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The electrical resistivity from 1.3 to 100 K and the longitudinal magnetoresistance from
0 to 85 kOe at 4.2 K were measured on Cu-Ni (Cr) alloys with Ni concentrations of 0, 6, 13,
and 23 at.% and Cr concentrations of 0, 125, 300, 600, and 1200 at. ppm. All Cr-bearing
samples were observed to exhibit resistivity minima. The difference in resistivity between
each Cu-Ni (Cr) alloy and its Cr-free equivalent did not depend linearly on log;, T; the dif-
ference in magnetoresistance between these two alloys was found to be negative. The Cr
impurity contribution to the resistivity and magnetoresistance showed a marked dependence
on the Ni concentration and was proportional to the Cr concentration only in the alloys con-
taining 23 at.% Ni. These results are discussed in terms of spin-flip-scattering processes,
characteristic of the Kondo effect, subject to Cr-Cr interactions and the local Ni environment

around a Cr cell.

I. INTRODUCTION

The first major breakthrough in the understand-
ing of the resistance minimum exhibited by dilute
magnetic alloys was Kondo’s® paper. He assumed
that localized magnetic moments resided on the
impurity sites and would interact with the conduc-
tion electron via the s-d Hamiltonian. The suc-
cess and the shortcomings of this second-Born-
approximation calculation, along with the works
of Daniel and Friedel? and Anderson® on the de-
scription of localized magnetic states in metals,
have stimulated much research in recent years.
Excellent review articles covering the progress
made up to the late 1960’s have been given by
Daybell and Steyert, * Kondo, ® and Heeger.® A
more recent theoretical review has been provided
by Fischer.’

The formation and magnitude of the local mo-
ment depends on the delicate interplay of three
quantities: (i) the position of the Fermi level rel-
ative to the energy of the d-state resonance; (ii)
the density of states of the host metal at the en-
ergy of the d-state resonance; and (iii) the
strength of the exchange and correlation effects
(these are responsible for Hund’s rules for atoms)

which cause the spin splitting of the virtual bound
state. It is well established that Fe, Mn, and Cr
all exhibit local-moment behavior in Cu, * as well
as resistivity minima.®° In addition, ail three
systems show a negative magnetoresistance.® 1%
Thus, this set of alloys provides an excellent op-
portunity to study how the altering of the Cu host
in some continuous fashion affects the resistivity
and magnetoresistance of these alloys.

The first work in this direction was done by
Girtner ef al.'%'® on Cu-Ni(Fe) alloys with Ni
concentrations of 6, 12, and 23 at.% and Fe con-
centrations up to 1100 at. ppm. For fixed Ni con-
centrations, they found that the impurity contribu-
tion to the resistivity was proportional to the Fe
concentration. However, the slopes of the log,, T
plots of the resistivity decreased with increasing
Ni concentration. Concurrent work by Bennett
et al.* on the MOssbauer effect in Cu-Ni (Fe) al-
loys showed evidence for the existence of magnetic
Fe-Ni clusters.

Harvey et al.'® continued the investigation by
measuring the resistivity and magnetoresistance
of Cu-Ni(Mn) alloys with concentrations com-
parable to those in Girtner’s study. They found
that the impurity contributions to the resistivity



and magnetoresistance were proportional to the
Mn concentration and were essentially independent
of the Ni concentration.

The present paper is concerned with the effect
of alloying Ni into the Cu-Cr system. Concentra-
tions were chosen so that this study would be com -
parable to the previous two. However, a strong
Cr-Cr interaction adds an extra complication to
this study that was not present in the previous in-
vestigations.

I1. SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURE

The Cu-Ni master alloys were prepared from
99.999+%-pure Cu and 99.999% -pure Ni obtained
from the American Smelting and Refining Co. and
the Atomergic Chemetals Co., respectively. The
largest magnetic impurity present in either
starting material was Fe, which was less than
0.7 wt ppm in the Cu and 3 wt ppm in the Ni. The
base metals were first electron-beam melted un-
der high vacuum in order to remove volatile im-
purities and then arc melted together in a shallow
graphite crucible to form three alloys of 6, 13,
and 23 at.% Ni. The graphite crucible was neces-
sitated by the high melting point of Ni relative to
Cu. Crystal bar Cr of 99.99+% purity, obtained
from the Chromalloy Corp., was arc melted with
Cu to form a 1-at.%-Cr master alloy. This al-
loy was then arc melted in appropriate quantities
with the aforementioned Cu-Ni alloys to obtain
Cu-Ni(Cr) alloys with nominal Cr concentrations
of 125, 300, 600, and 1200 at. ppm.,

The resulting fingers were swaged and drawn
through a tungsten carbide die into wires of ap-
proximately a 0. 04-in. diameter. Two samples,
about 1 in. long, were cut from the parent wire
and electropolished in a solution of three parts
methanol to one part nitric acid. The samples
were sealed in evacuated quartz ampoules and an-
nealed for 3 days at 1000 °C. At the end of the
annealing process the samples were quenched as
rapidly as possible in ice water. About a 6-in.
piece of the parent wire was used for analysis.
The results are given in Table I,

In recent years there has been a considerable
amount of work done on the magnetic properties
of Cu-Ni alloys. For Ni concentrations in excess
of 47 at.%, the alloys are ferromagnetic, while
for Ni concentrations between 30 and 47 at. %,
giant magnetic-polarization clouds tend to be
associated with the Ni-rich regions. It is ex-
pected that such regions will occur on a purely
statistical random basis and, conceivably, through
sample processing. According to Houghton et
al., 8 the spin-flip scattering of the conduction
electrons with these clouds is responsible for the

6 RESISTIVITY AND MAGNETORESISTANCE OF DILUTE... 1831

maxima and minima observed in the resistivity
and the negative magnetoresistance of these al-
loys. Seib and Spicer!” have given a fairly ex-
tensive discussion on this cluster phenomenon.
They conclude that with the annealing process de-
scribed above for the present work, and for Ni
concentrations less than 23 at.%, there should be
little or no departure from randomness in the
Cu-Ni alloy system, and little or no cluster-scat-
tering effects should be present.

The resistivity and magnetoresistance mea-
surements were made by the standard dc four-
probe technique using a potentiometer with a res-
olution of +5 nV and a photocell amplifier. The
currents employed were less than 200 mA and
stable to better than one part in 10°. Au-Fe and
constantan-vs-Cu thermocouples were used to de-
termine the temperature, and magnetic fields
were supplied by a 100-kOe superconducting
solenoid.

An uncertainty of about 10% in the Cr concentra-
tions in our samples made estimates of errors due
to apparatus effects relatively unimportant. The
ubiquitous problem of He absorption on the sur-
face of the sample is believed to account for the
slight cusps at 4.2 K evident in some of the
log,, T plots of the resistivity. As a check on
systematic errors and solubility problems, the
second sample, for a few concentrations, was
measured. In no cases were there any significant
deviations in the data between the two samples.
No studies were made on the possible effects of
different annealing times and temperatures.

TABLE 1. Analysis of the samples; the value of the
temperature at which the minimum occurs, Tpi,; the
impurity contribution to the resistivity at 1.3 K minus the
value at Tp,; the residual resistivity; and the impurity
contribution to the magnetoresistance at 85 kOe.

Sample Ap (1.3 K)-00 (Tyyn) Ap(85 kOe)
(at.% Ni) Tt ppm p@.2 K) ppm
(at. ppm Cr) (K) (nQcm) @S cm) (nQ cm)

Cu 0.010
Cu-Cr(114) 23.0 0.404 0.149 -0.070
Cu-Cr(286) 26.0 0.323 0.319 -0.076
Cu-Cr(645) 28.5 0.178 0.493 ~0.053
Cu-Cr(1236) 30.5 0.103 0.789 -0.037
Cu-5.5Ni eor s 5.98 .o
Cu-5.5Ni-Cr(138) 21.5 0.342 6.11 -0,102
Cu-5.5Ni~Cr(301) 26.0 0.345 6.23 -0.097
Cu-5.4Ni-Cr(645) 30.0 0.250 6.40 -0.065
Cu-5.5Ni-Cr(1185) 34.5 0.216 6.95 -0.054
Cu-12. 8Ni 14.0
Cu-12,6Ni-Cr{160) 22.0 0.200 14.0 ~-0.050
Cu-12.7Ni-Cr(278) 25.5 0.201 14.0 -0.049
Cu-12,.6Ni~Cr(531) 27.0 0.166 14.0 -0.043
Cu-12,4Ni-Cr(1205) 34.5 0.164 14.0 -0.035
Cu-22. 9Ni cee e 25.3 P
Cu-22.9Ni~-Cr(140) 19.0 0.055 25.3 -0.024
Cu-22.9Ni~-Cr(327) 23.0 0.066 25.3 -0.016
Cu-23.0Ni-Cr(618) 25.0 0.072 25.3 -0.017
Cu-22. 6Ni-Cr(1209) 30.0 0.080 25.3 -0.017
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III. RESULTS

The electrical resistivity of the alloys listed in
Table I was measured as a function of tempera-
ture from 1.3 to 100 K. The resistivity data for
the Cr-bearing samples are shown in Fig, 1, where
the curves have been divided by the Cr concentra-
tions to facilitate comparison. All the Cr-bearing
samples exhibit resistivity minima, and below the
temperature at which the minimum occurs, T,
no evidence was found for a resistivity maximum.
The resistivities of the host alloys are shown in
Fig. 2. The appropriate values for the residual
resistivities can be found in Table I. The im-
purity contribution to the resistivity per at. ppm
of Cr is plotted as a function of logy, 7 in Figs.

3 and 4. This quantity is defined as the difference
in the resistivity between a Cr-bearing alloy and
its Cr-free equivalent. The values of this quan-
tity at 1.3 K minus the values at T,,,, are listed
in Table I. These values, rather than the more
traditional depth of the minimum, are used as a
measure of the strength of the spin-flip scatter-
ing. Values of the residual resistivity p (4.2 K)
are given in Table I. It was necessary to average
the residual values of the 13- and 23-at, %-Ni
samples over the various Cr concentrations due
to the errors in determining their respective
geometric factors. By comparing our data for
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a Cu-Cr (114-at. ppm-Cr) sample between 1 and
4 K with a Cu-Cr (113-at. ppm-Cr) sample as
measured by Daybell and Steyert, !° it was found
that our data would seem to provide a smooth
extension of theirs into the region of higher Cr
concentrations.

The longitudinal magnetoresistance at 4. 2 K was
measured as a function of field from 0 to 85 kOe.
Figures 5-8 show the magnetoresistance p(H)

- p(0) for fixed Ni concentration. The magneto-
resistance of the Cr-free samples behaves in the
“normal” fashion in that it increases with increas-
ing magnetic field. The magnetoresistance of a
Cr-bearing sample minus the magnetoresistance
of its Cr-free equivalent, which we denote by
Ap(H), is negative. Values of this quantity per

at. ppm of Cr evaluated at 85 kOe are given in
Table I.

In Fig. 3 we see that the curves for the lowest
Ni concentrations are not proportional to the Cr
concentration. This behavior, and the deviation
from linearity of the log;, T plots for the higher
concentration Cu-Cr alloys, will be discussed in
terms of Cr-Cr interaction effects. The fact that
the resistivities of the Cu-23-at.%-Ni(Cr) alloys,
shown in Fig. 3, are proportional to the Cr con-
centration will be discussed in terms of the extra
Coulomb scattering afforded by the Ni impurities
and its effect on the mean free path of the conduc-
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tion electrons. Finally, the extreme departure
from linearity and the reduction in size of the im-
purity contributions to the resistivity of the higher-
Ni-concentration alloys will be interpreted in
terms of local Ni-Cr interaction effects. Since
the theory of the magnetoresistance of dilute
magnetic alloys and its separation into component
parts is not as well understood as the resistivity,
the magnetoresistance data will be used only as a
check on the validity of the hypothesis put forward
to explain the resistivity data.

IV. DISCUSSION
A. Resistivity

The early theory of dilute magnetic alloys given
by Kondo! predicts that the spin-flip-scattering
contribution to the resistivity Ap should be given
by

Ap(T)=cR, (mp, J)2S(S +1)[1 +4p, JIn(T/Ty)] .

1

In this expression ¢ is the atomic concentration( )
of magnetic impurities, R, is the unitarity limit
of the resistivity which is a constant for a given
host, p, is the density of the conduction-electron
states at the Fermi level for one direction of the
spin, J is the strength of the s-d exchange inter-
action which is negative, S is the spin on the im-
purity, and T, is a characteristic temperature.
This expression is restricted to temperatures
greater than a characteristic temperature that
signals the breakdown of perturbation theory and
the onset of a many-body singlet state. In de-
riving Eq. (1) it is tacitly assumed that the im-
purity concentrations are so dilute that the con-

tribution to the resistivity by each impurity is
not influenced by the presence of the other im-
purities.

When this assumption is not satisfied, the
problem becomes an extremely difficult one.
One can get a qualitative idea of the behavior of
such an alloy by examining the somewhat idealized
problem of two interacting magnetic impurities in
a conduction sea. In attacking this problem one
assumes that the additional term to the Hamil-
tonian takes the form

HWZ"'W(R)§1'§2’ (2)

where §, is the spin on one impurity, S, is the
spin on the second impurity which is separated
from the first by a distance R, and W(R) is the
coupling energy. Heuristically, we see that if

we replace W(R) S, by an effective magnetic field
ﬁl, then the pair-impurity problem can be thought
of in terms of the magnetoresistance problem for
one impurity.

A quantitative understanding of the magneto-
resistance problem has proved to be elusive. A
qualitative understanding may, however, be ob-
tained as follows: In zero applied field it is
usually assumed that the impurity-spin compo -
nents M, are degenerate. Thus, in the first Born
approximation the conduction electrons suffer an
elastic spin-flip scattering with the impurity
spin. In the presence of a magnetic field the
conduction band and the impurity levels are Zee-
man split. The preferential aligning of the im-
purity spins causes the spin-flip-scattering pro-
cess to become anisotropic and inelastic. For
values of ugH large compared to kg T, where
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8 simple Kondo expression with a modified mag-
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g is the Bohr magneton and k5 is Boltzmann’s
constant, it becomes increasingly difficult for
an electron within k3 T of the Fermi level to find
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the Fermi level. Hence, a magnetic field tends 2 & Cu-I3Ni-Cr 160 ,
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sible for the rise in the resistivity at tempera- ®
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Matho and Béal-Monod'® have investigated the =
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is that for the 23-at.%-Ni samples the resistivity
is proportional to the Cr concentration. We be-
lieve that this is due to the extra Coulomb scat-
tering afforded by the Ni impurities. The Cr-Cr
interaction, which is responsible for the depar-
ture from proportionality, must be very long
range. The scattering from the intervening Ni
sites will decrease the mean free path of the
conduction electrons and, thereby, decrease the
range of the Rudermann-Kittel- Kasuya-Yosida
(RKKY) interaction. Therefore, we feel that in
the samples with low Cr and high Ni concentra-
tions the scattering processes of interest can be
characterized by a Cr ion and its local Cu-Ni
environment. We notice that the log,, T plots of

- the 23-at.%-Ni samples show a large deviation
from linearity. In an attempt to glean some in-
formation from the data about this effect, we have
plotted the resistivity of the lower Cr concentra-
tions for the various Ni concentrations, which is
shown in Fig. 4. Although the Cr-Cr interac-
tions are not negligible for the lower Ni concentra-
tions shown in Fig. 4, we do expect the predom-
inant effect on the resistivity to be due to the local
Ni environment around a Cr cell.

Trying to deduce from macroscopic measure-
ments, such as the resistivity, how the alloying
of Ni affects the basic spin-flip scattering is not
an easy task. However, there are known facts
about similar systems which, coupled with some
speculation, may open up some useful avenues
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for thought about this system. Seib and Spicer!’
have found that the virtual-bound-state model
seems to be the appropriate one in describing
Cu-Ni alloys. They estimate that the Ni d state
has a resonance at about 0.95 eV below the Fermi
level with a level width of at least 0.8 eV. The
work of Harvey et al.'® on Cu-Ni(Mn) alloys, at
temperatures and Mn concentrations where Mn-
Mn interactions were negligible showed that the
Ni had little effect on the resistivity. This is ap=-
parently related to the fact that the Mn d states
are strongly spin split and far away in energy
from the Ni d-state resonances. Thus, the Ni
has a small effect on the local-moment formation
at a Mn site and, together with the small value of
J for Cu-Mn, puts any alloying effects below the
resolution of the resistivity measurements made.

The Ni in Cu-Ni(Fe) alloys has a pronounced
effect, as referenced in Sec. I. The d states in
Fe are not as strongly spin split as they are in
Mn, and the Ni d-state and Fe d-state reso-
nances may overlap in energy. The result is an
enhanced magnetic moment in the region of the Fe
impurity. The size of this moment has been es-
timated!* to be

w=(2.85+0.6%)us , (5)
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where » is the average number of Ni nearest
neighbors expected at an Fe site on a statistical
basis. The resistivity of these alloys is plotted
in Fig. 4. We notice that for temperatures above
4 K the curves have a log;q T dependence with a
slope that is a function of the Ni concentration.
This leads one to speculate that the total moment
undergoes elastic spin-flip scattering with values
of J and S that depend on the number of Ni nearest
neighbors at the Fe site.

In some ways the properties of the Cu-Ni (Cr)
alloys seem to lie halfway between those of the
Cu-Ni (Fe) and Cu-Ni (Mn) systems. The local Ni
environment has a pronounced effect, but at tem-
peratures above 20 K the slopes of the curves
seem to asymptotically approach a constant value
which is independent of the Ni concentration.

(We put some reservations on this statement in
regard to the 23-at.%-Ni alloys.) In addition,

the temperature at which the minimum occurs is
relatively insensitive to the Ni concentration.
This leads us to conclude that in Cu-Ni(Cr) al-
loys the appropriate picture is one where the low-
temperature resistivity is suppressed, but above
a certain temperature the resistivity is essen-
tially independent of the Ni concentration.

Comparison of these properties to those of Eq.
(3) led us to try to fit the data by the expression

Ap=—c(A =B)logyy T —cBlogy (T%+ 63 2+ py, (6)

o

where B is concentration dependent and p, is re-
lated to the residual resistivity. The value of A
was determined by the slope of the Cu-Cr (114)
sample. The results of this handfit are repre-
sented in Fig., 4 by the solid curves, and the
corresponding values of A, B, and 6 are given
in Table II. The fact that we obtain a good fit to
the data with this functional form is interesting,
but it appears that any significance in the values
of A, B, and 6 is masked by the Cr-Cr interaction
effects in the data.

It is tempting to interpret our data in terms of
magnetic clusters similar to those seen in Cu-Ni
(Fe) alloys. However, this seems to be too
stringent a postulate in the case of Cu-Ni(Cr).

In the case of Cu-Ni(Fe) the moment of the clus-
ter seems to flip as a rigid paramagnetic unit.
This implies elastic scattering which cannot ac-
count for the suppression effect seen in Cu-Ni(Cr).
Gainon and Heeger!® have studied Cu-Mn alloys
doped with dilute amounts of Pt, They observe a
suppression of the resistivity at low temperatures
which closely resembles the suppression in our
alloys. They attribute this suppression to spin-
orbit interactions. This mechanism should only
be appreciable for large Z impurities, such as
Pt, and should be negligible for the case of Ni

in Cu.

Riess and Ron?® have studied the suppression
of the resistivity due to inelastic scattering of
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FIG. 8. Magnetoresistance of the Cu-23~at. %~Ni(Cr)
alloys. (Note the change of scale in this figure.)
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TABLE II. Values of A, B, and 6 defined in Eq. (6)
and the actual values of Ap/ppm.

Sample Ap(1.2 K)
(at. % M) A B o ppm
(at. ppm Cr) (n§2 cm) (nQ cm) (K) (nQ cm)
Cu~-Cr(114) 0.3452 0.0000 e 1.4
Cu-5.5Ni-Cr(138) 0.3452 0.1806 4.51 1.1
Cu-12, 6Ni-Cr(160) 0.3452 0.2450 11.51 0.9
Cu-22. 9Ni-Cr(327) 0.3452 0.3156 34.75 4.0

the conduction electrons. They treat interaction
effects, such as the RKKY interaction between
two impurities, in terms of a broadening of the
width of the virtual bound state. Although their
study is primarily concerned with the suppression
of the resistivity below the maximum that often
occurs in dilute magnetic alloys, they do show
that this broadening introduces inelastic-scatter-
ing processes. This might be a fruitful approach
in understanding Cu-Ni (Cr) alloys. For our pur-
poses, it seems to be convenient and sufficient to
treat the interaction between the Ni 4 states and
the Cr d state by a local internal magnetic field
ﬁI produced by the Ni at the Cr site. If we pic-
ture the magnetic moment as residing in the Cr
cell under the influence of this local field, whose
strength depends on the number of Ni nearest
neighbors, then we have a mechanism for inelas-
tic scattering that is independent of the Cr concen-
tration. This picture is further motivated by the
similarity of Fig. 4 to the magnetoresistance
curves of Daybell and Steyert!® for a 28 at. ppm
Cr in Cu sample.

By constraining our data at 4.2 K, we have
suppressed some important information. In
Table II we show the actual values of Ap/ppm at
1.2 K. Up through 13 at.% Ni the values are not
surprising, but the 23-at.%-Ni sample shows a
marked anomaly. This could signify that at these
Ni concentrations we are no longer dealing with
the influence of just a few Ni ions around a Cr
site.

B. Magnetoresistance

Figures 5-8 show the longitudinal magnetore-
sistance at 4. 2 K for the various Ni concentra-
tions. The extra complications due to the Cr-Cr
interactions, along with the inherent difficulty of
separating the “normal” positive contribution to
the magnetoresistance from the negative contri-
bution, legislate to make a detailed analysis of
the data marginal. A fairly complete summary
of the influence of a magnetic field on the resis-
tivity can be found in the paper by Harvey et al.'®
and the references cited therein.

If the interpretation in Sec. IN of the effect of
the local Ni environment on the spin-flip scatter-
ing is right, then the magnetoresistance should be

a function of two magnetic fields. Béal-Monod
and Weiner? indicate that if the population of the
Zeeman levels is governed by the Boltzmann fac-
tor, then the spin-flip-scattering contribution to
the magnetoresistance should be “frozen out” by
fields which satisfy the relation

gupH/kg T>4 . (7)

Setting g= 2 and T=4.2 K, expression (7) implies
that saturation should tend to occur for H >125
kOe. For the following discussion we will be in-
terested in the values of 4p(85)/ppm which ap-
pear in Table I.

The fact that this quantity is negative is sup-
port for the view that we are still dealing with a
magnetic alloy. For the higher Ni concentrations
it appears that 4p(85)/ppm may be proportional
to the Cr concentration. This trait can be given
the same interpretation that was given for the
resistivity. If we look at the same set of sam-
ples that were analyzed in Fig. 4, we see that
Ap(85)/ppm first “increases” for the addition of
6 at. % Ni and then steadily “decreases” as the
Ni concentration is further increased. We feel
that this behavior is consistent with the picture of
an internal magnetic field.

For 114 at. ppm Cr in Cu, one has an effective
internal field due to the Cr-Cr interactions. This
field has already frozen out much of the spin-flip
scattering. The effect of the external field will,
therefore, be less in the presence of this internal
field. As we increase the Cr concentration in the
Ni-free alloys, we see that Ap(85)/ppm tends to
decrease further in agreement with this interpre-
tation. As was mentioned earlier, the alloying
of Ni tends to do two things: It introduces extra
scattering that decreases the strength of the Cr-
Cr interactions, and it also produces an internal
field at the Cr site. In the 6-at.%-Ni alloys
there is a 50% chance that a Cr ion will not have
any Ni ions as nearest neighbors. It therefore
seems plausible to assume that the former effect
will be the predominant one in the 6-at. %-Ni al-
loys. This will decrease the strength of the in-
ternal field with respect to the Ni-free alloys,
and a larger amount of the freezing will now have
to be done by the external field. This will cause
Ap(85)/ppm to increase. If upon the alloying of
more Ni the second effect becomes predominant,
then ﬁl should increase with a corresponding
lowering of the values of Ap(85)/ppm. Thus, we
conclude that the magnetoresistance data are consis-
tentwith thednterpretationgiven to the resistivity data.

One is tempted to argue on the basis of expres-
sion (7) that the samples with a large value for
ﬁl should tend to saturate faster than those with
small H,. Cu-Cr(114) does show strong satura-
tion effects; Cu-23-at.%-Ni-Cr (327) looks as if
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it is saturating, and the other two samples are
definitely not saturating at 85 kOe. However, one
must not take these results too seriously. From
the experimental standpoint, the prediction of
saturation is very seldom realized in dilute mag-
netic alloys. Some authors attribute this to the
inadequacy of perturbation theory, and others?®
feel that the s-d model may simply be inadequate
in the presence of a magnetic field.
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