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Calorimetric Evidence for a Singlet Ground

State in CuCr and _(;E.Fe-r

B. B. Triplett and Norman E. Phillips*

Inorganic MétériélsAReSEarch'Division of the Lawrence Berkeley Laboratory,
"and Department of Chemistry; University of California,

Berkeley, California 94720

Abstract

~ Heat capaéity measurements show thaf the entropy reduction aésociated
with the formation of.the spin compensated state in CuCr is R 1ln (és + 1).
The magnetiC'field:dependence of the heat capacity of CuFe suggests‘that
at_vT <<.TK' .t::he susceptibility has the form x = Xo['l - 15(T/Tk)?1, which

is‘consistent with the third law of thermodynamics.
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Thé:gfoﬁnd state of a singie magnetic impurity in a metal continues
to be én unsolved problem in spite of the attention it has received.
Different theories give different physical pictures for the ground state
and make differenf'predictiOﬁs f§r the O K entropy and the temperature
depenaeﬁces'of physipal properties at T << Ty, Where Ty is the Kondo
teﬁpérature.; Heat capacity measurements on both CuFe and CuCr have
been interpfeted as éhowing that AS, the entropy reduction associated
with the formation.d? the spin-compensated state, is less than R1ln (25 + 1).
AIn the same systems, the temperature dependence of the magnetic suscep-

> X, if extrapdlated to T = 0, does not satisfy the third law

tibilitys
of thermodynamics requirement [BX/BT]T:O= 0. This also implies that the
spin degeneracy is not completely removed at T = 0. . We report here new

heat capacity measurements on CuCr and an extension of earlier measure-

ments6 on CuFe to higher temperatures. In the single-impurity limit the

new data show:that the heat capacity anomélies are bfoader than had been

indicated by earlier’meaSurements. " The ggcf datavare.Well represented
by the Bloomfield-Hamann theory for T/Tx > 0.07 and gives Aﬁv= Rln'(QS + 1).
The CuFe data are consistent with AS = R 1n (2S + 1). Tﬁeir field depen-
dence shows thaﬁ thé low-temperature single-impurity X déviates from an
‘extrapolation of the‘above 1K datah’5 in the direction required by the
third law, and suggests that X = x[1 -'lS(T/TK)E] at T << Tx. |
The Cr content‘of the_QECr sampleé was,defermined to * 5% by a
specﬁrophbtometric methéd.g Within'that accuracy the 4;2 K resistivitiés
were fitted by ou.e/c'= 1.08 x ldfzp Q;ém/at Ppm where,g is thé concen-

tration, and that relation was used to assign the reported concentrations

2,3
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from valués of P p° The CuFe samples were the same ones used in an oo
earlicr investigation.6 All measurements were made with a reproducible
germanium thérmometer that permitted a high sampie—to-sample precision.
The heat capacities of the sample holder and the pure copper from which
the samples weré made were measured in separate experiments.

The zero-field CuCr data are shown in Fig. 1 as AC, the heat capacity
in excess 6f that éf pure éopper'divided by the concentration. Within
the precision of the measurements, AC « ¢, as it must be in the single
impurity limit, except below 0.15 K. At the lowest temperatures the
51 at ppm sample exhibits effects of impurity-impurity interactions
similar to those observed6 in ggfe. The dashed curve representé a linear

6,9

extrapolation to T = O as suggested by measurements on CuFe at lower
reduced temperatures. Above 0.15 K there are novsystematic differences
betweén‘the samples, and we have taken thé 51 ppm data, for which.the
précision is best, as defining the shape of.thenpeak. The peak is better

3

defined than in earlier work  and is broadefw The solid curve represents
the theory of Bloomfield and Hamann,7 scaled and shifted in temperéture
to fit the peak. As drawn it corresponds to TK = 2.1 K, and provides an
excellent fit to the data for T/TK > 0.07. ' The linear extrapolation to
T =YO and extrapolation fo‘high temperature by the theoretical curve o
give AS = 1.05 Rln 4, Since the spin is 3/2,19 this corresponds to the Q)
complete removal of the degeneracy, to within the:unqertainty in the
chcentrationsf

For 81 and 195 at ppm CuFe AC/c is independent of concentration for

T > 0.12 K. The maximum AC/c, which occurs near 9 K, is greater than



-3-

that found by Franck; Manchester, and Martinll’for more concentiated

" samples, but is consistent with the trend in their data. At higher

temperatures>the lattice heat capacity obscunes the shape of AC, but an
extrapolation toT = w‘With a Bloomfield-Hamann cnrve adjusted to fit
the.data near the peak in AC; which requires Tk = 28 K, gives AS =

1.0l R 1n 4. 1In thié-case approximately 50% of the entropy is under
the.extrapolation, but by analogy with.gECr it seems probable that the
éntropy'is R1n L. The significance of the new data is in showing that

the anomaly is broader than that observed at higher'concentrations, and

~ that there is probably a greater contribution to AS at high temperatures.

The heat capacities of 81 and 640 at ppm ggfe samples in magnetic
fields are.shown in Fige. 2 and 3. The daté for the 81 at ppm sample in
low fields were‘indistinguishable from the Zero-field data, and have been .
omitted.for_clarity..'Measurements on a 195 at ppm sample have shown that
AC/c is the same as for the'8l at ppm sample for the fields and temperatures

in Fig. 2. The dependence of AC/c on magnetic field shown in Fig. 2 is

| therefore‘characteristiclof single-impurity behavior. In Fig. 3 the

dashed curve represents the single-impurity zero-field‘limit established

6,9 The zero-field heat capacity

by measurements at lower concentrations.
in excess of that represented by the dashed curve is not proportional to |
concentration and must theréfore be associated with impurity-impurity

interactions.6 The application of a magnetic field broadens the inter-

.action contribution to AC and shifts it to higher temperatures. Quali-

tatively, the efféct of magnetic field on AC for the 640 at ppm sample

can be easily understood. 1In zero field uncompensated spins contribute
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to &C ét temperatures‘corfesponding to the effective fields (generated
by other uncbmpensated spins) they experience. For the 640 at ppm sample
the zero field heat capaqity shows that these field are <1.5 kOe.6 In
an applied field greater than this Qaer their contribution to AC is
shifted to higher temperatures.' In 38 kOe it is almost entirei& deter-
mined by the applied field and occurs at temperatures above 1 K. Thus,
the reduction of AC/c at low temperatures by a 38 kOé applied field ié

the sum of two effects -- the shift of the impurity-impurity interaction

contribution to higher temperatures and the small reduction of the impurity-

conduction electron interaction contribution shown by the data for the
81 at ppm sample.
The field dependence of the heat capacity is related to the temper-

ature dependence of the magnetization M by the thermodynamic equality

d(c/T) M 22x
i - 52 - HMgmeo - (1)

where X‘= M/H. ‘At temperatures below 1 K the differential susceptibility
_of dilute CuFe is the sum of a T-é term that saturates in figlds of ﬁhe
ofder of 1 kOe and a constant term.2 M is therefore the sum of a T—é
term that is indepéhdent of field in ﬁigh field and a temperature
independent temm. ‘The large positive values of 3(C/T)/0H predicted by
Eq.(1) for the T-% term are observed, but only in regions of c and T
where interaction effects are important. _They are abparent.in,Fig. 3, for
example, for H= 1 kOe and Q.h <T<1l.5K. Ina 195 at ppm sample they

occur‘at lower temperatures and correspondingly lower fields. Tor the

81 at ppm sample they presumably occur'at very low temperatures and

N
@l
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pendence of the susceptibility.

_'of this type has recently been reported.

-5~

fields where they are lost in the scatter of the data. Since.the positive
values of J(C/T)/JM are not proportional to ¢ they cannot be associated

with the imputity-conduction electron interaction. We conclude that they,

. | i ’ ‘ |
‘and the associated T2 susceptibility, are a consequence of impurity-

impurity interactions and are not charactéristic of the spin-compehsated
state. Similar conclusidns haVevbeenxdraWn from the concentration de-
| 5,12 |

Above 1.3 K the single-impurity susceptibility, established by a
carefﬁl study of theAconcentraﬁion dependence,5 has the form X =Xg °
29/(T + 29). Substitution of this expression into Eq.(l) gives a small
positive value of O(C/T)/OH and an effect on AC comparable to the scatter
in the data for 38 kOe. This is in agreement with the experimental AC/c
fof 81 at ppm above approximately'E'K. At lower temperatures, however,
the larger negative observed values of B(C/T)/BH requife a change in the

curvature of X vs. T. The change is in the direction suggested by the

third law of thermodynamics which requires [BX/BT]T:O = 0. Thus, there.

is a clear indication that near TK/lS the temperature dependence followed

4,5

by X over a wide range_ofvhigher temperatures is modified in the

direction required by the third law. Theoretical evidence for an effect
13

If the third law is assumed,

the field depéndence observed below 0.7 K, 9(C/T)JH o constant x H, can

be integrated to give X = Xg[1 - 15(T/29)%]. Below 2 K the difference

between this expression and X = Xo 29/(T + 29) is less than 2% and would
not have been observed in the direct susceptibility measurements,5 which

are dominated by the copper nuclear susceptibility below 1.3 K. The
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field dependence of the heat capacity, however; is very sensitive to the . v

difference between the two expressions because it measures d°x/OT?,

which is very different for the two expressions.
The form suggested for the‘temperature dependence of X in the low-

temperature siﬁgle—impurity limit is particularly interesting in connection

6,9 and

14

recent measurements on the'resistivity p of very dilute CufFe show™ ' that

~with other recent experimental results. For T KTk, Cox T

p=p 1 - B(T/Tk)Z] where B is a constant. Thus, for CuFe, a pattern .
is emerging for the temperature dependences of physical properties at

T << T, that is very different from that of a few years ago. Recent

K
14,15

results on AuV suggest the same pattern. It is also interesting

that several theoretical treatments of the Kondo effect predict this

pattern, or parts of it. T
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