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We have measured the magnetization M up to 50 kG at low temperatures (1.2—4.2 K) of a series of
ZnMn alloys (n = 60-2500 ppm Mn). For the alloys studied, the measured magnetization is dominated
by impurity-impurity interactions via the indirect Ruderman-Kittel-Kasuya-Yosida (RKKY) potential
V(r) = (Vycos2k r)/r>. These interactions reduce M below the Brillouin function B ((H /T)
appropriate for free spins, and also inhibit the approach to saturation of M. In the limit n — O, the
measured M remains below the free-spin Brillouin function. For the n = 60, 112, and 213 ppm Mn
alloys and for guzH » kT, we find M = guzSn(l — Hy(n, T)/H], where S is the spin of the
Mn impurity and Hy(n, T) = AkzT + BnV, For these alloys we find 4 /B = 0.16 4+ 0.03 and
Vo=1(1.7404) X 107* ergcm’. The term Ak, T in H(n, T) may represent a single-impurity
(Kondo) effect, while the term BnV, clearly represents the effects of the RKKY potential. Scaling
behavior is observed for the magnetization once the concentration dependence of the impurity spin S is
accounted for the in the following way: M /nS(n) = F (T /n, H/n). However, deviations from scaling
of M are observed for the 2500-ppm Mn alloy where evidence has been found for additional
interactions not of the RKKY type. The scaling behavior of the zero-field magnetic susceptibility is also

presented.

I. INTRODUCTION

When dilute concentrations of magnetic impurities
are randomly distributed in nonmagnetic metals,
the interaction between the conduction electrons
and the localized magnetic moments of the im-
purities gives rise to a variety of interesting con-
centration- and temperature-dependent effects
which are observable experimentally in the ther-
mal, magnetic, and transport properties of the
alloy.! Of primary importance to this problem is
the s-d interaction -JS+§, where J is the ex-
change integral, S is the localized spin, and & is
the spin of the conduction electron. The s-d inter-
action 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.? The
characteristic energy for the single-impurity ef-
fects is k3T, where Ty is the Kondo temperature,
while for the impurity-impurity effects the charac-
teristic energy is nV,, where 7 is the concentra-
tion of magnetic impurities and V, is the strength
of the RKKY interaction V (7) = (V, cos2k,7)/7 3.

Thus if kgT, >nV,, single-impurity effects will
dominate, if kT, <nV,, impurity-impurity inter-
actions will dominate, and if kyT, ~nV,, both inter-
actions will determine the experimental behavior.
It is clearly essential to determine both T, and
V, for a given alloy system. The primary goals
of this investigation are to further develop our
ability to separate single-impurity effects from
impurity-impurity effects within a given alloy sys-
tem, and subsequently to study the interactions

[single-impurity—conduction-electron (Kondo) or
impurity-impurity] themselves.

At very low concentrations n» when the magnetic
impurities act independently of one another, theory
predicts that experimentally observed quantities,
such as magnetization and zero-field magnetic
susceptibility, will be universal functions of T/T}.
Thus, in the single-impurity limit we can write
M/n=f,(T/T,) and x/n=£,(T/T;). At higher con-
centrations » when the RKKY interactions between
impurities dominate the behavior of the alloy,
theory predicts that universal scaling laws will be
obeyed,** with a scaling parameter which in this
case is n (as opposed to T), with the result that
M/n=F,(T/n,H/n) and x = F,(T/n). For free spins
it should be pointed out that a Brillouin function
describes the magnetization: M/n=Bg(H/T). A
modified Brillouin function has also been used to
fit magnetization data, namely, M/n=Bg[H/(T+0)],
where O is a constant to be determined empirical-
ly.5
At high T (such that kgT > nV,), Larkin et al.®
have used avirial 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 kyT > nV, and for H~0
that

X =ng2u%S(S+1)/3(k,T +0),
where © =CnV, and C; is a constant of order unity.
In addition, in a high magnetic field, such that
gug H is much greater than both ;T and nV,, they
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predict for the approach to saturation of the mag-
netization

M=gu, Snl1 - 2(2S +1)mV,/3guy H]. 1)

It should be noted that for gug H> kT, Eq. (1) is
expected to correctly describe M for all T.

At very low temperatures or very high concen-
trations (k,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 which has a probability distribution function
P(H)=A/n(A% + H?), where A is the width of P(H).
As T -0 for the susceptibility it is predicted that
X(H - 0)=2nuy/mA and for the magnetization that

M =(2nug/7)tan™' (H/A), 2)

where u, is the magnetic moment of the spin S =3
impurity.®*® Thus for H> A, Eq. (2) predicts for
the approach to saturation M =nuy[1 - (24 /7H)].
In this limit, Eqs. (1) and (2) are in agreement,
with A proportional to nV,.

We have been successful in verifying over what
range of » and T impurity-impurity interactions
dominate the behavior of a series of ZnMn alloys.
Specific-heat measurements'®!! yielding AC/n
proportional to n/T for T/n>6x%x10"% K/ppm and
n>200 ppm, in agreement with theory,® have
enabled us to determine S =3 and V,=0.9x10"%
erg cm® for ZnMn. We have proposed an expres-
sion for AC(n, T) which has proven to be in excel-
lent agreement with both theory and experiment
over a wide range of n and T, namely, AC =AT/

(1 + BT*n?).1%1! Magnetic-susceptibility measure-
ments'? have verified that © is proportional to nV,
for n>100 ppm Mn, in agreement with the predic-
tion of Larkin.® These measurements of x(H —0)
have also demonstrated for the first time in a
dilute magnetic-alloy system that there is a mini-
mum in the Curie-Weiss temperature © and in the
effective magnetic moment p; as n increases. We
have determined

V,=(2.25£0.2)x10~% ergcm®

from 6 (n).'?

To further investigate the competition between
single-impurity (Kondo) and impurity-impurity
interactions in ZnMn, we have measured the mag-
netization M in external magnetic fields up to 50
kG at low temperatures (1.2-4.2 K) of a series of
ZnMn alloys (60-2500 ppm Mn). The single-
impurity (Kondo) and impurity-impurity interac-
tions will both inhibit the ability of the impurity
spins to align themselves in an external magnetic
field. Deviations of the impurity magnetization

M from the Brillouin function Bg(H/T) expected
for free spins should thus be observed. By mea-
suring M over a wide range of » and H, and com-
paring the observed behavior with theoretical pre-
dictions, we have determined over what range of
n impurity-impurity interactions dominate the
observed behavior of M for the temperature range
studied.

II. EXPERIMENTAL

Magnetization measurements from 0 to 50 kG and
from 1.2 to 4.2 K have been made on a series of
ZnMn alloys (60 -, 112-, 213-, 530-, 1065-,
2500-ppm Mn). In addition, measurements of M
above 4.2 K were made for 60-, 1065-, and 2500-
ppm alloys. Details of sample preparation have
been given earlier.!”!' The concentrations »
of Mn impurities were determined from measured
resistance ratios

p=R(4.2)/[R(273) - R(4.2)]

and p/n=2.82/at.% Mn. It has been predicted that
p/n will be a decreasing function of n, due to mag-
netic interactions between the impurities.® This
correction, which is on the order of 10% for n
=200 ppm Mn, does not affect the conclusions of
this work and has been neglected.

The magnetization has been measured by the
Faraday method using a Cahn RH Electrobalance
(resolution 2 ug) and a Westinghouse supercon-
ducting solenoid (0-50 kG). Details of the experi-
mental apparatus appear elsewhere.!®* The poly-
crystalline magnetization samples were roughly
in the form of cubes with dimensions typically of
3-5 mm and masses of 0.2-1 g. These samples
were cut from the cylindrical samples (1.3 cm in
diameter by 5 cm long) used previously in specific-
heat measurements.'®!' The 1065- and 2500-ppm-
Mn alloys were cut from opposite ends of the nom-
inally 1200-ppm-Mn sample, in which concentra-
tion gradients had previously been detected.!®*!!
Thermometry was provided from 1.2 up to 20 K by
a calibrated Allen Bradley carbon resistor, while
from 20 to 77 K a platinum resistance thermom-
eter was used. These thermometers were cali-
brated against the susceptibility of chrome po-
tassium alum.

Magnetization curves for these alloys were ob-
tained by plotting the unbalance of the Cahn RH
electrobalance as a function of applied magnetic
field on an x-y recorder. For the 60- and 112-
ppm-Mn samples the magnetization M due to the
Mn impurities was corrected for de Haas-van
Alphen oscillations due to the presence of large
single crystals in the samples. For all the sam-
ples, the magnetization was corrected for the con-
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tribution from the diamagnetic susceptibility of
pure Zn, which was measured to be ~0.145x10"¢
emu/g at 1.2 and 4.2 K.12

III. RESULTS AND DISCUSSION

In Figs. 1(a) and 1(b) the impurity magnetization
M/gu, Sn is plotted as a function of H at T =1.26
and 4.25 K, respectively, for the six concentra-
tions studied here (60-, 112-, 213-, 530-, 1065-,
and 2500-ppm Mn). Also shown is a Brillouin func-
tion of spin S =% for the appropriate temperature.
In Table I we list the concentrations » and effective
spins S for these alloys. These concentrations and
the effective spins determined from the Curie con-
stants, along with g=2, have been used to nor-
malize the magnetization M in Figs. 1, 2, and 3.

It is apparent that the impurity magnetization M
in Figs. 1(a) and 1(b) does not follow the Brillouin
function expected for free spins, which reaches
saturation much more rapidly as a function of
applied field. Nor is M solely the result of a sin-
gle-impurity (Kondo) effect as M/guBSn is a func-
tion of both T and n. Instead we find that, at a
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FIG. 1. Impurity magnetization as a function of
applied magnetic field H at (a) T=1.26 K and (b) 4.25 K
for the six alloys studied here. The magnetization M
has been normalized to gugSn where g=2, S is the
effective spin obtained from the measured Curie con-
stant (see Table I), and » is the measured concentration.
Also shown as the solid curve is the free-spin Brillouin

function B (H/T) for S= £ at the appropriate temperature.

For clarity, not all of the data points at low magnetic
fields have been plotted.

given H and T, the magnetization per spin decreas-
es as n increases. This behavior is similar to that
previously observed in CuMn,!* and is a charac-
teristic feature of magnetic interactions which
arise from the RKKY potential.®:®

In Fig. 2, M/gu,Sn is plotted as a function of n
for T=1.26 and 4.25 K in a field of 47.45 kG. For
n<1000 ppm Mn, the magnetization per spin de-
creases linearly with n, in agreement with the
virial expansion theory of Larkin.® The measured
value of M/gugSn for the 2500-ppm-Mn alloy falls
above the extrapolated linear decrease, indicating
either the presence of a positive #? term in the
virial expansion of M/gug;S» or a contribution
from additional interactions at higher concentra-
tions not of the RKKY type. Evidence for such
additional interactions has been previously re-
ported for this 2500-ppm-Mn alloy from magnetic-
susceptibility measurements.!?

It should be noted that the linear extrapolation
of M/gu,Sn to n=0 from Fig. 2 falls below the
Brillouin function for S =% evaluated for this H and
T. Thus the single-impurity (n-0) limit does not
correspond to the free-spin prediction. Rather,
the impurity magnetization per spin in this limit
may be reduced below that of a free spin as a re-
sult of single-impurity (Kondo) effects.'® In dilute
AgMn it has been recently observed that the mea-
sured magnetization, which exhibits impurity-
impurity ordering, approaches a Brillouin function
at sufficiently low impurity concentrations.!® It
should be noted that AgMn has a Kondo tempera-
ture at least an order of magnitude less than that
of ZnMn.'”

To confirm that the magnetic interactions deter-
mining the behavior of M are RKKY, in Figs. 3(a)
and 3(b) we plot M/nS as a function of H/n for four
alloys at fixed 7/n=(5.95+0.05)x10"3 K/ppm. For
RKKY interactions it is predicted that
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FIG. 2. Impurity magnetization M, normalized to
gugpSn (see text), as a function of concentrationz in a
magnetic field of 47.45 kG and at 7= 1.26 and 4.25 K.
Also indicated is the free-spin Brillouin function
B, (H/T) for S= § at the appropriate H and T.
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TABLE 1. Properties of ZnMn alloys studied.

n 3 (ppm Mn) sb sc nVo/kp (K) 4 2@S+1pVe (kG) ©
38kp

6021 1.32+0.05 1.29+0.04 0.058 1.05
1121 1.30+0.05 1.21£0.02 0.109 1.94
213+10 1.36+0.03 1.32+0.02 0.207 3.82
53030 1.450,04 ‘e 0.515 9.96
1065+ 50 1.60+0.04 1.03 21.6
2500100 1.67+0.06 2.43 52.3

2 Concentration » of Mn impurities (in ppm) as determined from measured resistance ratios

p and p/n =2.82/at.% Mn.

b Effective spin per Mn impurity as determined from measured Curie constant; see Ref. 12.

¢ Effective spin per Mn impurity as determined from saturation magnetization gugSn with
£=2, from this work, We did not approach saturation for the three higher concentration
alloys in magnetic fields up to 50 kG because of the stronger magnetic interactions present in

these alloys.

dEffective “interaction temperatures” for these alloys. We use for ZnMn V,=2x1073¢
ergem?® and 1 ppm Mn=0.67x10'7 Mn impurities per cm?,

€ Magnitude of correction term (in kG) in Eq. (1). We have used for ZnMn V,=2x 10736
ergcm®, 1 ppm Mn=0.67x10'" Mn impurities per cm®, g=2, and the spin S (from the second
column of this table) determined from the measured Curie constant,
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FIG. 3. Impurity magnetization M, normalized tonS
(see text), as a function of H/»n at the “reduced temper-
ature” T/n = (5.95+0.05) x 1073 K/ppm Mn. Here S is the
effective spin obtained from the Curie constant. For
n =213, 530, 1065, 2500 ppm Mn, the corresponding
temperatures are T'= 1.26, 3.16, 6.33, 15 K and the
corr:sponding spins are S=1.36, 1.45, 1.60, 1.67 (from
Table I). For clarity, overlapping data points have been
omitted.

M/n=F,(T/n,H/n), so that our results as plotted in
Fig. 3 will fall on a universal curve for those alloys
in which RKKY interactions dominate. We observe
scaling for the »=213, 530, and 1065 ppm Mn
alloys when we account for the concentration-
dependence of S by plotting M/nS instead of M/n.
It should be noted that the theories which predict
scaling do not include a spin S, or effective mag-
netic moment o = g [S(S +1)]1/2, which depends
on n %4

From Fig. 3(b) it can be seen that M/xS for the
2500-ppm-Mn alloy does not scale with the other
alloys even after the dependence of S on » has been
accounted for. Instead, there appears to be an
additional contribution to M/nS for this alloy, which
is consistent with our discussion of Fig. 2 and the
results of magnetic-susceptibility measurements.!?
Similar scaling behavior with deviations at in-
creasing concentrations has been previously ob-
served in CuMn.*

Scaling for the magnetic susceptibility x(H~0)
is displayed in Fig. 4 where, to account for the
dependence of p%; on n, x/S(S+1) is plotted as a
function of T/n. Deviations from scaling are ob-
served both at low concentrations (z =21 ppm Mn)
where single-impurity (Kondo) effects dominate,
and at high concentrations (»=2500 ppm Mn) where
additional interactions are present. However,
there is a region of almost two decades in T/,
2X1073-2x107! K/ppm, for which scaling is rea-
sonably well obeyed for the intermediate concen-
tration alloys, 60-1065-ppm Mn.
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Since the measured magnetization for the 60-,
112-, and 213-ppm-Mn alloys as shown in Fig. 1
indicates an approach to saturation in these mag-
netic fields, we can compare our results with the
prediction of Larkin et al.® for the magnetization,
valid in the limit guy H> kT, given in Eq. (1). To
test Larkin’s prediction, expected to apply to al-
loys for which the second term in the brackets is
a small correction, we show in Fig. 5 our results
for M for these three alloys plotted versus 1/H
for several temperatures. It is apparent that the
functional form of Eq. (1) correctly describes the
approach to saturation of these three alloys. In
the limit 1/H~ 0(H —~ =), the magnetization curves
shown in Fig. 5 for a given alloy approach a
saturation limit which is essentially independent'®
of T and only slightly lower than the value M,
=gugSn calculated using g=2, the spin S obtained
from the Curie constant (Table I), and the mea-
sured concentration n. Using the measured M, ,
we calculate the effective spin S =M, /2ugn, also
listed in Table I. The agreement between these
two values of the spin S for each of these three
alloys is reasonably good.

Equation (1) predicts that the slope of M versus
1/H as plotted in Fig. 5 should be independent of
T. This is naot the case for these three alloys as
we find the slope increasing as T increases. We
find that the measured magnetization can be rep-
resented by the following expression:

M =guySnl1 - H,(n, T)/H], (3)

where Hy(n, T)= AkyT + BnV,. By comparison with
Eq. (1) we make the following identification:

F. W. SMITH 10

B=2(2S+1)/3gu,. In Fig. 6 we plot Hy(n, T)/n=AkyT/
n +BV, as a function of T/n for these three alloys.
The straight line drawn through the data points has
an intercept at T/n =0 equal to BV, and a slope equal
to Akg. Note that the data for the three alloys

will fall on a single straight line if the coefficients
A and B are independent of » and T. Since B is
proportional to (2S5 +1), there is a weak dependence
(~5%, see Table I) on n for this quantity, which

we will ignore.

From the intercept of the straight line drawn in
Fig. 6 we find BV,=(2.2+0.5)x107'® Gcm® and
hence V,=(1.7+0.4)X10"% erg cm?®, using g=2 and
an average spin S =1.33 to determine B=2(2S +1)/
3gug. From the slope we find Ak =(2.9+0.45)
x10% G/K. For the ratio of the coefficients ap-
pearing in H,(n, T)=AkyT +BnV,, we find A/B
=0.16 £0.03. It should be pointed out that a better
fit to the data in Fig. 6 could be obtained with a
separate straight line for each alloy. However,
we do not feel that this procedure would be mean-
ingful in light of the scatter in the data. Instead
we have chosen to determine a single intercept
BV, and a single slope Ak, whose stated uncer-
tainties include the variations observed for the
three alloys.

In order to be able to follow the procedure de-
scribed above, for the 530-, 1065-, and 2500-
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FIG. 4. Magnetic susceptibility x(H—0) divided by
S(S+ 1) for seven ZnMn alloys (21, 60, 112, 213, 530, 1065,
and 2500 ppm Mn) as a function of ‘“reduced temperature”
T/n. For these alloys, S(S+ 1) has been obtained from
the measured Curie constant and g= 2. For clarity,
overlapping data points have been omitted.
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FIG. 5. Impurity magnetization M for the » = 60, 112,
and 213 ppm Mn alloys as a function of the inverse of
the magnetic field 1/H for several temperatures. Thc
arrows on the left hand vertical axis indicate the values
of Mg, = gugSn calculated using g = 2, the effective spins
S from the measured Curie constant (see Table I), and
the measured concentrations 2.
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FIG. 6. Hy(n,T)/n as a function of “reduced tempera-
ture” T/n for the 60-, 112-, and 213-ppm-Mnalloys. The
straight line indicates our fit to the equation Hy(n,T)/n
=AkgT/n + BV, [see Eq. (3) for the definition of Hy(n,T)).

ppm-Mn alloys it would be necessary to extend
our measurements of magnetization M either to
higher magnetic fields A or lower temperatures T,
as we have not approached saturation for these
alloys. As can be seen from Table I the correc-
tion term in Eq. (1) is not small compared to 50 kG
for these alloys.

The presence of the term Ak,T in Hy(n, T) of
Eq. (3) remains to be explained. To identify our
empirical parameter H,(n, T) with a concentration-
and temperature-dependent width A (z, T) of P(H)
to be used in Klein’s Eq. (2) does not appear cor-
rect since A(n, T) is predicted theoretically® to be
a decreasing function of T, whereas H,(n, T)
=AkyT + BnV, is an increasing function of T. Also,
it is extremely difficult to see how A(xr, T) could
remain finite and equal to Ak,T in the limit n—-0.
The -Ak,T/H term in M cannot be attributed to
free-spin behavior in the limit » - 0 since the
Brillouin function B¢ (H/T) approaches saturation
for gug H/kyT > 1 much faster than 1 - Ak, T/H.
The possibility remains that this term represents
a single-impurity (Kondo) effect.

IV. CONCLUSIONS

It has been shown that the measured magnetiza-
tion of these ZnMn alloys is dominated by impurity-

impurity interactions via the indirect RKKY poten-
tial. Scaling behavior is observed for the mag-
netization per spin M/nS with deviations occurring
at high concentrations, n=2500 ppm Mn, where an
additional contribution to M/xS is found. The
single-impurity (z—0) limit of the magnetization
M falls below the Brillouin function expected for
free spins, which may indicate the presence of the
Kondo effect.

For the three most dilute alloys, n=60, 112, and
213 ppm Mn, we have compared the measured
magnetization M to the prediction of Larkin, Eq.
(1). The 1/H approach of M to saturation has been
verified, but with a slope H,(r, T) which is both
concentration and temperature dependent, in con-
trast to the theory. From the slope in the limit
T/n—~0 we have determined V,=(1.7+0.4)x1073
ergcm?®, in good agreement with results previously
obtained from magnetic-susceptibility'? (V,=2.25
X107 erg cm?®) and specific-heat!®!! (V,=0.9
X 1073 erg cm®) measurements on these alloys.
From M in the limit 1/H~ 0, we have obtained
values for the spin S in good agreement with re-
sults obtained from magnetic-susceptbility mea-
surements.!?

Although RKKY interactions dominate the ob-
served behavior of these ZnMn alloys over a wide
range of concentrations, it is clear that further
theoretical work on the properties of dilute mag-
netic alloy systems such as ZnMn needs to take
into account both single-impurity (Kondo) effects
and impurity-impurity (RKKY) interactions at low
concentrations # and impurity-impurity interac-
tions more complicated than RKKY at higher con-
centrations. Crystal-field splitting in ZnMn will
also be a competing effect and is expected to be
important at low temperatures (less than 1 K).'?
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