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Magnetic-susceptibility measurements between 4 and 300°K of dilute magnetic alloys of Cr, Mn, and Ni
in various 44 and 5d transition metals are reported. Mn in Mo and Rh shows a localized magnetic moment
with Kondo-type behavior. Below the Kondo temperature Tk, the susceptibility increases, by a term pro-
portional to In(T'x/7T), faster than the Curie-Weiss law. This logarithmic term seems to be common to all
dilute magnetic alloys of 3d solutes in transition metals. In addition to a localized moment, Mn causes a
large change in the temperature-independent susceptibility of the order of 107% emu per mole of solute.
Similar large changes are also observed for other dilute magnetic alloys. It seems to be quite general that
the occurrence of localized moment in dilute alloys is accompanied by a large increase in the temperature-
independent susceptibility. These increases are too large to be understood within the present theories of
localized magnetic states. Large increases in the temperature-independent susceptibility are also observed
for some alloys with no localized moments. For Mn in Re, this increase corresponds to about 1072 emu per

mole of solute.

INTRODUCTION

N recent years much effort has been spent, experi-
mentally and theoretically, to understand the mag-
netic properties of dilute alloys with 3d transition
metals as solutes. One important problem is whether
the 3d solute forms a localized magnetic moment.
Dilute alloys of 3d metals with nontransition metals
are qualitatively understood and can be well described
in the Friedel-Anderson picture.! More difficult to
understand are alloys of 3d solutes in 4d or 54 transition
metals. Using results of Anderson? and Wolff,® Clogston
et al.* correlated their experimental results on the occur-
rence of a localized moment in dilute alloys of Fe in
4d transition metals and their alloys, with the band
structure in these alloys and with the perturbation
(electronic charge difference) introduced by the Fe
atom. Important parameters in the above model are
the electronic charge difference between solute and
solvent and the intraatomic Coulomb interaction of the
3d solute. By using, instead of Fe, different 3d metals
as solutes, these parameters can be easily changed and
their influence on the occurrence of localized moments
can be investigated. So far only Fe has been systemati-
cally studied as a solute.*~# Less is known about Co,5
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and only a little about Ni, Cr,® and Mn.? We therefore
studied the magnetic susceptibility of dilute alloys of
Cr, Mn, and Ni in 4d and 54 transition metals.

EXPERIMENTAL DETAILS
A. Alloy Preparation

The following alloys were investigated: Cr and Mn
in Nb, Mo, Re, and Rh, Ni in Mo and Rh. With one
exception (Mo-Mn) the alloys were prepared by arc
melting under argon atmosphere in a water-cooled
copper crucible. The main impurities of the starting
materials quoted by the supplier were (in parts per
million): Nb (5 Fe, 20 Si, 1 Mg, <0.01-at.9, Ta),
Mo (10 Fe, 8 Cr, 5 Si, 4 Ni), Re (3 Fe, 3 Si, 2 Al, 1 Cu),
Ru (99.999, pure), Rh (20 Fe, 38 Ir, 16 Ag, 12 Ca,
20 Mg) Cr (99.997%, pure), Mn (5 Fe, 40 Mg, 4 Si),
Ni (<50 Fe, 0.019,C). Before alloying, the 4d and 54
transition metals were once arc melted into buttons
weighing 2-5 g and their magnetic susceptibility was
measured as a function of temperature. The results
indicate that, at least for the solvents where Fe shows
a localized moment (Mo, Rh), the Fe impurity con-
centrations are of the order quoted by the supplier.
These buttons were used in preparing the alloys. Each
alloy was melted at least four times. The alloys were
then homogenized in a vacuum furnace (10— Torr)
under the following conditions: the Nb, Mo, Re, and
Ru alloys for 7 days at 1400°C, the Rh alloys for 4
days at 1240°C. The alloys were subsequently quenched
to room temperature. The chemical composition of the
alloys as given in Tables I and IT is based on chemical
analysis and/or on the record of weight loss during
melting, assuming that the weight loss is solely caused
by evaporation of the 3d solute.

Since no Mn could be dissolved in Mo by the usual
alloying techniques, the Mo-Mn alloy was prepared
by a diffusion method: A }-in.-diam Mo rod was im-
mersed in molten Mn for 1 week. The surface of the
rod was then ground to a depth of 1.1 mm, This
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TaBLE I. Susceptibility results for alloys with no localized
moments: Ax/x is the relative accuracy of the solute concentra-
tion, (a) estimated from melting record assuming all weight loss
is due to solute, (b) from chemical analysis. The solvent suscepti-
bility X, is given at 80°K. dx/dx gives the change and (1/x,)dx/dx
gives the relative change of the susceptibility caused by the
solute.

x, atomic 10t x,(80°K) 104 dx/dx
fraction Ax/x (emu (emu
Solvent  of solute %) mol™?) mol™)  (1/x,)dx/dx
00045 Cr _ 10° —0.9 —04
Nb - gootaMn 100 223 -39 —17.6
00194 Cr 5 10.72 0.87
Mo gooroni 4 0833 ~071  —086
00017 Cr 5 21 33
Re  po004Mn 152 0039 4jg 172
00165 Cr 100 2.0 5.0
Ru 00035 Mn 100 0398 2.7 6.8
00133 Cr 30 —0.5 —05
Rh 00097 Ni 3 0969 5.0 51
00206 Co 3 27 22

specimen was annealed for 18 days at 1400°C in a
vacuum of 10~® Torr and quenched to room tempera-
ture. Electron microprobe analysis showed that the Mn
had diffused for a depth of 0.5 mm. This corresponds
to about 20 volume percent of the specimen. The Mn
content was determined by chemical analysis, using
the total specimen. From these two analyses the
effective Mn concentration was 4 at.%, or higher.
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TaBLE II. Parameters of the Curie-Weiss law [Eq. (1)] for
various alloys: Ax/x is the relative accuracy of the solute atomic
fraction (a) estimated from melting record assuming all weight
loss is due to solute, (b) from chemical analysis. X/ is the in-
crease in the temperature-independent susceptibility per mole of
solute. p is the effective moment per solute atom calculated from
the Curie constant C of Eq. (1) (C=Np*/3k). Tk is the Kondo
temperature from Eq. (1).

x, atomic

fraction Ax/x  10%/x P Tk
Solvent of solute (%) (emu mol™) (ug) (°K)

Mo 0.0166 Mn 5» 18 2.0 15
0.0022 Mn 10> 18 2.27 14.5
Rh 0.0045 Mn 5p 17 2.23 14.6
0.0084 Mn 3b 15 2.10 14.2

b
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B. Apparatus

The magnetic susceptibility was measured by a
standard Faraday method using a recording micro-
balance with an accuracy of 4-0.01 mg, and a magnetic
field with constant gradient, (¢H/dz)/H=0.007 cm™.
The magnetic field was varied between 0 and 12.6 kOe.
The temperature was varied between room tempera-
ture and 4.2°K by means of a continuous-flow cryostat:
Liquid He is drawn from a storage Dewar into a heat
exchanger surrounding the specimen. The specimen,
suspended by a nylon thread from the balance, is in
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Fic. 1. Magnetic-suscepti-
bility results for the alloy
Moo.gs3a Mno.166: triangle rep-
resents susceptibility of the
alloy, x; square represents sus-
ceptibility of the unalloyed
solvent, X,; circle represents
reciprocal of susceptibility
difference, (x—X,—Xo) 1=[C/
(T+Tk)T? versus tempera-
ture, where X, is determined
by Eq. (1).
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Fic. 2. Magnetic-susceptibility results for the alloy Rho.ses5 Mno.oess: triangle represents susceptibility of alloy, x; square represents
susceptibility of the unalloyed solvent, x;; circle represents reciprocal of susceptibility difference (x —xs—xo)t=[C/(T+Tx)]J ! versus

temperature, where X, is determined by Eq. (1).

thermal contact with the heat exchanger by means of
He exchange gas. The temperature can be controlled
to an accuracy of better than 0.01°K by varying the
flow rate of the liquid He. The temperature is measured
by a GaAs diode, attached to the heat exchanger. The
diode has been calibrated by comparison with a cali-
brated Pt thermometer and by measuring the sus-
ceptibility of CuSO4X5H,0. The accuracy of the tem-
perature measurement is estimated to be about 4=0.1°K
at the lowest temperatures and it decreases to about
+0.5°K at higher temperatures.

The susceptibility for all alloys was measured in a
field of 12.6 kOe on cooling down from room tempera-
ture to 4.2°K, usually at about 20 different tempera-
tures. At 4.2°K the susceptibility was then measured
as a function of the applied magnetic field. For all
investigated alloys the susceptibility was independent
of the field.

RESULTS AND DISCUSSION
A. Alloys without Localized Moments

For all solvent materials we found a small tempera-
ture dependence of the susceptibility caused either by
the Fe impurities or by changes in the Pauli suscepti-

bility. The largest change occurs in Re where the
susceptibility changes as much as 109, between 300
and 4°K: from 0.37X107% emu g~! at 300°K to 0.342
X107 at 40°K to 0.346X107% at 4°K. The suscepti-
bility of Nb increases from 2.338)X107% emu g™ at
300°K to 2.417X107¢ emu g at 4.2°K; for Ru the
change is from 0.412X107% at room temperature to
0.392X 10~ at 50°K to 0.397X107¢ emu g at 4°K.
The temperature dependence of the susceptibility for
Mo and Rh is shown in Figs. 1 and 2, respectively.
For most of the alloys of Table I, the temperature
dependence of the susceptibility of the solvents remains
unchanged on alloying; that is, within the accuracy of
the measurements the susceptibility-versus-tempera-
ture graphs become parallel displaced towards lower
or higher susceptibilities. Since for most alloys and
elements of Table I, dX/dT is zero near T=80°K,
Table I gives susceptibility data at this temperature,
but the change of the susceptibility with concentration
dx/dx is essentially independent of temperature.

There is a surprisingly large change of the Nb
susceptibility on alloying Mn to Nb. This effect is
more than ten times larger than that predicted by a
rigid-band theory, using susceptibility data for Nb-Mo
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Tasie III. Change dvy/dx and relative change (1/v)dv/dx of
the low-temperature electronic specific-heat coefficient v, and
change dx/dx and relative change (1/x)dx/dx of the Pauli
susceptibility with concentration x for various isoelectronic alloy
systems.

Mo-Cr Re-Mn Ru-Fe Rh-Co Pd-Ni
dv/dx, 1074 cal a o
el deg? 2.54 270 415
(1/y)d~/dx 0.58 3.8 15¢
dx/dx, 107 emu 0.72 28 90¢
molt toa MO 600 9
(1 /x)dx/dx 0.87 172 15 29 87
xdv/dx
E= 0.67 0.25 0.2¢
vdx/dx

a F. Heiniger, E. Bucher, and J. Miiller, Physik Kondensierten Materie
5, 285 (1966) ; Phys. Letters 19, 163 (1965).

b Reference 17; H. Claus, J. Phys. Chem. Solids 28, 2449 (1967); 30,
782 (1968).

¢ G. Chouteau, R. Fourneaux, K. Gobrecht, and R. Tournier, Phys. Rev.
I(ettex;s 20, 193 (1968); A. I. Schindler and C. A. Mackliet, ibid. 20, 15

1968).
d Reference 17.
e References 10 and 11.

alloys.”? Since, so far, we did not succeed in increasing
the Mn content, the concentration dependence of the
susceptibility decrease could not be studied. At present
we do not have an explanation for this effect.

There is an appreciable increase in the susceptibility
of Re with small additions of Mn (Table I). In this
case, AX is temperature-dependent, decreasing approxi-
mately linearly with temperature, by 309, from 4 to
300°K. Large changes in the Pauli susceptibility on
alloying have also been observed for other isoelectronic
alloys. Walstedt et al.1! report a susceptibility change
on adding Co to Rh corresponding to dX/dx= 2000
X107% emu mol™’. We remeasured one R%-Co alloy to
find the temperature dependence of dX/dx. Our dX/dx
value is somewhat higher than that of Ref. 10 (Table
IIT) and the temperature dependence is small: dX/dx
decreases essentially linearly with increasing tempera-
ture by 209, between 4 and 300°K.

Since there is no electronic charge difference between
solvent and solute in isoelectronic alloys, no localized
electronic state in the Friedel sense can arise at the
solute sites. The essential electronic difference between
the 4d or 5d solvents and the isoelectronic 3d solute is
the spatial extension of the d-wave functions. This can
be expressed as a difference in the intraatomic Coulomb
interaction®*% which is significantly larger for the 3d
solutes than their 4d or 5d hosts. This intraatomic
Coulomb interaction leads to a strong locally enhanced
susceptibility’®~¢ (local paramagnons). Table IIT com-

2D. W. Jones and A. D. McQuillan, J. Phys. Chem. Solids
23, 1441 (1962).
( 13 P). Lederer and D. L. Mills, Phys. Rev. Letters 20, 1036
1968).
14 P. Lederer and A. Blandin, Phil. Mag. 14, 363 (1966).
15 B. Caroli, P. Lederer, and D. Saint-James, Phys. Rev.
Letters 23, 700 (1969).
16 S. Engelsberg, W. F. Brinkman, and S. Doniach, Phys. Rev.
Letters 20, 1040 (1968).
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pares the present results with results with other iso-
electronic alloys. Since the intraatomic Coulomb inter-
action increases from Cr to Ni, one expects the locally
enhanced susceptibility to do the same. In fact, dX/dx
increases in Table ITI towards the right, but for Mn
in Re dX/dx is much too high to fit into this sequence.
Re is the only 5d solvent in Table III; possibly the
increase in the 5 bandwidth over that of the 4d band
has a large effect on the local enhancement at the Mn
site. On the other hand, Caroli et al.’ pointed out that
Hund’s rule coupling at the 3d site can considerably
enhance the amplitude of the localized spin fluctuation
and that this effect can account for the large dX/dx
for dilute alloys with Mn as solute. Where sufficient
data are available, Table IIT also gives the parameter
£= (X/v)(dy/dx)/(dx/dx), which is used in the litera-
ture'® to describe the effect of the Coulomb interaction.

Despite the relatively small increase in the suscepti-
bility with the addition of Cr to Mo (Table III), it
could well be that here also intraatomic Coulomb
interaction is important. This could explain the fast
decrease of the superconducting transition temperature
in these alloys, which Andres et al.'” could not explain
by an increased average Coulomb interaction.

B. Alloys with Curie-Weiss Susceptibility

Figures 1 and 2 show the susceptibility results for
the alloys where Mn has a localized moment. The
measured susceptibility has been analyzed in terms of
the following equation:

AX=X—X,=X+C/(T+Tk), (1)

where X is the measured susceptibility of the alloy and
X, is that of the solvent. The constant X, allows for
changes in the temperature-independent susceptibility
on alloying, C is the Curie constant (C= Np?/3k), and
Tk is a characteristic temperature (Kondo tempera-
ture). The parameters of Eq. (1) were determined by
least-squares analysis and they are listed in Table II.

For the Mo-Mn alloy there are considerable devia-
tions from the Curie-Weiss law. This can be seen in
Fig. 1, where (AX—Xo)'=[C/(T+Tx) ] is plotted
versus temperature. Since the alloy is not homogeneous
(see above), this deviation may be caused by Mn-Mn
interaction in parts of the alloy where the Mn con-
centration is relatively high. Despite this difficulty, it is
quite clear that Mn has a localized magnetic moment
in Mo, but the parameters given in Table II may
differ s»mewhat from those which would have been
obtained in the dilute limit with no solute-solute
interaction.

The magnetic moment of Mn in Mo is similar in mag-
nitude to that of* Fe (p=2.9up) and of® Co (p=2.4up)
in Mo. This indicates that for the formation of a
localized magnetic state, the magnitude of the elec-

17 K. Andres, E. Bucher, J. P. Maita, and R. C. Sherwood,
Phys. Rev. 178, 702 (1969).
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tronic charge difference between solvent and solute is
not nearly as important as the electronic structure of
Mo itself. This situation is very similar to the occur-
rence of localized moments in nontransition metals
where the appearance of such moments is a function
mainly of the solvent metal.!? The importance of the
electronic structure of Mo in the formation of a local-
ized magnetic moment was also demonstrated by
Jaccarino and Walker'® who have shown that the
moment of Fe in Nb-Mo alloys can be directly related
to the number of Mo nearest neighbors.

Mn shows a localized moment also in Rh. Here the
magnetic susceptibility has been investigated for dif-
ferent Mn concentrations. Figure 2 shows the results
for one RA-Mn alloy. The susceptibility is again
analyzed using Eq. (1). As can be seen in Table II,
the magnetic moment is essentially independent of the
Mn concentration. The same is true for Xo/x, indicating
that the change in the temperature-independent sus-
ceptibility X, is proportional to the concentration x.
Again, the moment and the Kondo temperature 7'x
are similar to those of Fe in Rh (p=3.0up, Tx=14°K).*
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In addition to the appearance of a localized moment
in Rh-Mn and Mo-Mn, there is also a considerable
change in the temperature-independent susceptibility
(Table II). It is of the same order of magnitude as that
for the isoelectronic alloys of Table III. These large
changes in the temperature-independent susceptibility
in addition to a localized moment formation cannot be
accounted for by the usual theories of a localized mag-
netic state.? Unfortunately, we cannot compare these
results with measurements on other dilute magnetic
alloys, since in most previous investigations no attention
was given to this effect and usually no X, values were
determined. To check whether this large temperature-
independent susceptibility occurs also in alloys with Fe
as solute, we made the alloy (Nbg.sMo0g.1)0.9920F€0.0071
and measured its susceptibility. After subtracting the
susceptibility of the matrix Nbo.;sMoos, the suscepti-
bility was fitted to a Curie-Weiss equation [Eq. (1)].
The parameters are given in Table II. The magnetic
moment and the Kondo temperature agree with the
results of Clogston ef al.* However, there is a very
large temperature-independent susceptibility connected

LS 1
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F1c. 3. Analysis of the susceptibility data for the Ri-Mn alloys: deviation of the experimental data from the least-squares Curie-
Weiss equation 1, Ax—Xc.w.= (x—Xs) —[xo+C/(I'+Tk)] is plotted versus In7. The parameters Xo, C, and Tk are determined by
least-squares analysis of the data in the temperature range 7, <7 <300°K, where 77, =4°K for (a) and 77 =20°K for (b).

18V, Jaccarino and L. R. Walker, Phys. Rev. Letters 15, 258 (1965).
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F1G. 4. Analysis of the susceptibility data for the alloy (Moo.zNbo.3)o.9020F€0.0071 (see caption of Fig. 3).

with the Fe solute. Creveling and Luo" found a similar
change in the temperature-independent susceptibility
on adding V to Au (Xo/x=15X10"* emu mol™). It
may be, therefore, quite generally true that the occur-
rence of a localized magnetic moment is accompanied
by a large increase in the temperature-independent
susceptibility. The magnitude of the increase suggests
that it is closely related to the local enhancement
effect as discussed for the isoelectronic alloys of Table
III, but it is not clear how this fits into the present
theory of localized moments in dilute alloys. Possibly,
the observed temperature dependence of the suscepti-
bility corresponds to a situation between a localized
moment and a temperature-independent susceptibility,
asrecently discussed by Wang, Evenson, and Schrieffer.?

DEVIATION FROM CURIE-WEISS LAW

In dilute magnetic alloys with Kondo-type behavior,
the Curie-Weiss law, in the absence of general theo-
retical calculations, is a convenient interpolation for-

1 1, Creveling, Jr., and H. L. Luo, Phys. Rev. 176, 614 (1968).
20 S, Q. Wang, W. E. Evenson, and J. R. Schrieffer, Phys. Rev.
Letters 23, 92 (1969).

mula for the magnetic susceptibility.!?'=» However, it
has been known for some time that there are systematic
deviations from the Curie-Weiss law.1:*2¢ For the
alloys listed in Table II, systematic deviations from
Eq. (1) are observed. For the Mo-Mn alloy these
deviations are large and can be easily seen in Fig. 1.
As already mentioned above, these deviations are
thought to be caused by Mn-Mn interaction and will
not be further discussed in this section. For the Rk-Mn
alloys, where the concentration dependence of the pa-
rameters of Eq. (1) indicates that these alloys can be
considered to be dilute, with no solute-solute interac-
tion, the deviations of the reciprocal susceptibility from
a straight line are not so obvious (Fig. 2), but never-
theless they are significant. The same is true for the
(Mo0o1Nby.3)-Fe alloy. This can be seen in Figs. 3(a)
and 4(a), where the systematic deviation of the experi-
mental data from the least-squares fit Curie-Weiss law
[Eq. (1)] is shown. The analytical representation of

21 D. J. Scalapino, Phys. Rev. Letters 16, 937 (1966).

22 D. R. Haman, Phys. Rev. Letters 17, 145 (1966).

23 H. Ishii and K. Yosida, Progr. Theoret. Phys. (Kyoto) 38,
61 (1967).

24 H. Nagasawa, Phys. Letters 25A, 475 (1967).

2% M. D. Daybell and W. A. Steyert, Phys. Rev. Letters 18,

398 (1967).
26 C. M. Hurd, J. Phys. Chem. Solids 28, 1345 (1967).
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the data can be considerably improved in the following
way : To determine the parameters of Eq. (1), only the
high-temperature data are used, that is, data above a
temperature where the deviation curves in Figs. 3(a)
and 4(a) change the sign of their curvature (at about
20°K). These data (I">20°K) follow very well a Curie-
Weiss law with the constants of Eq. (1) given in Table
IV. Figures 3(b) and 4(b) show the deviation of the
experimental data from this high-temperature Curie-
Weiss equation. There is no systematic deviation at
higher temperatures, but the low-temperature data
deviate logarithmically [linear as a function of InT,
Figs. 3(b) and 4(b)]. This logarithmic deviation of the
susceptibility starts at the temperature T'x [Table IV,
Figs. 3(b) and 4(b)], Tk being determined by Eq. (1)
using only high-temperature data. The susceptibility
of the alloys can be, therefore, very well represented by
the following equation:

AX=X—X=X¢+C/(T+Tk)
+aln(Tx/T),
+ 0,

This equation has only one additional parameter as com-
pared with Eq. (1). The parameters of Eq. (2) are listed
in Table IV. They are only slightly different from those
listed in Table II, determined by fitting the data to Eq.
(1). Again, for the RA-Mn alloys the parameters in
Table IV are essentially concentration independent.
The theoretical meaning of the observed loga-
rithmic divergence which starts below the Kondo tem-
perature is at present not clear. Since it is observed
in two electronically very different alloys, RA-Mn and
(Mo091Nby.5)-Fe, it seems to be generally true for
transition-metal solvents. A similar behavior has been

T<Tx
T>Tk. 2)
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TaBLE IV. Parameters of Eq. (2): « is the coefficient of the
logarithmic term in Eq. (2), for 7>Tx, a=0. X/« is the increase
in the temperature-independent susceptibility per mole of solute.
p is the effective magnetic moment calculated from the Curie
constant C of Eq. (2) (C=Np?/3k). Tk is the Kondo temperature
from Eq. (2).

x, atomic  10%e/x 104 Xo/x
fraction (emu  (emu P Tx
Solvent of solute mol™) mol™) (uB) (°K)
Moy.7Nbo.3 0.0071 Fe 65 9.4 1.51 14.2
0.0022 Mn 20 14 2.39 18.1
Rh 0.0045 Mn 28 12 2.40 20.1
0.0084 Mn 28 11 2.30 21.1

recently reported for dilute alloys of Fe in Rh;_,Pd,.”*
There the situation is more complicated due to polariza-
tion effects in the exchange-enhanced solvent suscepti-
bility,” but the logarithmic behavior of the deviation
from the Curie-Weiss law is shown over a wider tem-
perature range. It may well be that the observed
logarithmic divergence is caused by the interaction of
the d electrons of the solute with the d electrons of the
solvent, as suggested by Nagasawa.” If this is true, no
such deviation should occur in alloys like Cu-Fe. As
discussed by Daybell and Steyert,! deviations from
Eq. (1) do occur in these alloys,??6 but it is not yet
known whether or not they are of the type described
above.
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