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Magnetic-susceptibility measurements between 4 and 800'K and specific-heat measurements
between 1.5 and 4. 2'K are reported for a series of dilute Rh-Mn, Mo-Fe, Mo-Co, and Au-Fe
alloys in the concentration range 0.02—0.7 at. %. The solute susceptibility Dx of all alloys shows
local-moment behavior and scales with the concentration over a wide concentration range, but
large deviations from simple Curie-Weiss behavior, qualitatively the same for all alloys, are
observed. This deviation consists of a rapid increase of Dx at low temperatures. A pro-
nounced field dependence of Ax and large specific-heat anomalies at these temperatures strongly
suggest that this rapid increase in Ax arises from solute-solute interactions. This anomalous
part of Qx can readily be separated from the part due to isolated solute atoms. The conclusion
is drawn that scaling of the solute susceptibility with concentration does not necessarily signify
that the alloys are "dilute" in the conventional sense.

I. INTRODUCTION

In recent publications'~ we reported that dilute
alloys of Mn in Rh exhibit a local moment but that
the magnetic susceptibility does not show simple
Curie-Weiss behavior. It was found that the solute
susceptibility contains a very substantial tempera-
ture-independent term and at low temperatures in-
creases much faster than predicted by the Curie-
Weiss equation. Since these deviations from Curie-
Weiss behavior scale with the Mn concentration,
they were attributed to single-impurity effects.
Large temperature-independent terms in the solute
magnetic susceptibility of alloys exhibiting local
moments have also been reported for dilute alloys
of Mn in Mo, Co in Mo, ' and V in Au. As in the
Bh-Mn alloys, the magnetic susceptibility of Bk-
Fe alloys increases at low temperatures much fast-
er than a simple Curie-Weiss equation would pre-
dict. ' Generally, deviations from Curie- Weiss
behavior of the magnetic susceptibility are observed
for almost all dilute alloys exhibiting local mo-
ments. This is not surprising since the Curie-
Weiss equation can only be considered as a conve-
nient interpolation formula between a high-tempera-
ture Curie law and a finite zero-temperature solute
susceptibility as predicted by both Kondo-type and
fluctuation theories for the single-impurity limit. ' "
In the absence of general theoretical predictions
for the detailed temperature dependence of the mag-
netic susceptibility for dilute magnetic alloys,

the observed systematic deviation from Curie-Weiss
behavior should give valuable information about the
electronic structure of a single magnetic impurity.

Quite recently, it has been demonstrated that
even in very dilute alloys, interactions between
solute atoms can contribute significantly to the mag-
netic susceptibility. ' The question then arises
as to whether the deviations from Curie-Weiss be-
havior observed earlier do indeed reflect proper-
ties of noninteracting impurity states. To investi-
gate this question, we have made a magnetic study
of a variety of dilute alloy systems over a wide
temperature range. In addition, low-temperature
specific-heat measurements were performed on
the same alloys.

II. EXPERIMENTAL DETAILS

A. Alloy preparation

The following new alloys were prepared: Mo with
0. 02-, 0. 1-, 0. 2-, 0. 5-, and 0. V-at. % Fe, Mo with
0. 1- and 0. 4-at.% Co, Rh with 0. 1- and 0. 6-at.%
Mn, and Au with 0.02- and 0. 1-at. /0 Fe. The sol-
vent materials Mo, Rh, and Au were 99. 999/o pure
as quoted by the supplier. The solute materials
were 99. 99% pure. Before alloying, the magnetic
susceptibility and the low-temperature specific heat
of the solvent materials were determined. No sig-
nificant amounts of magnetic impurities could be
detected. For each of the four alloy systems in-
vestigated, a master alloy with about 3-at.% solute
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etching. The flat part of the arc-melt buttons was
then polished for specific-heat measurements
Both measurements, specific heat, and magnetic
susceptibility, were performed on the same alloy
specimen.

B. Apparatus

The low-temperature specific heat was measured
between 1. 5 and 4. 2 'K using a He-exchange-gas
calorimeter previously described. '" The sus-
ceptibility was measured by a Faraday method us-
ing a continuous-flow cryostat for temperatures
between 4. 2 and 300'K. For temperatures between
room temperature and 800'K, an inert-gas furnace
was used. The susceptibility was measured in
fields up to 13 kOe.

III. RESULTS AND DISCUSSION

A. Susceptibility
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FIG. 1. Magnetic susceptibility of typical alloys vs
temperature. (a) Rb alloys; (b) Mo alloys. Concentra-
tion ~ is given in atomic fraction.

was prepared. This master alloy was used to pre-
pare the more dilute alloys, parts of which in turn
were used to prepare the even more dilute alloys.
This procedure allows a fairly good control of the
alloy composition. The relative accuracy of the
alloy concentration is estimated to be better than
10%. Buttons of about 10 g in weight were prepared
for each alloy by arc melting under 1 atm of argon
in a water-cooled copper crucible. For the Au-Fe
alloys, the argon atmosphere was purified by
striking the arc first on a vanadium getter.

Each alloy was melted at least four times. The
alloys were then homogenized under the following
conditions: the M0-Fe and M0-Co alloys for 4 days
at 1400 'C in a vacuum furnace (10~ Torr) and oil
quenched; the Rh-Mn alloys for 4 days at 1250 'C
in a vacuum furnace (10 6 Torr) and oil quenched;
the Au-Fe alloys for 5 days at 1020'C in sealed
quartz capsules under argon pressure and water
quenched. To protect the alloys during homogeniz-
ing they were wrapped in Mo foil.

After annealing, each alloy specimen was cleaned
by grinding off the surface and subsequent chemical

Figures 1(a) and 1(b) compare the magnetic sus-.
ceptibility of the unalloyed solvent materials to that
of some typical alloys. The low-temperature in-
crease in the susceptibility of the unalloyed sol-
vents Rh [Fig. 1(a)] and Mo [Fig. 1(b)] is probably
due to Fe impurities in these materials. These
low-temperature increases have been included in

the solvent susceptibility X, when determining the
solute susceptibility hX = X- X, from the suscepti-
bility of the alloy x. Figures 1(a) and l(b) clearly
demonstrate that at higher temperatures the tem-
perature dependence of the Pauli susceptibility of
Rh and Mo cannot be neglected when determining
b,X(T) as a function of temperature. We assume
here that this temperature dependence of the Pauli
susceptibility is not affected by small additions of
solutes, This is justified by measurements on al-
loys of Rh and Mo with nonmagnetic solutes, where
the susceptibility of the alloy has essentially the
same temperature dependence as that of the sol-
vent. 3'6

Figures 2(a) and 2(b) show the solute susceptibili-
ties Ly divided by the concentration x:

where X is the susceptibility of the alloy and X, is
the susceptibility of the solvent as shown in Figs.
1(a) and 1(b). The logarithmic temperature scale
has been chosen to enhance the low-temperature
part of the curves. As can be seen in Figs. 2(a)
and 2(b), the solute susceptibility for the dilute
alloys scales reasonably well with the solute con-
centration for all four alloy systems. The strong
temperature dependence of the solute susceptibility
reflects the local-moment behavior of the solute
atoms.

As has been mentioned above, large temperature-
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shown in Fig. 3 where the solute susceptibility is
plotted vs 1/T. As can be seen (Fig. 3), only
for the Rh-Mn alloys does ag not extrapolate to
zero for 1/T-0. The value of Xo for the Rh-Mn
alloys obtained from the intercept at 1/T =0 is
proportional to the Mn concentration. But its value
of Xo= Bx 10 4 emu/mol of Mn is only about one-half
of the value determined earlier by a least-squares
fit to Eq. (1) of data below room temperature. '2
This difference in y0 for the RA.-Mn alloys and also
the apparent large X, value reported earlier for
Mo-Co alloys' is due, as shown below, to signifi-
cant deviations of the solute susceptibility from
Curie-Weiss behavior at low temperatures. Van
Dam' recently reported that when fitting suscepti-
bility data of Au-V alloys to Eq. (1), the X, value
depends largely on the temperature range of the
data in question. It is therefore possible that the

y0 value originally reported for these alloys is a
result of curve fitting and not a real temperature-
independent term in the susceptibility.

The value of Xo for the BA.-Mn alloys as deter-
mined from Fig. 3 is still very large being of the
order of magnitude of a large exchange-enhanced
Pauli susceptibility. This large temperature- in-
dependent term in the susceptibility in addition to
a local-moment behavior now seems to occur only
in alloys with Mn as a solute, and it has been found
that in all cases this term is of the same order of
magnitude. Orbital paramagnetism is a possible
explanation, but it is not clear why of all Sd solutes
only Mn should exhibit this term. '

In order to study the temperature dependence of
the solute susceptibility it is instructive to plot

30 100 300 1000

T, 'K

FIG. 2. Solute susceptibility per atomic percent of
solute vs logT. (a) Rh-Mn and Mo-Co alloys; (b) Mo-Fe
and Az-Fe alloys. Concentration z is given in atomic
fraction. The data by Hurd of one of the Au 0. 0002 at. fraction
Fe alloys are from Ref. 22. 0.4
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independent terms in the solute susceptibility have
previously been reported for pp-Mn ~ 2 and M0-Co 3

alloys. This temperature-independent term y0 was
originally used as a parameter in a least-squares-
fit analysis of the solute susceptibility to an equa-
tion of the form

&x=xo+c/(T+ft) .
The evaluation of the parameter X 0 can, of course,
be affected by deviation of the temperature depen-
dence of gy- y0 from simple Curie-Weiss behavior.
Since any kind of local-moment behavior of the sus-
ceptibility should disappear as 1/T when T-~, Xo

can be determined directly from high-temperature
measurements. The results for typical alloys are
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FIG. 3. High-temperature solute susceptibility vs
reciprocal temperature.
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FIG. 4. Reciprocal solute susceptibility (AX) vs
temperature. (a) Rh-Mn and Mo-Co alloys; for Rh-Mn
alloys (hx-Xo) ~ is shown, Xo being determined from the
high-temperature data of Fig. 3. (b) Mo-Fe and Au-Fe
alloys.

(gy) ' as a function of the temperature. This is
shown in Figs. 4(a) and 4(b). For the Rh-Mn alloys,
(b,g —yp)

' is plotted where yp is determined from
the high-temperature data in Fig. 3. It is clear in
all cases that there is Curie-Weiss behavior
(straight line) down to a temperature of about 50 '
K, but that at lower temperatures ~x increases sig-
nificantly faster than that predicted by the high-tem-

The parameters C and 6 for this high- temperature
Curie-Weiss equation I straight line in Figs. 4(a, )
and 4(b)] are listed in Table I for typical alloys.

The deviation at low temperatures from this high-
temperature Curie-Weiss equation (Curie-Weiss
plus gp for Rh-Mn alloys) is shown in Fig. 5vslogT.
The logarithmic form of this deviation reported
earlier for the gh-Mn alloys" was based on a too-
high X0 value, and in view of the present results
must now be considered as coincidental. Indeed,
the deviation curves of Fig. 5 appear to have tem-
perature dependence of a Curie-Weiss form but with
a much lower characteristic temperature 8 . This
is demonstrated in Fig. 6, where, for typical al-
loys, the low-temperature part of the solute sus-
ceptibility is shown in the form of (Ax —yp) vs
temperature graphs, yp here being determined by

a least-squares fit of these low-temperature data
to Eq. (1). The parameters of Eq. (1) thus obtained
are listed in Table I. Obviously, y0 for the low-
temperature fit reflects the high-temperature Curie-
Weiss term which, at low temperatures, is approxi-
mately temperature-independent due to its relative
high e value (Table I). The two sets of parameters
in Table I, representing the low- and high-tempera-
ture data, respectively, are very different. This
result reflects the fact that the magnetic suscepti-
bility for the investigated alloys cannot be repre-
sented in simple Curie-Weiss form. Any fitting
of the data to Eq. (1) [or Eq. (2)] yields param-
eters which only are characteristic of the tempera-
ture range in question and cannot give a complete
description of the solute susceptibility. P 22 The two
distinct sets of parameters of Table I suggest that
the temperature dependence of the solute suscepti-
bility of the investigated alloys is caused by two
different physical effects, one predominating at
high temperatures the other at low temperatures,
each of them characterized by a distinctive value
of 0. It is tempting to attribute the higher ~ value

in Table I to isolated solute atoms and thus relate
it to a Kondo temperature, and to attribute the low-
er g value to interacting groups of solute atoms
with 6) characterizing the average interaction.

In the alloys investigated, solute-solute inter-
action is indeed important. This is indicated, at
low temperatures, by an increasing dependence of
the susceptibility on the magnetic field in a form
which is characteristic of large magnetic dipoles
(super-paramagnetism). In the presently available
range of the magnetic field and temperature, this
field dependence is significant only for the M0-Fe
and A.u-Fe alloys. At 4. 2 'K these alloys show a
10-25/p decrease in the differential susceptibility
when increasing the magnetic field to 13 kOe. A
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TABLE I. Parameters of Eq. (1) for typical alloys determined from the high- and low-temperature data, respectively.
X0/x and C/x are given inunits per mole of solute.

Alloy

Solvent

x
(at. fraction

solute)

Xp/x
(10 emu mol ~)

High T Low T

C/x
(102 emu deg mol ~)

High T Low T High T
(deg)

Low T

Hh
Mo
Au

Mo

0.006 Mn

0.005 Fe
0.001 Fe
0.004 Co

9.5
&1
&3
&1

28
23
20
26

80
118
193
99

49
91

152
49

35
13
12
52

12
1.3
1.5

19

significant decrease (30%%up at 4. 2 'K) in the diff eren-
tial susceptibility of Rh 3-at. %%upM n indicates the
presence of large magnetic dipoles in this concen-
trated alloy whereas at the same time the average
susceptibility per solute atom has decreased com-
pared to the dilute alloys (Fig. 2). In those cases
where the magnetic susceptibility depends on the
magnetic field, the data in Figs. 1-6 represent the
low-field susceptibility. At higher fields and/or
lower temperatures strong curvature in the mag-
netization- vs-magnetic-field curves is obser ved
for all investigated alloy systems (Au-Fe, see Ref.
23; Mo-Co, see Ref. 24; preliminary measure-
ments at 4. 2 K of the alloy Rh-0. 6-at.% Mn show
a 30/p decrease in the differential susceptibility
when increasing the magnetic field to 50 kOe).

This field dependence of the magnetic suscepti-
bility at low temperatures in dilute magnetic alloys
is quite common and recently has been generally
accepted as being due to solute-solute interactions
(magnetic clusters) in these alloys. '2'~'~~ However,
scaling of the magnetic susceptibility with solute
concentration, such as we have observed (Fig. 2),
is usually considered to be a criterion for noninter-
acting solute atoms. It would therefore appear
questionable that the observed field dependence of
hx indeed reflects interaction effects for the alloys

represented in Fig. 2. Very direct evidence for
magnetic interactions in certain dilute alloys can be
obtained from NMR measurements. 7 Also low-
temperature specific-heat measurements should be
sensitive to this type of interaction. 38 We there-
fore decided to measure the low-temperature spe-
cif ic-heat of typical alloys to further investigate the
question of solute- solute interactions.

B. Specific Heat

The results of the low-temperature specific-heat
measurements are shown in Fig. 7, where the
specific heat C of the investigated alloys is plotted
vs temperature. Also shown is the specific heat
for the unalloyed solvents. As can be seen, large
anomalies are observed for all alloys. The t." vs
T curves for the alloys do not extrapolate to zero
for T -0, indicating a temperature-independent
term in the specific heat of the alloys within the in-
vestigated temperature range (l. 5-4. 2'K). These
temperature-independent terms show up in form of
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FIG. 5. Deviation of the solute susceptibility Ay from
the high-temperature Curie-Weiss equation yew vs logT.
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Fig. 4.
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lates to 0 K. In most of these alloys the appear-
ance of these anomalies is attributed to spatially
nonuniform magnetizations, i.e., magnetic clusters.
In some alloys these clusters have been directly
observed via the superparamagnetic properties
which they exhibit. Also neutron-scattering ex-
periments show evidence of these clusters (for
example, Ni-Cu'~ '3 and V-Fe' '6 alloys). It
is of interest in the present connection to note
that these concentrated alloys on the paramag-
netic side of the critical concentration can be
considered as magnetically dilute"' with only a
relatively small concentration of magnetic dipoles.

In a simple approximation it has been shown'
that, in a limited temperature range, the magnetic
clusters contribute a constant term to the specific
heat of the alloy,

C =A+yT+PT

FIG. 7. Low-temperature specific heat vs temperature.

so-called "upturns" when C/T is plotted vs T~, the
usual form of presenting low-temperature specific
data. This is shown in Fig. 8 for the most dilute
alloys. The "upturn" is much larger for the more
concentrated alloys. Again the data for the un-
alloyed solvent is shown (Fig. 7) yielding an elec-
tronic specific-heat coefficient (intercept at T =0)
of y= 11.05&&10 caldeg mol for Rh and y=4. 46
0&10 4caldeg mol ' for Mo and a coefficient for the
lattice specific heat (slope of C/T vs T~) of P = 0. 6
x 10 6 cal deg 4 mol ' for Rh and p = l. 7 x 10 cal deg
mol for Mo in reasonable agreement with earlier
measurements. Also shown in Fig. 8 are spe-
cific-heat data for the alloy Rho 98 Cop p2 Cobalt
does not form a localized moment in dilute Rh.-Co
alloys but exhibits a very large local-exchange-en-
hanced Pauli susceptibility. ' The observed large
increase in the electronic specific-heat coefficient
when adding Co to Rh corresponds to a value of
y=0. 8~10 acaldeg mol of Co and is probably
due to large local spin fluctuation onthe Co sites. a'
The increase in the specific heat when adding Mn
to Rh is more than a factor of 10 larger than that
due to adding the same amount of Co (0. l-at. % Mn

nearly has same effect as 2-at.% Co, Fig. 7). This
strongly suggests that the origin for the specific-
heat anomalies in Rh-Mn must be sought in mag-
netic solute-solute interactions. The same type
of anomalies in the low-temperature specific heat
(upturns) are very common in many concentrated
para- and also ferromagnetic alloys with an alloy
concentration where the ferromagnetic Curie tem-
perature as function of alloy composition extrapo-
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FIG. 8. C/T vs T2 for dilute alloys.

where A is the "cluster" specific heat, y the elec-
tronic specific-heat coefficient, and P the lattice
specif ic-heat coeff icient. A temperature-indepen-
dent specific heat can, of course, only be consid-
ered a first approximation to the cluster specific
heat, and one has to realize when fitting specific-
heat data to Eq. (3) that the cluster specific heat
can also affect the linear and cubic term in Eq.
3 38, 39

In Fig. 9 the solute specific heat aC = C(alloy)
—C(solvent) is plotted vs temperature. Also shown

is b,C for a Au 0. l-at. % Fe alloy as measured by
Bethoux et al. " The dilute RA,-Mn and M0-Co al-
loys can be described by a simple equation of the
form of Eq. (3), the solute specific heat LC consist-
ing of a temperature-independent term and a term
linear in temperature. The parameters of Eq. (3)
for these alloys are listed in Table II. Like the
magnetic susceptibility, the solute specific heat
for these dilute alloys scales roughly with concen-
tration (Table II). The solute specific heat for the
Mo-Fe and Au-Fe alloys is of a more complicated
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temperature. The data for the Au-Fe alloy are from Hef.
23.

concentrated alloys near the critical concentration
for ferromagnetism is small. Both the dilute alloys
and the concentrated alloys are therefore magneti-
cally dilute, the difference being the chemical com-
position at which localized moments first occur.
This strongly suggests that as in concentrated al-
loys the specific-heat anomalies in the dilute alloys
are caused by strong solute-solute interactions.

C. Interpretation of AX

The specific-heat results discussed above indi-
cate that despite the observed scaling of the low-
field magnetic susceptibility with solute concentra-
tion, solute-solute interaction is significant for all
investigated alloys. The following interpretation
is suggested: The solute susceptibility can be con-
sidered to consist of the two terms

form showing a maximum in the investigated tem-
perature range. It does not scale with concentra-
tion (Fig. 7 and Ref. 23). The A/x values for the
Au-Fe and M0-Fe alloys in Table II represent the
average solute specific heat, averaged over the
investigated temperature range. When f itting the
specific heat of these alloys to Eq. (3) one obtains
anomalously low or even negative P values. Again
this behavior is often observed in many concentrat-
ed alloys near the onset of ferromagnetism. ' '

Whereas the detailed temperature dependence of
these specific-heat anomalies in concentrated alloys
is not always well understood, it has been demon-
strated that it is due to the above-mentioned spatial-
ly inhomogeneous magnetization (magnetic clus-
ters) 31,34, 35

The specific-heat anomaly observed in the dilute
alloys is similar to thai observed in the concen-
trated paramagnetic alloys. This similarity is prob-
ably more than coincidental. As in the dilute al-
loys, the concentration of magnetic dipoles in the

&E
T+T T+T (4)

e=(C, T„+C„T„)/(C +C„),

where X~ represents the susceptibility of isolated
solute atoms with a Kondo temperature T~ ~' and

y~ describes the susceptibility of interacting solute
atoms with T„being characteristic of the inter-
action. This separation of the susceptibility into
two Curie-Weiss terms is suggested by the data
as discussed above. It can only be considered as
a very approximate description of the susceptibility,
since in the case of solute-solute interaction one
has to expect a distribution of different T„values
corresponding to solute atoms with different chemi-
cal and magnetic environments. Also, itis not justi-
fiable to assume that the Kondo susceptibility fol-
lows a simple Curie-Weiss equation down to tem-
peratures below the Kondo temperature T~.

For T» Tr and T» T„, Eq. (4) reduces to Eq.
(2) with C=C„+C„and

TABLE II. Low-temperature specific-heat parameters of Eq. (3) for the investigated alloys. TheA/x value for theAu-Fe
alloy is determined from Ref. 23. Dy/x and A/x are given in units per mole of solute.

Solvent

Rh
Rh
Rh
Rh
Mo
Mo
Mo
Mo
Mo

Au

Rh

Alloy
x

(at. fraction
solute)

0.001 Mn

0.006 Mn

0.03 Mn

0.001 Co
0.004 Co
0.001 Fe
0.005 Fe

0.001 Fe

0.02 Co

'y

(10-4cal
mol deg )

11.05
12.0
16.0
30
4.46
5.3
7.0

12.67

A
(10-4 cal

mol deg )

1,8
9.2

11

0.5
2. 0

aq/x
(1O 2cal

mol ~ deg 2)

10
8.3

10

8.4
6.3

0.82

~/~
(10 2cal

mol-' deg ')

18
15

5
5

25
50

90
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TABLE III. Parameters of Eq. (4) for the investigated alloys. The Xo values for pp-Mn are determined from. the high-
temperature data in Pig. 3. Xo/x, Cz/x, and Cz/x are given in units per mole of solute.

Alloy

Solvent

Mo

Au

Mo

x
{at. fraction

of solute)

0.001 Mn

0.002 Mn

0.006 Mn

0.008 Mn

0.030 Mn

0.0002 Fe
0.001 Fe
0.002 Fe
0.005 Fe
0.007 Fe

0.0002 Fe
0.001 Fe

0.004 Co

Xo/ x
{104emu mol ')

7.9
8.0
9.5
8.5
9.4

XK

C~/x
(10 emudegmol )

50
48
51
49
61

56
60
48

TK
(deg)

70
50
50
50
57

30
29
32
31

40

60

XM

c„
(10 emudeg mol" )

43
41
29
27
10

(53)
66

70
86

(110)
140

13

TN

(deg)

11.8
11.3
8.0
7.6
2. 0

(0.3)
0.3
0.3
0.3
0.7

(0. 5)
1.5

C and 8 being determined by the high-temperature
Curie-Weiss equations (straight lines in Fig. 4, see
also Table I).

It can be shown that at low temperatures Eq. (4)
can again be approximated by a Curie-Weiss equa-
tion of the form of Eq. (1) with the parameters of
Eq. (1) depending on the temperature range in
question. The four parameters of Eq. (4) can be
best determined by requiring that they represent
the correct high-temperature parameters and
at the same time give the best fit to the data at low
temperatur es. The parameters thus determined
are listed in Table III. As expected from the be-
havior discussed above (Figs. 3, 4, and 6) the so-
lute susceptibility for all investigated alloys can
be very well represented by Eq. (4). In order to
better demonstrate the concentration dependence
of C~ and C„, they are divided by the concentration
x and given in units per mole of solute. In the ab-
sence of systematic high-field measurements, it is
at present not possible to separately determine from
the two Curie constants the concentration and ef-
fective magnetic moments of the isolated solute
atoms and of the interacting solute atoms, respec-
tively. The following concentration dependence of
the para. meters of Eq. (4) is observed.

Rh-Mn: For these alloys Table III also gives
the temperature-independent term of the solute sus-
ceptibility Xo as determined directly from high-tem-
perature measurements. As already mentioned
above, this term is roughly proportional to the Mn
concentration even up to 3-at.% Mn (Table III).
The same is true for the Kondo susceptibility X~
of Eq. (3), C„/x and Tz being approximately con-
stant. Contrary to this there is a tendency for both

C„/x and T„ to systematically decrease towards
the low value of both parameters for the 3-at. lo

alloy. As mentioned above, the slower than linear
increase of X„with concentration is coupled with
the appearance of larger magnetic dipoles giving
rise to a field-dependent susceptibility. This con-
centration dependence can only be understood in
terms of complex magnetic interactions. The
large T» value for the 0. I-at. /& Mn alloy may not
be very significant since the total susceptibility
for this alloy is small, and any systematic errors
in the susceptibility measurements could have large
effects on the parameters of the weakly temperature
dependent X~. The average effective moment per
Mn atom as determined from the high-temperature
Curie-Weiss equation (Table I) amounts to p = 2. 5p,s
per Mn atom.

~o-Fe: The Kondo susceptibility y„scales rough-
ly with concentration, the Kondo temperature TE
being constant. Similarly, X„ increases linearly
with concentration, except for the most oncentrat-
ed alloys, where both C~ and T~ have increased.
[For the most dilute alloy, x=0.0002 at. fraction
Fe, the solute susceptibility at high temperature
is not accurate enough for determination of the
parameter of Eq. (4) C„and T for this alloy(Ta-
ble III) are estimated from the low-temperature
data. ] The large value for the parameters of y„
at high concentrations is reflected in the data of
Fig. 2 where the solute susceptibility of the most
concentrated alloy (x = 0. 007 at. fraction) no lon-
ger scales with concentration, but shows a faster
than linear increase of 4X with the concentration.
This concentration dependence of X~ is qualitatively
different from that of the Rh-Mn alloys, indicating
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that the Fe-Fe interactions in the Mz-Fe alloys have
a larger tendency for parallel alignment of the mag-
netic dipoles than the Mn- Mn interactions in Rh-
Mn alloys. This is in agreement with the appear-
ance of large magnetic dipoles already in very di-
lute M0- Fe alloys.

From the high-temperature Curie-Weiss equa-
tion (Table I) one obtains an average effective mo-
ment of about P=3. 0p,~ per Fe atom.

Au-Fe: These alloys behave very similarly to
the Mo-Fe alloys, but with an even larger tendency
for magnetic "clustering, "X„being about three
times larger than y». (For reasons given above,
the parameters of X„ for the alloy with x=0.0002
at. fraction are estimated from the low-tempera-
ture susceptibility data. ) The average high-tem-
perature effective moment amounts to p = 3. 9p, ~
per Fe atom.

Mo-Co: Except for a smaller tendency for mag-
netic clustering these alloys are very similar to
the AA-Mn alloys. The solute susceptibility of the
Mo 0. I-at. /g Co alloy (Fig. I) is too small for a,

meaningful separation into the two terms of Eq.
(4). The average effective moment at high tempera-
tures is p = 2. 8 p.~ per Co atom.

IV. SUMMARY

For a number of different dilute magnetic alloys
we have shown that although the low-field suscepti-
bility scales with solute concentration there is evi-
dence for strong solute-solute interaction. This
evidence is reinforced by the similar specific-heat
behavior of the dilute alloys and some concentrated
alloys near the critical concentration for ferromag-
netism. Since both types of alloys are magnetically
dilute, the difference being the chemical composi-
tion at which local moments first start to appear,
this similarity is probably more than coincidental.
Nevertheless, despite the strong tendency for mag-
netic cluster formation, it is at present not clear
why the low-field susceptibility scales with concen-
tration. A complex magnetic interaction is sug-
gested leading eventually at high concentrations ei-
ther to a faster or slower than linear increase of
the solute susceptibility with concentration. A

simple model is used to separate the contribution
due to isolated solute atoms from the total suscepti-
bility. The Kondo temperatures obtained are gen-
erally higher than previously assumed.

Finally, we would like to mention that the pres-
ence of magnetically different solute atoms in di-
lute alloys should be directly seen in NMR or

Mossbauer experiments which probe the solute hy-
perfine fields. Measurements of the Co Knight
shift E in Mo-Co alloys as a function of tempera-
ture demonstrate that at low temperatures, K varies
much less with temperature than the bulk suscepti-
bility but rather has a temperature dependence
close to the form l(&+60'K). ' This behavior
can be readily explained in our simple model: The
observed resonance signal comes from the isolated
Co atoms, the susceptibility of which varies as
li(T+ T») with T»= 60'K (Table III). Due to large
hyperfine fields seen by the strongly interacting
Co atoms, the resonance of these atoms is not ob-
served.

Mossbauer measurements of Fes in Mo at low
temperatures indicate a strongly temperature- and
field-dependent hyperf inc field. Since in this type
of experiment the Fe atoms with the strongest hy-
perfine fields are most readily seen (give the larg-
est splitting) it seems obvious to correlate the ob-
served splitting to interacting Fe atoms. The tem-
perature dependence at low fields, H, «- I/(7+0. 8
K), is i~deed very similar to that of ~„(Table

III). Since the hyperf inc field of the spin-compen-
sated isolated Fe atoms is expected to be small
and only weakly temperature dependent at low tem-
peratures, it may be difficult to identify those atoms
in Mossbauer measurements.

Whereas the results of the two experiments just
described closely agree with our present inter-
pretation of the solute susceptibility in dilute alloys,
they do not completely justify this interpretation.
They clearly indicate, however, that careful mea-
surements of the temperature dependence of the
solute hyperfine fields, when combined with mea-
surements of the bulk susceptibility, are the most
promising types of experiments to study interaction
effects in dilute magnetic alloys. In addition, de-
tailed measurements of the specific heat over an
extended temperature range should give valuable
information about these interaction effects.

ACKNOWLEDGMENTS

The author is grateful to Professor Paul A. Beck
for many stimulating discussions and his continuous
interest in this work. Thanks are also due to Pro-
fessor J. S. Kouvel and Professor A. S. Edelstein
for many illuminating discussions, and to Professor
J. A. Kaeck for his help in preparing the manu-
script. The author also would like to thank Dr,
H. J. Albert and Engelhard Industries for the loan
of the high-purity rhodium.

*Work supported by a grant from the U. S. Army Re-
search Office, Durham, ¹ C.

TPresent address: Department of Physics, University
of Illinois at Chicago Circle, P. O. Box 4348, Chicago,
Ill. 60680.

~E. E. Barton and H. Claus, Phys. Letters 30A, 502
0.969).

E. E. Barton and H. Claus, Phys. Bev. B 1, 3741
0.970).

3K. C. Brog, W. H. Jones, and J. G. Booth, J. Appl.



MAGNETIC SUSCE PTIBILITY AND LOW- TEMPERATURE. . . 1143

Phys. 38, 1151 (1967); J. G. Booth, K. C. Brog, and

W. H. Jones, Proc. Phys. Soc. (London) 92, 1083 (1967).
4L. Creveling and H. Luo, Phys. Rev. 176, 614 (1968).
B. R. Coles, Z. H. Waszink, and J. Lovam, Proceed-

ings of the International Conference on Magnetism, Notting-
ham, England, 1964 (The Institute of Physics and The
Physical Society, London, 1965) p. 165.

6H. Nagasawa, Phys. Letters 25A, 475 (1967); J. Phys.
Soc. Japan 25, 691 (1968).

'P. M. Chaikin and M. A. Jansen, Solid State Commun.
8, 977 (1970).

M. D. Daybell and W. A. Steyert, Rev. Mod. Phys.
40, 380 (1968).

SA. J. Heeger, Solid State Physics, edited by F. Seitz
{Academic, New York, 1969), Vol. 23, p. 284.

D. R. Hamann, Phys. Rev. Letters 17, 145 (1966).
M. Levine and H. Suhl, Phys. Rev. 171, 567 (1968).

2J. L. Tholence and R. Tournier, Phys. Rev. Letters
25, 867 {1970).

~3E. C. Hirschkoff, M. R. Shanabarger, O. G. Symko,
and J. C. Wheatley, Phys. Letters 34A, 341 (1971).

~4C. H. Cheng, C. T. Wei, and P. A. Beck, Phys. Rev.
120, 426 (1960).

~5H. Claus, J. Phys. Chem. Solids 28, 2449 (1967).
~6E. E. Barton, thesis (University of Illinois, 1969) (un-

published) .
J. E. Van Dam and P. C. M. Gubbens, Phys. Letters

34A, 185 (1971).
~ Collings (Ref. 19) reported a value of Xp=4 &&10 emu/

mol of Mn in liquid Sn-Mn»loys. The originally reported
value of yp for Mo-Mn (Ref. 2), determinedby least-squares
analysis of data below room temperature, is for the same
reasons given above too high and is now estimated to be
about yo ——10 x 10 4 emu/mol of Mn.

'PE. W. Collings, Solid State Commun. 8, 381 (1970).
Previous susceptibility measurements of dilute Mo-Fe

alloys (Ref. 21)were performed at temperatures below 100
'K and should therefore be compared to the low-tempera-
ture fit of our data. Keeping this in mind, there is rea-
sonable agreement. The same is true for earlier mea-
surements on Mo-Co alloys (Ref. 3). Figure 2(b) com-
pares the present susceptibility data of Au-Fe alloys with
earlier results of Hurd (Ref. 22). There is good agree-
ment except for Hurd's data point at 6'K which is con-
siderably lower than the present results. A difference
in alloy preparation may be a possible reason for this
discrepancy.

2~A. M. Clogston, B. T. Matthias, M. Peter, H. J.
Williams, E. Corenzwit, and R. C. Sherwood, Phys. Rev.
125, 541 (1962).

~2C. M. Hurd, J. Phys. Chem. Solids 28, 1345 (1967).
O. Bethoux, J. A. Careaga, B. Dreyfus, K. Gobrecht,

J. Souletie, R. Tournier, J. J. Veyssie, and L. Weil, in
Proceedings of the Eleventh Conference on Low Tempera-
ture Physics, St. Andre&as, 1969 (University of St. Andrews
Printing Dept. , St. Andrews, Scotland, 1970), p. 290.

24K. C. Brog, W. H. Jones, and G. S. Knapp, Solid
State Commun. 5, 913 (1967).

5A. Narath, J. Appl. Phys. 41, 1122 (1970).
6D. C. Golibersuch and A. J. Heeger, Phys. Rev.

182, 584 (1969).
VN. Nagasawa and W. A. Steyert, J. Phys. Soc. Japan

28, 1202 (1970).
2 J. C. F. Brock, J. C. Ho, G. P. Schwartz, and N.

E. Phillips, Solid State Commun. 8 1139 (1970).
~F. Heiniger, E. Bucher, and J. Muller, Physik

Kondensierten Materie 5, 285 (1966).
3 R. E. Walstedt, R. C. Sherwood, and J. H. Wernick,

J. Appl. Phys. 39, 555 (1968); R. E. Walstedt and J. H.
Wernick, Phys. Rev. Letters 20, 856 (1968).

C. G. Robbins, H. Claus, and P. A. Beck, Phys.
Rev. Letters 22, 1307 (1969); J. Appl. Phys. 40, 2269
(1969).

J. S. Kouvel and J. B. Comly, Phys. Rev. Letters
24, 598 (1970).

3T. J. Hicks, B. Rainford, J. S. Kouvel, G. G. Low,
and J. B. Comly, Phys. Rev. Letters 22, 531 (1969).

34C. H. Cheng, C. T. Wei, and P. A. Beck, Phys.
Rev. 120, 426 (1960); C. H. Cheng, K. P. Gupta, E. C.
Van Reuth, and P. A. Beck, ibid. 126, 2030 (1962);
N. Pessall, K. P. Gupta, C. H. Cheng, and P. A. Beck,
J. Phys. Chem. Solids 25, 993 {1964);P. A. Beck and
H. Claus, J. Res. Natl. Bur. Std. 74A, 449 (1970).

R. G. Surlock and E. M. Wray, Phys. Letters 6, 28
(1963); W. Proctor and R. G. Scurlock, in Ref. 23, p. 1320.

A. T. Aldred, Bull. Am. Phys. Soc. 15, 66 (1970).
3~K. Schroder, J. Appl. Phys. 32, 880 (1961).
J. D. Livingston and C. P. Bean, J. Appl. Phys. 32,

1964 {1961).
3 A. Hahn and E. P. Wohlfarth, Helv. Phys. Acta

41, 857 (1968).
T. M. Srinivasan and H. Claus, J. Phys. Chem.

Solids 28, 711 {1967).
4i As an operational definition, the constant Tz is taken

as the Kondo temperature.
42A. Narath, K. C. Brog, and W. H. Jones, Phys. Rev.

B 2, 2618 (1970).
+A. Narath (private communication).
44M. P. Maley and R. D. Taylor, Phys. Rev. B 1,

4213 (1970).


