
teresting to get systematic data in high fields and
low temperatures (say, pgH/kRT~ 5,10, 20) for the
magnetoresistivity, the Hall voltage and the ther-

147

mopower, together with magnetization measure-
ments. Indeed, while perturbation theory does
show that InH behavior will occur in the high-field
regime for p and R, and 1/H behavior for S, there
is considerable uncertainty about the meaning of the
spin-polarization terms which appear for large H,
and, specifically, one needs to know how much the
impurity magnetization is saturated in these large

fields.
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We report measurements of the electrical resistivity between 20 and 0.3 K and the thermal
conductivity between 4 and 0.6 K of a number of dilute alloys of manganese dissolved in silver.
The nominal concentration range of the alloys is from 0.005- to 1.1-at.% Mn. The electrical-
resistivity curves for the more concentrated alloys show a resistance maximum at an anti-
ferromagnetic ordering temperature Tp,, which is a characteristic for this alloy system. At
lower temperatures, however, a resistivity that is approximately a linear function of temper-

ature is observed.

The Lorenz number for the alloys turns out to be concentration dependent,

although the deviations from L,, the Sommerfeld value for the Lorenz number, are generally

not more than about 4%.

The results are interpreted in terms of a phenomenological model

based on the classical Kondo theory, together with a Lorentzian distribution of internal mag-

netic fields that exist at an impurity site.

I. INTRODUCTION

If certain magnetic impurities are dissolved in
sufficient quantity in the noble metals, then at a
low temperature a minimum followed by a maximum
at lower temperatures is generally observed in the
electrical resistivity of these alloys.!® Well below
the maximum, an experiment by McDonald* on
Au-Fe seemed to indicate that the resistivity can be-

come a linear function of temperature. This inter-
esting observation made it desirable to us to make
low-temperature transport measurements on other
noble metals containing magnetic impurities. We
report here measurements of the electrical resis-
tivity between 0.3 and 20 K and the thermal conduc-
tivity between 0.6 and 4.2 K of a number of silver
alloys containing manganese as impurities. Our
results confirm the findings by other authors of a



