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We have measured the initial susceptibility ¥ and magnetization M up to H = 50 kG of a series of
AuMn alloys (n = 50-2000-ppm Mn) from 1.2 to about 100 K. Our results for x and M obey quite
well the scaling laws predicted for magnetic impurities which interact via the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, viz., x(n,T) = F(T/n) and M(n,T,H)/n
=F,(T/n,H[n). From the observed decrease of the magnetization per impurity atom as the Mn
concentration increases, Vo = (2.4 % 0.3) X 10~% ergcm® is determined for the strength of the RKKY
interaction, V(r) = (V,cos2kgr)/r>. The observed approach to saturation of M is also consistent
with this value for ¥, For the spin per Mn atom we find § = 2.25 £ 0.1, assuming g = 2.

I. INTRODUCTION

When magnetic impurities are dissolved in non-
magnetic metals, the interaction between the con-
duction electrons and the localized magnetic mo-
ments of the impurities gives rise to a variety of
interesting concentration- and temperature-depen-
dent effects, which are observable experimentally
in the thermal, magnetic, and transport properties
of the alloy.! Of primary impo_x;tance to this prob-
lem is the s-d interaction, —J§ -5, where J is the
exchange integral, S is the localized spin, and I3
is the conduction-electron spin. The s-d interac-
tion is responsible for both single-impurity (Kondo)
effects! and for the effects due to indirect impurity-
impurity interactions via the Ruderman-Kittel-
Kasuya-Yosida (RKKY) potential. %2 The character-
istic energy for single-impurity effects is kg Ty,
where Ty is the Kondo temperature, while for im-
purity-impurity effects the characteristic energy
is nV,, where n is the concentration of magnetic
impurities and V; is the strength of the RKKY in-
teraction, V(r)=(V,cos2kev)/v>.

If kgTy> nV,, single-impurity effects dominate,
if b Ty < nV,, impurity-impurity interactions domi-
nate, and if kg Ty~ nV, both interactions influence
the experimental behavior. It is clearly of great
interest to determine Ty and V, for a given alloy
system. The goals of this investigation are to de-
termine V, for the AuMn-alloy system and to in-
vestigate the extent to which single-impurity (Kon-
do) effects are observable in the magnetic proper-
ties of AuMn alloys.

At very low concentrations n when the magnetic
impurities act independently of one another, theory
predicts that experimentally observed quantities,
such as magnetization and magnetic susceptibility,
will be universal functions of 7/Ty. At higher
concentrations » when the RKKY interactions be-
tween impurities dominate the behavior of the al-
loy, theory predicts that universal scaling laws
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will be obeyed, * with scaling parameter, which
in this case is n (as opposed to Ty), with the re-
sult that y = F,(T/n) and M/n=Fy(T/n, H/n). For
free spins it should be pointed out that a
Brillouin function describes the magnetization:
M/n = By(H/T).

At high T (such that k5 7> nV,) Larkin et al. 5
have used a virial expansion of the free energy in
a power series of the concentration of impurities
n to investigate the effect of the RKKY potential on
the thermodynamic functions of dilute magnetic
alloys. They predict for kzT> nV, that

x=ng?n3 S(S+1)/3(kpT+85),

where 6g=CgnV, and Cg is a constant of order
unity. In addition, in a magnetic field such that
glgH is much greater than both 25T and #V,, they
predict for the approach to saturation of the mag-
netization

M=ggSn[1-2(2S+1)nVy/3gugH]. (1)

At very low temperatures or very high concen-
trations (kz T <nV,), a dilute magnetic alloy enters
the spin- glass regime,® where the impurity spins
are strongly correlated with each other but without
long-range magnetic order present. Klein” has
predicted the limiting low- T behavior of a dilute
magnetic alloy by considering a random molecular
field H that has a probability distribution function
P(H)=A/n(A%+H?), where A is the width of P(H).
At T=0itis predicted8 that the susceptibility is

x=2ng?S(S+1) ug/3rA.
Il EXPERIMENT

Magnetization measurements from 0 to 50 kG
and from 1.2 to about 100 X have been made on a
series of AuMn alloys (54, 105, 216, 521, 1005,
2110 ppm Mn). The samples were prepared by
melting the constituents (Asarco 99.999% Au and
Johnson Matthey 99.99% Mn) under an argon at-
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TABLE I. Mn concentrations of AuMn alloys studied.

ny n® 7,® n®
(ppm Mn-nominal) (ppm Mn) (ppm Mn) (ppm Mn)
50 50 58 54 +4
100 97 113 105+8
200 225 207 216 +9
500 557 485 521 +36
1000 1030 980 1005 +25
2000 2060 2160 2110+50

%Concentrations determined from residual resistance
ratios p and ny (ppm Mn) =8.81% 10° p (see text).

bConcentrations determined from measured values of
the Curie constant C and saturation magnetization Mgy,
listed in Table II, using 7, =MZ2e/ (3kgC — gt g Mgge).

¢Concentrations determined by averaging the values of
ny and 7, from this table, and used in the analysis of the
data,

mosphere in an arc furnace. The polycrystalline
samples, whose masses were 1-2 g, were annealed
under vacuum for 24 h at 900°C prior to measure-
ment.

The Mn concentrations in the samples were de-
termined both from measurements of the residual
resistance ratios

__R@4.2)
P=R(273)-R(@4.2)

and the magnetic properties of the samples. In
Table I we list the nominal concentrations #», for
these samples, along with concentrations n; and

n, determined as follows. #n, is found from the
measured values of p, using n;=8.81x10%p. The
constant 8.81x10% has been determined using the
results of this work and those of Loram, Whall,
and Ford.® n, is determined from measured values
of the Curie constant C=n,g% 2 S(S+1)/3k, and

the saturation magnetization Mg, =n, gugS, Elim-
inating the spin S and solving for »,, we have

ny=MZ,/(3k5C - gupM,,,).

Throughout this work we have assumed g=2 for
Mn impurities in Au.!? The values of C and M,
measured for these samples and used in determin-
ing n, are listed in Table II.

The Mn concentrations that we have chosen to
use in the analysis of our data are listed in the last
column of Table I and are the result of averaging
n; and n,. It should be noted that the values of »
so found are higher (by 0.5-8%) than the nominal
concentrations .

The magnetization has been measured by the
Faraday method using a Cahn RH electrobalance
(resolution 2 1g)and a Westinghouse superconduct-
ing solenoid (0-50 kG). Details of the experimen-
tal apparatus appear elsewhere.!' Thermometry
was provided from 1.2 up to 20 K by a calibrated
Allen Bradley carbon resistor, while from 20 to
125 K a platinum resistance thermometer was
used. These thermometers were calibrated
against the susceptibility of chrome potassium
alum.

Magnetization curves for these alloys were ob-
tained by plotting the off-balance signal of the
Cahn RH electrobalance as a function of applied
magnetic field on an X-Y recorder. For all the
samples, the magnetization was corrected for the
contribution from the diamagnetic susceptibility of
pure Au, which was assumed to be (- 0.1435)x10%
emu/g.'?

III. RESULTS AND DISCUSSION
A. Magnetic susceptibility

The magnetic susceptibility y, determined
graphically from the slope of M vs H as H-0, has

TABLE II. Magnetic properties of AuMn alloys studied.

n ct o Mg, °
(ppm Mn) (107¢ emuK/g) (K) (107 emuG/g) Se sd

54 0.985+0, 02 0 7.0+£0,2 2,23+0,04 2.29+0,06
105 1.92+0, 04 0 13.7+0,2 2,23+0,04 2,30+0, 04
216 3.81+0,08 0 26,3+0,2 2,18+0,04 2,15+0,03
521 9.80+0,2 +0,2+0,1 65+1 2,27+0,04 2.20+0,04
1005 20.2+0.4 +0,02+0,1 133+3 2.34+0,04 2.33+0,04
2110 38.0+0,8 -0,5+0,2 267+5 2,21+0,04 2.23+0,04

*Measured Curie constant C and Curie-Weiss temperature © determined from initial

susceptibility data and x=C/(T+9©),

PMeasured saturation magnetization Mgyt determined from magnetization data in the

limit 1/H —~0 (see Fig. 5 and text),

¢Values of the spin S per Mn atom determined from the measured Curie constants C
=ng2_yg S +1)/3kg, g=2, and the concentrations » listed in this table.

9Values of the spin S per Mn atom determined from the measured saturation magnetiza-
tions Mg =ngi gS, £=2, and the concentrations » listed in this table,
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been measured from 1.2 up to about 100 K for the
six AuMn alloys studied. The results for x(7) for
each alloy have been fitted to a Curie-Weiss law,
x(T)=C/(T +6), with the resulting values of C and
© given in Table II. The only significant deviations
from Curie-Weiss behavior occur below 2 K for »
=1005 ppm Mn and below 4 K for »=2110 ppm Mn.
These deviations are due to the “freezing-in” of
the orientations of the Mn spins in the local molec-
ular field. In Fig. 1 x(n, T) is plotted as a function
of T/n to test the scaling prediction* x(r, T)
=F(T/n). The susceptibility data for the sixalloys
fall quite well on a universal curve, to within ex-
perimental error. Deviations from scaling at high
or low concentrations such as previously observed
in a similar plot for ZnMn '3 are not in evidence
for these AuMn alloys.

From the measured Curie constants C and con-
centrations » listed in Table II we have calculated
values for the impurity spin S, assuming'® g=2.
The values of S so obtained (Table II) are essen-
tially independent of Mn concentration, yielding a
spin $=2.25+0.1. Also listed in Table II are
spins S obtained from the concentrations » and sat-
uration magnetizations Mg,, again assuming g=2.
We obtain $=2.25+0.1, in excellent agreement
with the average value obtained here from the low-
field data. Previous susceptibility measurements'?
on AuMn have yielded S=2. 37, while saturation

magnetization results™ yield S=2. 25, in agree-
ment with this work.

B. Magnetization

In Fig. 2 the impurity magnetization at three
different temperatures 7T is plotted as a function
of H/T for the 54, 521, and 2110-ppm-Mn samples.
Also shown on the graphs are Brillouin functions for
for the appropriate Mn spin S, taken to be 2. 29,
2.20, and 2.23 for these three samples, respec-
tively (see the last column of Table II). For the
54-ppm-Mn sample, to within experimental error,
the magnetization data are a function only of H/T
for these values of H and T. The same behavior is
found for the 105- and 216-ppm-Mn samples, not
shown. In addition, for these three samples the
experimental values for M fall only slightly (1-5%)
below the appropriate Brillouin function. The dif-
ference is measurable, however, and will be used
to obtain V,, the strength of the RKKY interaction.

For the 521-ppm-Mn sample M is no longer a
function of H/T alone and deviations from the
Brillouin function are significant. This behavior
is more pronounced for the 1005-ppm-Mn sample,
not shown, and is most evident for the 2110-ppm-
Mn sample, as can be seen from Fig. 2. This be-
havior of the impurity magnetization with increas-
ing 7 has previously been observed for a series of
ZnMn alloys where impurity-impurity interactions
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FIG. 2. Impurity magnetization M as a function of
H/T for three AuMn alloys (54,521, and 2110 ppm Mn),
for several temperatures T and for H up to 47.45 kG,
Also shown as the solid curves are the free-spin Bril-
louin functions Bg(H/T), calculated using the spins S
listed in the last column of Table II for the appropriate
alloy concentrations,

have been shown to be important. 3
To test the scaling behavior of the magnetiza-
tion, * in Fig. 3 we plot M/Mg,=M/giizSn as a
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FIG. 4. Impurity magnetization M, normalized to

gk gSn=Mgg, as a function of Mn concentration = in a
magnetic field H=47,45 kG and at T=1,69 and 3, 83 K,
Also indicated are the values of the free-spin Brillouin
functions Bg (H/T) for S =2, 25 at the appropriate H and
T.

function of H/n for three alloys at fixed 7/n
=(3.73+0.01)x10"° K/(ppm Mn). The data super-
pose quite well on a single curve. There are no
deviations from scaling observed for the 2110-ppm-
Mn sample such as were previously observed for
a similar concentration ZnMn sample. 3 Good
agreement with scaling predictions for M has also
been observed for the three lower-concentration
AuMn samples studied here, at higher values of
T/n.

To obtain the strength V; of the RKKY potential
we plot in Fig. 4 M/M,, as a function of » for T
=(1.89+ 0.06) K and (3.83+0.04) K in a field of
47.45 kG. The initial linear decrease in m=M/
Mg, as a function of n yields V, since, according
to Larkin® [Eq. (1)], A m/An=~ BVy/H, where B
=2(2S+1)/3gug. From the slope at T=3,83 K
we obtain Vp=(2.1+0.3)x10"% erg cm® while at
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T=1.69 K, Vo=(2.7+0.3)x10"¥ ergcm? is ob-
tained, in both cases using S=2.25and g=2. The
average value obtained is Vy=(2.4+0.3)x10"%
erg cm®, whichisanorder of magnitude less than the
value V,=2x10"% erg cm®found for ZnMn alloys.”
We note that Vo/kg =(1.04+0.12) K/at. % Mn) for
AuMn and that Vy/kg = (9.7 K/at.%Mn) for ZnMn..
Also shown in Fig. 4 are values of (free-spin)
Brillouin functions for S=2.25 and the appropriate
T and H. The linear extrapolation of M/M_,, to
n=0 falls about 1-2% below this free-spin predic-
tion. For ZnMn a similar but much greater dif-
ference of about 10% was observed as n—0.!3 This
further illustrates the relative weakness of the
interaction between the conduction electrons and
the Mn impurities in AuMn as compared to ZnMn.
An alternative method of obtaining V, from the
magnetization data is to examine the saturation be-
havior of M. This is displayed in Fig. 5 where
M is plotted as a function of H™ for the 521-,
1005-, and 2110-ppm-Mn samples. The predic-
tion of Larkin® [Eq. (1)] describes reasonably well
the approach to saturation (H -1 0) of M for the
1005~ and 2110-ppm-Mn samples. However, as
observed also for ZnMn, *? the slope of M vs H™
is temperature dependent and M can be represented
by the following expression:

M=gupSr[1 -~ Ho(n, T)/H], )

where Hy(n, T)=Akg T+ BnV,. By comparison with
Eq. (1) we make the following identification: B
=2(2S+1)/3gpy. In Fig. 6 we plot
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FIG. 5. Impurity magnetization M for the 521-, 1005-,
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Hy(n, T)/n=AkgT/n+ BV,

as a function of 7/#x for the 1005- and 2110-ppm-
Mn alloys. The straight line drawn through the
data points has an intercept at 7/n=0 equal to BV,
and a slope equal to Akz. From the intercept of
the straight line drawn in Fig. 6 we find V|
=(2.4£0.2)x10™% erg cm?®, using g=2 and $=2.25
to determine B, This value for V, is identical with
that found from the dependence of M/M,,, on n.
From the slope of the straight line we find Akg
=(1.238+0.2)x10° G/K, compared to 2.9%10° G/K
for ZnMn.!® For the ratio of the coefficients ap-
pearing in Hy, we find A/B=(0.045+0.01). We as
yet have no explanation for this AkgT term in H,
except to say that it seems to represent a single-
impurity contribution due either to free spins or
to the Kondo effect.

The data plotted in Fig. 5 for the 521-ppm-Mn
sample cannot be represented by Eq. (2) due to a
more rapid approach to saturation than H™*. The
same is also true for the three lowest-concentra-
tion alloys. This approach to saturation more
rapid than H is also characteristic of the Brillou-
in function for free spins. Hence it appears that
for the 54-, 105-, 216-, and 521-ppm-Mn alloys,
the approach to saturation of the magnetization is
not completely dominated by impurity-impurity
interactions via the RKKY potential. Instead, it
appears that single-impurity effects also play a
role. If we conclude that nV, and kz Ty are com-
parable energies in this concentration region,
then, using V,=2.4%x10"% erg cm?® and n = (300
+200) ppm Mn, we obtain Ty~ (3+2)x10" K. -This
T is of the same order of magnitude as the result
obtained from nuclear orientation measurements in
AuMn, * and would seem to preclude T, ~103 K
as obtained from the analysis of resistivity data
for AuMn.®
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It is of interest at this point to further compare
the two dilute alloy systems AuMn and ZnMn in
terms of the relative strengths of the conduction-
electron—-magnetic-impurity interaction and its
effect on the magnetic properties of the alloys.

With V=2%10"% erg cm3, ZnMn is clearly a more
strongly interacting system than AuMn with V
=2.4x10"Y erg cm®. This stronger coupling of the
Mn impurity to the host conduction electrons is
reflected in the smaller spin, S~1.25 for 100 ppm
Mn in Zn'% compared to S~ 2. 25 for 100 ppm Mn

in Au. The divalent Mn ion, Mn®, has a spin S

=3 according to Hund’s rules. In addition, the
single-impurity (Kondo) effect in AuMn, with Tk
~10" K, is weaker than in ZnMn, where T,~0.28 K.®

Even though V, for AuMn is smaller than in ZnMn,
it appears that “ideal” spin-glass behavior extends
over a wider concentration range in AuMn than in
ZnMn, By “ideal” spin-glass behavior we mean
that the behavior of the magnetic impurities is dom-
inated by the RKKY interaction, with observed de-
viations from the RKKY scaling laws for experi-
mental quantities being negligible, Owing to strong-
er conduction-electron-impurity interactions in
ZnMn, significant deviations from RKKY scaling
laws due to the single-impurity (Kondo) effect will
extend to higher concentrations, n~kgTy /V,, in
ZnMn than in AuMn, This is due to the fact that
Ty increases more rapidly than V, as a function of
the exchange integral J, viz., T, e V"0, while
Vo J 2, Thus, as J increases by about a factor of
3 from AuMn to ZnMn, Ty increases by a factor of
20 while V; increases by about a factor of 9. Since
for ZnMn Ty~ 0.28 K, a value of Ty for AuMn equal
to about 1072 K is reasonable.

At higher Mn concentrations deviations from
RKKY scaling will again be seen, this time due to
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self-damping of the RKKY oscillations. " This is
essentially a mean-free-path effect which gives
rise to an exponential decay of the RKKY oscilla-
tions. The 1/ % dependence of V(#) will no longer
be strictly correct, and hence the simple RKKY
scaling laws for x and M will no longer be valid. *
This self-damping effect may explain deviations
from RKKY scaling seen for ZnMn at about 2000
ppm Mn. '3 No such deviations are seen in this
work at 2000 ppm Mn in Au. The electronic mean
free path decreases about six times faster per unit
Mn concentration in dilute ZnMn alloys!® than in
dilute AuMn alloys.

IV. CONCLUSIONS

We have determined the strength of the RKKY
interaction in dilute AuMn alloys to be V,=(2.4
+0.3)X10™" erg cm®. Assuming g=2, the spin per
Mn atom is found to be $=2.25+0.1. For the
AuMn alloys studied, with concentrations in the
range 50-2000 ppm Mn, our results for ¥ and M
agree quite well with the RKKY scaling laws. From
the approach to saturation of M(H) and its depen-
dence on Mn concentration for these alloys, we
conclude that 7, ~102 K for AuMn. This result
receives further confirmation from a comparison
with ZnMn alloys, where Tx~0.28 K and V=2
%x10-% erg cm®.

We are extending our measurements of V to the
dilute alloy systems AgMn and CuMn to aid in our
understanding of the RKKY interaction and the fac-
tors which determine its strength within different
hosts.
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