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ment. Further rotation of the powder was in-
hibited because of the tight packing due to settling.
Since no magnetization data were taken, there was
no opportunity for the powder to realign.

The importance of alignment with the field has
been discussed in detail by Rohrer and Thomas, '4

but the main point to be stressed here is that with-
out reasonably precise axis alignment along a
field, spin flopping could be missed entirely. Such
may be the case for the results shown.

SUMMARY

Ideally, a single crystal should be used for ex-
perimentally determining magnetic phase diagrams.
However, this may not always be possible. The

results of this study show that it is possible to ob-
tain the "phase" diagram from the adiabatic mag-
netization of powdered samples. Data obtained
for a powdered sample of MnBr~ ~ 4H~O are in
general agreement with reported single-crystal
results. We are planning further studies of mag-
netic materials using adiabatic magnetizations of
a powdered sample to verify the results reported
here.
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The heat capacity of Tm2(S04)3. 8820 shows a sharp peak, characteristic of a cooperative
transition, superimposed on the low-temperature side of the anomaly associated with the
singlet ground and first excited states. The data are in qualitative agreement with theory
for exchange-induced magnetization in a singlet-crystal-field-ground-state system.

Several developments in recent years have re-
newed interest in the magnetism of singlet-ground-
state systems. If a magnetic moment appears only
in the presence of an external field the substance

may be useful for hyperfine-enhanced nuclear mag-
netic cooling. ' On the other hand, it has been rec-
ognized that ordered magnetic moments can appear
in zero external field if the ratio of exchange inter-
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action to crystal field splitting exceeds a critical
vat.ue, ~ and the associated heat capacity has been
calculated' on the basis of several different ap-
proximations. For certain values of the parameters
two overlapping heat-capacity peaks, associated
with the crystal field and exchange interactions,
have been predicted. ' No experimental data have
been available for comparison with the theory, but
recent measurements indicate that the relevant
parameters for Tma(SO, ), 8H,O may be within the
range for which interesting heat-capacity effects
have been predicted. 3 In this salt the crystal field
completely removes the degeneracy of the 386
ground state of the free Tm'3 ion. Optical Zeeman
and EPB studies have shown that the singlet ground
and first excited states are separated from each
other by approximately 1 K and from all other lev-
els by much higher energies. Furthermore, Mdss-
bauer measurements' have shown the appearance
of magnetic hyperfine structure at -0.31 K, sug-
gesting a transition to an ordered magnetic state. '
From the point of view of comparison with theory,
it is also an advantage that Tm~(SO, ), 8HzO is a
dielectric because the role of conduction electrons
in exchange interactions is complicated. Our heat-
capacity measurements cover the entire range of
temperature of interest in connection with the two
lowest crystal fieM states and the exchange inter-
action. They confirm the occurrence of a coop-
erative transition at 0.31 K, and are in qualitative
agreement with theoretical predictions.

The Tm~(SO, ), 8H~O sample was purified by two
recrystallizations, powdered, and mixed with
grease to provide thermal contact to a copper calo-
rimeter. The thermal relaxation times were less
than a few seconds except below 0. 1 K where the
hyperfine heat capacity is the major contribution
and the longer relaxation times may have been as-
sociated with nuclear spin-lattice relaxation. The
heat capacity of the grease plus cal.orimeter
amounted to approximately 30% of the total heat
capacity above 3 K, less than 1% below 1 K, and to
intermediate percentages between 1 and 3 K. Mea-
surements between 0. 08 and 1 K were made in an
adiabatic demagnetization cryostat and between 0.4
and 20 K in a Hes cryostat. ' In both cryostats
germanium thermometers that had been calibrated
againstsingle-crystal CMN (CezMg, (SO,),3 24H~O),
He vapor pressure, and a gas thermometer were
used. The same thermometers give generally ac-
cepted values for the heat capacity of copper
throughout the temperature range. 7

The heat capacity of Tm~(SO4)s 8HzO is shown
in Fig. 1„The broad peak, which has a maximum
near 0. 5 K, corresponds approximately to the
heat-capacity anomaly that would be expected to
be associated with the two lowest crystal field
states. The narrower peak, which has a maximum
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FIG. 1. The heat capacity of Tm2(804)3. 8820 per mole
of Tm'3. The inset shows points taken with DT ~ 1 mK.
The solid curve represents a molecular-field calculation
(see text for description).

where V, is the crystal potential which produces
an energy gap 4 between the two singlet crystal-
field states [0) and [1),8,&

is the exchange con-
stant coupling the angular momenta J, and J&, ~ is
the magnetic-hyperfine-interaction constant, and

f, is a nuclear spin. Since I is —,
' for '"Tm, the

only naturally occurring isotope, no quadrupole
hyperfine interaction is present. %ang and
Coopers have calculated the heat capacity associ-
ated with the crystal field and exchange terms of
Eq. (1) in the molecular-field approximation
(MFA), in the random-phase approximation (HPA),
and, in the paramagnetic region, in the two-site-
correlation approximation (TSCA). The solid
curve in Fig. 1 represents an MFA calculation
that has been generalized to include the hyperfine
term in 3C. In this calculation the exchange term
has been taken as —28 (0)(J}g,J„,where g (0) =

and a z axis has been chosen in such a way' that

at 0.30 K and a sharp drop at 0.307 K, clearly in-
dicates a cooperative transition to an ordered
state. In the presence of small magnetic fields
the 0. 3-K peak is broadened and shifted to lower
temperatures, suggesting that the ordering is anti-
ferromagnetic. At the lowest temperatures the
heat capacity is dominated by a T~ term that cor-
responds to a hyperfine field of 5. 54 MOe, in good
agreement with that derived from Mossbauer mea-
surements. '

The Hamiltonian for the spin system is

R=Q V,(
—Q $)~ J) ~ Jg+8 Q T( J),
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FIG. 2. Temperature dependence of (J)/o, as given by
a molecular-field calculation for two values of hyperfine
interaction (see text for complete description).

only one component, n =-(0 )
J', I 1), of (Ol J11) is

nonzero. The eigenvalues of the Hamiltonian a.re

(a(J)~ 3 1/2
E~ ——E~ —— +I — -8 m&, m , m y (2)

where A=44(0) na/4 and m(=+ ~a) is the s com-
ponent of I. (J) is determined by the solution of
Etl. (2) and a standard expression from statistical
mechanics for (J) as a function of E„,Es, and
T. When@=0, the critical value of A for mag-
netic ordering at 0 K is A. = 1. At higher values of
A the transition temperature is given by

tanh (4/2T, ) = I/A. .

Curves representing the temperature dependence of
(J')/n for 8=0 and for@=18 mK, the value that
corresponds to the observed hyperfine field, are
shown in Fig. 2. For these curves a was taken to
be 5. 5, as estimated from Mdssbauer measure-
ments' in the paramagnetic region and the pseudo-
quadrupolar part of Etl. (2); 4 = 0.88 K was taken
from EPR data; and 2=1.115 was chosen to give
the observed transition temperature. The effect
of the hyperfine interaction on the magnetization
is clearly visible a,t the lowest temperatures,
where nuclear polarization induces an enhanced
magnetization, and near the transition between
the ordered and paramagnetic states which is
broadened arrl slightly shifted.

The heat capacity corresponding to the (J)/n

curve for 8 = 18 mK is shown as the solid curve in
Fig. 1. Above the transition temperature, MFA
gives just the Schottky curve for the two crystal-
field levels, but the experimental data exhibit a
lower and broader anomaly. A value 4 —1 K is ob-
tained from the location of the anomaly. Further-
more, the observed heat-capacity peak at the tran-
sition temperature is higher and sharper than that
given by the MFA calculation. In each of these
respects the qualitative features of the experimen-
tal data are better represented by the results of an
RPA calculations for T,/4& 0. 1. In RPA, how-
ever, the transition becomes first order for a
value of A that would give the observed transition
temperature, whereas the observed transition is
second order. (A first-order transition might well
be somewhat broadened in a real crystal but it
seems very improbable that it would be broadened
to the width or to the unsymmetrical shape ob-
served. ) It seems possible that the nature of the
transition in RPA might be affected by the inclusion
of the hyperfine interaction, which is not negligible
for Tma(804)3 8HaO. The MFA calculation gives
a hyperfine field that is only approximately one-half
of that observed (at T~ 0. 1 K). Furthermore, the
Mossbauer data show that the hyperfine field in-
creases by only 10% between. 2'75 and 75 mK. ' It
follows that the saturation value of (J) is higher
and is approached more rapidly with decreasing
temperature than predicted by MFA.

In summary, the heat capacity of Tm, (SO,), 8HaO
shows a second-order transition to an ordered
state superimposed on the low-temperature side
of the anomaly associated with the singlet ground
and first excited states. The data are in qualitative
agreement with calculations for the case in which
the exchange interaction exceeds the critical value
for ma, gnetic ordering. As might be expected, the
general shape of the heat-capacity peaks is in better
agreement with RPA calculations (for values of the
parameters that give a second-order transition)
than with MFA calculations. However, RPA pre-
dicts a first-order transition for values of the
parameter that give the observed transition tem-
perature.

We wish to thank Dr. S. Stenholm, Dr. R. A.
Fisher, and E. Seidel for helpful discussions and
suggestions, Mrs. U. Zahn for the preparation
of the sample, andDr. M. Linkoaho and E.
Rantavuori for x-ray analysis of the sample. Qne
of us (N. E.P. ) is al.so grateful to the NSF for the
award of a fe1.lowship that led to the collaboration
of the Otaniemi and Berkeley groups, and to the
Otaniemi group for its hospitality.

~Work supported in part by the U. S. Atomic Energy
Commission.

*NSF National Science Foundation Senior Postdoctoral

Fellow, on leave from University of California, Berkeley,
Calif. 1970-71.

~Present address: Department of Physics, Stanford



1830 KATILA, PHILLIPS, VEURQ, AND TRIPL ETT

University, Stanford, Calif. 94305.
'K. Andres and E. Bucher, Phys. Rev. Letters 21,

1221 (1968); 22, 600 (1969); 24, 1181 (1970), and ref-
erences cited therein.

2B. Bleaney, Proc. Roy. Soc. (London) 276A, 19
(1963); G. T. Trammell, J. Appl. Phys. 31, 362S (1960);
Phys. Rev. 131, 932 (1963).

3Y.-L. Wang and B. R. Cooper, Phys. Rev. 172, 539
(1968); 185, 696 (1969).

J. B. Gruber, E. A. Karlow, D. N. Olsen, and U.
Ranon, Phys. Rev. B 2, 49 (1970).

5T. E. Katila, E. R. Seidel, G. Wortmann, and R. L.
Mossbauer, Solid State Commun. 8, 1025 (1970).

Other Tm salts have been investigated by this tech-
nique to 0.05 K, but no other examples of magnetic
ordering have been found [T. E. Katila, V. K. Typpi,
and E. R. Seidel, in Proceedings of the Twelfth Inter-
national Conference on Low Temperature Physics, edited
by E. Kanda (Keigaku, Tokyo, Japan, 1971), p. 711].

'B. B. Triplett, Ph. D. thesis (University of Cal-
ifornia, Berkeley, 1970) (unpublished).

J. S. Griffith, Phys. Rev. 132, 316 (1963).

PHYSICAL REVIE W B VOLUME 6, NUMBER 5 1 SE PTE MBER 1972

Resistivity and Magnetoresistance of Dilute Solutions of Cr in Cu-Ni Alloys

C. F. Eagen and S. Legvold
Ames I aboratoxy-USAEC and Department of Physics,

Iowa State University, Ames, Iowa 50010
{Received 9 March 1972)

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-¹i (Cr) alloy and its Cr-free equivalent did not depend linearly on log~0 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-
tsining 23 at. lo 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 ¹ienvironment
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 theoretica, l review has been provided
by Fischer. 7

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, all three
systems show a negative magnetoresistance. ' '"
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
Gartner et al. a on Cu-¹(Fe) alloys with Ni
concentrations of 6, 12, and 23 at. /q 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&DT
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. 5 continued the investigation by
measuring the resistivity and magnetoresistance
of Cu-¹(Mn) alloys with concentrations com-
parable to those in Gartner's study. They found
that the impurity contributions to the resistivity


