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ABSTRACT 

The temperature dependent magnetization of Zn-Cr 
single crystals was measured from 2K down to 10 mK using 
a SQUID magnetometer. A large anisotropy is observed for 
the magnetization along the parallel and perpendicular 
axes of the crystal. For low concentrations impurity
impurity reactions do not dominate the behavior of the 
system, although they are still present even in the 10 
ppm impurity concentration range. The anisotropy in the 
magnetization, MII-M~, is negative which is in contrast 
with the Mn in Zn system where the anisotropy is posi
tive. The results are analyzed in terms of crystal 
field splittings and exchange. 1.1eSe results nave im
portant implications for the Kondo effect in this system. 

INTRODUCTION 

An important aspect of the study of dilute magnetic 
alloys is the behavior of a magnetic impurity in the 
limit of infinite dilution, i.e. single-impurity behav
ior. Although many experiments on such alloys are in
terpreted to be in this limit, it is only for impurity 
concentrations of the order of a few p.p.m. or less in 
most systems that impurity-impurity interactions can be 
neglected. l In the high temperature limit, where most 
magnetic alloy experiments are performed, the magnetic 
behavior of many systems follows a Curie-Weiss law, and 
the effect of impurity-impurity interactions appears as 
a second order term, the Curie-Weiss temperature. At 
low temperatures, however, when kT becomes comparable to 
the interaction energy of interest, single-impurity 
effects can be discerned from impurity-impurity effects 
by studying a system for various concentrations of mag
netic impurities. Such studies on dilute single crystals 
of Zn-Mn have shown that for a few ppm of magnetic im
purities, single-impurity effects are indeed observed. 
In that system, of interest because of the hexagonal 
symmetry of the host, a large anisotropy is observed in 
the magnetization of the impurities. 2 The magnetization 
along the a-axis saturates at approximately O.lK while 
the c-axis magnetization continues to increas; as the 
temperature is lowered. Although the free Mn 2 is an 
S-state ion, one possible interpretation of the an
isotropy is in terms of crystal field effects. In 
order to pursue this line of stud~ which has heen un
explored, we have measured the magnetization of Cr 
impurities in Zn single crystals. The Cr+2 is a non 
S-state i.on and crystal fields should have a strong in
fluence on the behavior of this system. A study of this 
system down to 10 mK is presented in this paper. 

EXPERIMENTAL DETAILS AND RESULTS 

The Zn-Cr samples were made by preparing a master 
alloy of Zn (6N) containing 500 ppm of Cr (4N purity). 
Upon further dilution to the desired concentration, the 
alloy was kept molten in a N2 atmosphere (approximately 
35 Torr). A single crystal was formed by the Bridgman 
technique in which the molten sample cooled slowly over 
a period of 2-3 days. After X-ray orientation, a sample 
along the c-axis and one along the a-axis were spark cut 
from the single crystal alloy. The two orientation 
samples were cut from adjacent positions in the large 
alloy sample in order to minimize concentration dif
ferences. Final preparation consisted of an acid etch 
of each sample to a diameter of 2.29 mm from the initial 
4 mm diameter. An analysis of the alloy was m~de with 
an atomic absorption spectral photometer which gave a 
Cr concentration of 10.5 ppm for the sample discussed 

here. This value is in good agreement with the concen
tration determined from the high temperature Curie-Weiss 
behavior of the sample. 

1':le I'lagnetization measurements are maGe with a 
SQUID magnetometer mounted inside the mixing chamber of 
a 3He- 4He dilution refrigerator. One of the oriented 
Zn-Cr samples and a similar sample of pure Zn are placed 
in each side of an astatically wound pair of coils which 
comprise the primary of a flux transformer going to the 
SQUID sensor. The measured magnetization is the contri
bution of the I'lagnetic impurities, with minimal background 
effects. The temperature is measured with a CMN thermom
eter located also inside the mixing chamber. 

The magnetization is measured from 2 K down to 10 
mK in a ~ield of 82 Oe trapped in a Nb cylinder sur
rounding the sample. Such a field is necessary to main
tain the sample in the normal state. The magnetometer 
has been previously calibrated against the nuclear magne
tization of indium and aluminum as well as that of eriN. 3 

In figure 1 the magnetization results for the 10 
ppm single-crystal samples are presented as a function 
of reciprocal temperature for the two orientations. At 
high temperatures both samples show a Curie-like behavior, 
although the a-axis Curie constant is larger than that of 
the c-axis. This fact can be attributed to some aniso
tropy in g and also to a difference in concentration be
tween the two samples. At low temperatures, the magne
tization is anisotropic. Such behavior has been observed 
in Zn-Mn2 but it is significant that the anisotropy is 
opposite in sign for the two alloy systems. 

DISCUSSION 

The results in figure 1 present a very interesting 
aspect of the ground-state behavior of transition im
purities. Symmetry of the host plays an important role 
in the very low temperature behavior of magnetic im
purities, which do retain some ionic character. In the 
high temperature regime, the Cr moment is 2.8 ~B which 
for g ~ 2 corresponds ~o an effective spin S ~ 1. 
The free-ion state of Cr 2 is S ~ 2, L = 2 but the 
orbital angular momentum is expected to be mos~ly 
quenched in Zn. In Cu the measured4 g for Cr 2 is 
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Fig. 1. Magnetization per impurity of Single crystal 
ZnCr measured along parallel and perpendicular 
crystal axes. 
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very nearly 2. A reduced effective spin is due to the 
strong mixing between impurity states and the host con
duction electrons. Our value is in reasonable agreement 
with other workers 5. 

The exchange interaction between impurities and con
duction electrons plays a major role in the effects 
observed in dilute magnetic alloys. It is usually rep
resented by a Hamiltonian of the form 

(1) 

Due ~ this exchange, impurities can couple to one an
other via the RKKY interaction, which will give concen
tration dependent effects. In data not presented here, 
M~/c, the perpendicular magnetization per impurity ion, 
of a 138 ppm sample of Cr in Zn becomes completely satu
rated near T = O.lK whereas in the 10 ppm sample there is 
no moment saturation even for temperatures as low as 
O.OlK. From more extensive data on Zn-Mn alloys, which 
show similar concentration effects, we have shown that 
impurity-impurity interactions are becoming small in the 
few ppm range. Hence neglect of RKKY interactions in 
the discussion of the 10 ppm Zn-Cr results appears to 
be valid. 

A large magnetic anisotropy as shown in figure 1 is 
suggestive of a contribution from the orbital angular 
momentum. Even though the latter may be quenched, spin
orbit coupling can cause fine structure splittings of 
the degenerate spin levels by the crystal field. For 
axial symmetry, the Hamiltonian that would represent 
such splitting is written in the form 

3(= D[\2 - ~S(S+l)]. (2) 

where D is the fine structure splitting resulting from 
2nd order spin-orbit interaction. For a spin of 2 and 
D> 0 as observed here, the splitting wouldgivcasinglet 
as the lowest state with two doublets above it. The 
Hamiltonian in equation (2) has been applied success
fully to insulators, however there is no justification 
in using it for transition impurities in metals. Since 
the effective spin for Cr+2 in Zn is measured to be 
approximately I, it is not clear which spin value one 
should use in the Hamiltonian, especially if it is not 
an exact multiple of half. At this stage it is not 
clear what is the significance of crystal fields in 
alloys. The crystal field concept has been success-
ful in interpreting the results for rare earth im
purities 6 . For transition impurities Hirst 7 has ad
vocated that the ionic model may be valid in many cases, 
however, there is a lack of experimental data at this stage. 
He has proposed a model based on the configurational 
energy of the impurity electrons. 

For positive splitting D, the ground state should be 
a singlet (assuming S = 2 configuration). This is in di
rect contrast with Mn+ 2 in the same host, where D < O. 
A difference is expected as Cr+2 is a non S-state ion, 
even though its orbital momentum L is quenched. Hirst 
has pointed out that L may not be entirelY quenched in 
highly symmetric systems. The sign of D obtained here 
agrees with the results of Hedgecock et al 8 obtained 
at high temperatures for quite concentrated samples. 
They fitted their data with D = 0.083K assuming a spin 
of 3/2. The departure from ionic behavior was attrib
uted to the Kondo effect with a Kondo temperature of 0.29 
K, but impurity-impurity interactions were completely---
neglected. 

Usually an isotropic exchange is assumed (equation 
1) for most studies of alloys, however an anisotropic 
exchange has been proposed9 to explain certain results 
on rare earth impurities. Such anisotropy arises from 
orbital contributions and may well be applicable to our 
results. The exchange interaction depends on S 2 which 
would give a behavior similar to fine structure; eq. 2. 

The results presented here have an important bear
ing on the relation of the Kondo effect to the magne
tization. There is no evidence for a Kondo spin
compensated state. The perpendicular magnetization is 
still increasing at temperatrres much below a reported 
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Tk near lK. It may be that the Kondo effect will be 
anisotropic, however. before taking such an approach, the 
important problem of crystal fields and exchange in 
metals must be better understood. The implications for 
resistivity measurements are interesting. Depending on 
the energy scheme, spin-flip scattering may not be 
possible and no Kondo effect will be observed at temper
atures below the splitting of the fine structure. Cornut 
and Coqblin 9 discuss this point with regard to rare 
earth impurities. Measurements of resistivity on single 
crystals would clarify this problem while EPR studies 
would describe the state of the impurities. 

Our results show the ground state behavior at very 
low temperatures of Cr+2 in Zn and lead to a new ap
proach toward the magnetic impurity problem of transi
tion ions which in the past has been cominated by the 
Kondo spin-compensated state. Two possible sources of 
magnetic anisotropy in the system studied here emerge 
from this study: crystal field effect and exchange. A 
fuller analysis of this problem will be published else
where. 
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