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meV and 24,= 2, 76 meV), nor with the recent re-
sults of Lykken ef al.® on single-crystal Pb films.
This perhaps means that the films of Leger and
Klein® were not single crystalline.

The two gaps A, and A, observed in tunneling on
single-crystal Pb!'® do not vary greatly with orien-
tation (~5%) and Leger and Klein® suggested that
this is experimental evidence for arather nonselec-
tive tunneling process. However, the fact that (i)

B. L. BLACKFORD 5

the current ratio I, /I, L5 (ii) the resolution of the
gaps in dV/dl, and (iii) the detailed shapes and
amplitudes of the transverse phonon peaks in d2V/dI?
all vary significantly with orientation® would seem
to suggest that the tunneling is selective.
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An examination of the high-temperature magnetic susceptibility in the mean-random-field
approximation gives new information on the interaction mechanism between the impurities in
a dilute-magnetic-alloy system. More specifically, the experimental “high”-temperature
susceptibilities of Au-Fe, Au-Cr, and Au-Mn are analyzed and found to be in good semiquanti-

tative agreement with theory.

A theoretical connection between the high- and low-temperature

properties of the alloy system agrees well with experiments on Au-Fe and Au-Cr,

Dilute magnetic impurities in nonmagnetic metals
exhibit a maximum?! 2 in their temperature-depen-
dent susceptibility x(7"), and the temperature of the
maximum 7T, ,, is approximately proportional to the
impurity concentration ¢ for impurity concentration
of the order of 1%. Whereas a reasonable amount
of theoretical and experimental work has been done
to understand the behavior of these alloys at tem-
peratures® much below T,,,, very little attention
has been paid to their properties at temperatures
greater than T ,,.

The purpose of this note is to point out that new
and useful information on the interaction mechanism
between the magnetic impurities can be obtained
from intermediate- and high-temperature magnetic
susceptibility of the dilute-magnetic-alloy system
using a mean-random-field (MRF) approximation
recently developed by one of the authors.*

A brief summary of the theory is as follows:
The magnetic impurities are assumed to be ran-
domly and uniformly distributed throughout the
solid, and the statistical model of Margenau® is
used to derive the probability distribution P(H, T)
of the random internal field H at temperature 7.
In order to obtain an analytical expression for
P(H,T), an approximation is used in which, when
calculating the field distribution about a particular
impurity site, functions of the random fields at all
other impurity sites are replaced by their mean
values. This approximation is called the mean-
random-field approximation. One thus obtains a
self-consistent integral equation for the probability
distribution P(H, T). The result is*

P(H, T)= (/D {a(D)/ [a(D)?+H ]}, 63)
where A is the width of the probability distribution
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and is given by
aA(T)=ve llpll, (2

where y=3%72nylal, where n, is the number of
sites per unit cell and a is the strength of the in-
teraction at a distance of one lattice constant.
il is obtained from the integral equation

lpli= [~ P@, T)| tanhgH | dH . 3)

Equations (1)-(3) define a self-consistent
probability distribution which is presumably valid
for all temperatures for a Ruderman-Kittel® po-
tential.

The theory is believed to be valid for low im-
purity concentrations and when Kondo-like” effects
are unimportant, either because the Kondo tem-
perature is much below the temperature under con-
sideration, or because the Kondo spin-compensated
state is suppressed by impurity-impurity interac-
tion. For a discussion of the latter the reader is
referred to a recent paper by Tsay and Klein.®

Once the probability distribution is obtained, the
thermodynamic variables are calculated by aver-
aging over all internal fields. The expression for
the magnetization M in an Ising model is thus

M=Nocgup | P@H, T)tanhB(H+He)dH ,  (4)

where g is the gyromagnetic ratio, pz the Bohr
magneton, and H,, the external magnetic field.

The expression for the magnetic susceptibility x

at temperatures around and above T,,, is, for a
general spin S, approximately given by the relation-
ship®

e I ) J="1 O

In deriving the expression for the x(7T) given in
Eq. (5) we have neglected the part of x(7) which
arises from the term involving 8P(H, T)/8H oy
under the integral sign. The reasons for this
omission are the following: (a) We expect P(H)
to be slowly varying with H,, near Hg,—~0, and
(b) we do not have the analytical expression for the
probability distribution as a function of the external
field for high temperatures. One can qualitatively
argue on how the 8P(H, T)/8H,,, term will modify
Eq. (5), by considering an analogy with the mag-
netic susceptibility of an Ising-model ferromag-
net at high temperatures in the molecular field
theory. The magnetization R of the ferromagnet
is given by'®

R=tanh{g[H +V()R]}, (6)

whére v(0) is the mean value of the exchange poten-
tial. The very-high-temperature magnetic sus-
ceptibility for the ferromagnet is

X(T)ec (T - 0)71, (7)
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where 6=v(0). 0 in the expression for the ferro-
magnetic susceptibility arises from the differentia-
tion of R in tanhp[H,., +v(0)R]. Were we to neglect
this differentiation, we would obtain the incorrect
Curie law (xoc T7') rather than the Curie-Weiss
law observed.

In examining the derivation for P(H, T) it be-
comes clear that in neglecting dP(H, T)/dH oy We
have neglected a term analogous to dR/dH ., in
tanhB[H,,, +v(0)R]. Therefore we argue that the
expression for x(7T) given in Eq. (5) should be
modified to be

where T*=T -6 and P, =g[S(S+1)]'/%is the
effective moment of the system.

For temperatures below 27T,,,, A is approxi-
mately temperature independent and A~ A(T'=0)
=A% The theory predicts that A’~ 2.5 T,,,. For
higher temperatures, A is approximately given by

A(T)~ g-{exp[n/(Brc) - B 1-1}"1/2. (9)

Note that for very high temperatures A— 0 and

Eq. (8) reduces to the expression for the high-T
susceptibility of a set of interacting spins. For
later use we also give the expression for the mag-
netic susceptibility at 7-0, x(0). This is obtained
from Eqs. (4)-(6) of Ref. 4 and is modified for a
general spin S; thus we have

2 2
lim x(7)= N0 Pere i ;PX‘“B . (10)
T -0 m

Examining Eq. (8) one can make the following
remarks: (i) In the temperature range T, ., <T
<2T,.x Where Eq. (8) is valid and A is only weakly
temperature dependent, a plot of [T*x(T)]/c vs
1/T should give approximately a straight line. (ii)
The slope of the line should be approximately pro-
portional to A® and therefore proportional to the
impurity concentration ¢. (iii) The value of A° ob-
tained from the slope should be approximately
A%~ 2,5 kg Tpax as was tabulated in Table I of Ref.
4. (iv) At sufficiently high temperature A ap-
proaches zero according to Eq. (9) and therefore
[T*x(T)]/c should become a constant. Let T, be
the temperature where the straight line with slope
A? intercepts the line T*X(T)/c = const. Then, T,
should be proportional to the impurity concentra-
tion ¢. (v) Since the theory was derived for all
temperatures one would hope that the value of A°
obtained from the high-temperature experiments
would correlate with the very-low-temperature
susceptibility as obtained from Eq. (10).

We now compare the theory with experiment.
For convenience we use the tabulated results of
Lutes and Schmit! (LS) for Au-Fe, Au-Cr, and
Au-Mn. Figure 1 shows a plot of T*%x/c =A(T)
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vs 1/T of the data using the experimentally de-
termined values of 6. We find that there is an
approximately linear relationship between A(T)
and 1/7 in the temperature range of T, sT

< 2T, for all samples in agreement with remark
(i). The T,., values are indicated by arrows on
the figure and also listed in Table I. At higher
temperatures A(T) becomes temperature indepen-
dent as one expects, since the system obeys a
Curie-Weiss law and since A goes to zero for high
temperatures [remark (iv)]. The different high-
temperature values of A(T) reflect the different
P, values, which are also listed in Table I.

The values of A? are calculated from the slope
of the straight line and are listed in Table I. In
Table I, we also list the values of 7° and the ratios
Ve, Va, and 70, where 7, is the ratio of the nominal

impurity concentrations given by LS, 7, is the ratio
of the values of A’, and .0 is the ratio of the 7°
for the different concentrations. The value of

NV} B Tinax is also given for each impurity concen-
tration.

From remarks (ii) and (iv) we find that 7, and
7ro should each be equal to the ratio of the impurity
concentration »,. The agreement between these
quantities is reasonable. (Because of the crude-
ness of the MRF approximation for high tempera-
tures one expects good qualitative, but not so good
quantitative, agreement.) From remark (iii), the
ratio of A%/kg T .y should be approximately 2.5
and this is again in reasonable agreement with
experiment. It is important to note that, whereas
this ratio varies between 2.1 and 3. 2 for the three
different alloys, it varies much less for the two
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TABLE I. T,y is obtained from the experiments of LS. Py, A, and T? are obtained from Fig. 1. 7,=cy/cr, 7a
=A% /A%, and 7p=T%/TY%. X(0)eyp: is the experimentally obtained T—0 susceptibility. X (0)sneor 1S calculated from
Eq. (10). We have used the LS data for X(0)gp for Au-Cr and that of Ref. 11 for Au~Fe. In both of these cases T is
sufficiently low that X is concentration independent (Ref. 4) and Eq. (10) holds.

Nominal
concentrations éﬂ
c Treax kg 79 A X (0) eyt X(0) theqr

Sample %) (K) (K) Py (K)  2pToax Ve 7a 7o (emu/g) (emu/g)

AuFep 0.5 3 7.5 3.6 6.5 2.5 . 3.1x10%¢
2 2.4 2.0 3.1x10"6

AuFey; 1.0 7 17.8 3.3 13 2.5 2.5x10¢

AuCry 0.5 6 12.5 4.0 12.5 2.1 2.6x10°¢
2 2.1 1.6 3.0

AuCrpp 1.0 11 26.2 3.8 20 2.2x10°

AuMny 1 4.5 14.1 5.8 6 3.1
2 1.7 1.9

AuMnyy 2 7.5  23.7 6.6 11.5 3.2

different concentrations of the same alloy. Finally
we use the values of A’ obtained from Fig. 1 to
‘calculate the zero-temperature magnetic suscep-
tibility x(0)yrr using Eq. (10), and compare this
with the experimental very-low-temperature data
for!! Au-Fe and Au-Cr.! For these two materials
there are data available in the region where 7T is
sufficiently low such that x(7) is concentration
independent, as predicted from the very-low-T limit
of the theory. The data are shown in Table I.
There is a remarkably good agreement between the
very-low-temperature theory and experiment when
we use the value of A® obtained from the high-tem-
perature experimental susceptibility and Eq. (8).
This we consider as evidence that the theory has
reasonable validity over the whole temperature range.
It is our hope that these results will motivate
further and more detailed experiments on dilute
magnetic systems, which will be compared with
the MRF approximation. We note that the slopes
of the lines in Fig. 1 are never strictly straight.
This is not surprising since A is continuously
changing with temperature (slowly in the region

Tuax < T< 2Tp,,) and because terms higher than
1/7T should also be considered. For this reason
one should solve the integral equation for P(H, T)
using a computer and compare the susceptibility
point by point with experiment.

Summary: We have compared the prediction of
the mean-random-field approximation with the
magnetic susceptibility of gold alloys and found
reasonably good agreement between experiment
and theory. Our analysis also gives the width of
the probability distribution A°, which also enters
into the very-low-temperature theory of the mag-
netic susceptibility, resistivity, specific heat,
and the external field dependence of the thermo-
dynamic variables of the alloy systems.'? The
value A° obtained from high 7T gives the low-tem-
perature magnetic susceptibility for Au-Fe and
Au-Cr in surprisingly good agreement with experi-
ment. Thus, our results not only describe the
high-temperature behavior reasonably well, but
also establish an important connection between
the high- and low-temperature properties of these
random systems.
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