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scribing a surface with a variable thickness of
the electron density.?* We feel, therefore, that
the results of our analysis together with the ob-
servations of Kunz indicate a serious systematic
deficiency in existing microscopic models of sur-
face-plasmon dispersion which predict C, =5>0
and I' ;=0 for electron fluids of density compar-
able to that of aluminum. Both measurements of
C, are consistent with Bennett’s model calcula-
tion provided a suitable electron-density profile
is used in the model.

The authors are indebted to Dr. G. E. Lara-
more for many helpful conversations, and to
Mr. J. M. Burkstrand and Professor F. M. Propst
for use of their unpublished data.
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Calorimetric Evidence for a Singlet Ground State in CuCr and CuFet
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Heat-capacity measurements show that the entropy reduction associated with the forma-
tion of the spin-compensated state in C«Cr is RIn(2S+1), The magnetic field dependence
of the heat capacity of CuFe suggests that at T<<Ty the susceptibility has the form X=Xp
x[1-15(T/Tg)?*], which is consistent with the third law of thermodynamics.

The ground state of a single magnetic impurity
in a metal continues to be an unsolved problem
in spite of the attention it has received. Differ-
ent theories give different physical pictures for
the ground state and make different predictions
for the 0-K entropy and the temperature depen-
dences of physical properties at 7 < Tk, where
T is the Kondo temperature.! Heat capacity
measurements on both CuFe and CuCr have been
interpreted as showing that AS, the entropy re-
duction associated with the formation of the spin-
compensated state, is less than R1In(2S+1).23

In the same systems, the temperature dependence
of the magnetic susceptibility®”5 y, if extrapo-
lated to 7=0, does not satisfy the requirement

of the third law of thermodynamics that [8x/87],-,
=0. This also implies that the spin degeneracy

is not completely removed at 7=0. We report
here new heat-capacity measurements on CuCr
and an extension of earlier measurements® on
CuFe to higher temperatures. In the single-im-
purity limit the new data show that the heat-ca-
pacity anomalies are broader than had been in-
dicated by earlier measurements. The CuCr
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data are well represented by the Bloomfield-
Hamann theory” for 7/7T«>0.07 and give AS=R
X1In(2S+1). The CuFe data are consistent with
AS=RIn(2S+1). Their field dependence shows
that the low-temperature single-impurity x de-
viates from an extrapolation of the data*® above
1 K in the direction required by the third law,
and suggests that x =x,[1~ 15(7/Ty)?] at T < Tg.

The Cr content of the CuCr samples was de-
termined to + 5% by a spectrophotometric meth-
0d.? Within that accuracy the 4.2-K resistivities
were fitted by p,,/c=1.08X107% uQ cm/at. ppm,
where c is the concentration, and that relation
was used to assign the reported concentrations
from values of p,,. The CuFe samples were the
same ones used in an earlier investigation.®
All measurements were made with a reproduc-
ible germanium thermometer that permitted a
high sample-to-sample precision. The heat
capacities of the sample holder and the pure cop-
per from which the samples were made were
measured in separate experiments.

The zero-field CuCr data are shown in Fig. 1
as AC, the heat capacity in excess of that of pure
copper, divided by the concentration. Within
the precision of the measurements, ACxc, 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 observed®
in CuFe. The dashed curve represents a linear
extrapolation to 7=0 as suggested by measure-
ments®® on CuFe at lower reduced temperatures.
Above 0.15 K there are no systematic differences
between the samples, and we have taken the 51-
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FIG. 1. The heat capacity of C#Cr per mole of Cr.
The solid curve represents the Bloomfield~-Hamann the-
ory, and the dashed curve is a linear extrapolation to
T =0, The error bars represent the effect of a 0.1% er-
ror in the total heat capacity.
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ppm data, for which the precision is best, as
defining the shape of the peak. The peak is bet-
ter defined than in earlier work® and is broader.
The solid curve represents the theory of Bloom-
field and Hamann,” scaled and shifted in temper-
ature to fit the peak. As drawn it corresponds
to Tx=2.1K, and provides an excellent fit to
the data for 7/T>0.07. The linear extrapola-
tion to 7=0 and extrapolation to high tempera-
ture by the theoretical curve give AS=1.05R In4.
Since the spin is 3, this corresponds to the com-
plete removal of the degeneracy, to within the
uncertainty in the concentrations.

For 81- and 195-at.-ppm CuFe, AC/c is inde-
pendent of concentration for 7>0.12 K. The
maximum AC/c, which occurs near 9 K, is
greater than that found by Franck, Manchester,
and Martin'! for more concentrated samples,
but is consistent with the trend in their data. At
higher temperatures the lattice heat capacity
obscures the shape of AC, but an extrapolation
to T =« with a Bloomfield-Hamann curve adjusted
to fit the data near the peak in AC, which re-
quires T¢=28 K, gives AS=1,01RIn4. In this
case approximately 50% of the entropy is under
the extrapolation, but by analogy with CuCr it
seems probable that the entropy is R 1n4. The
significance of the new data is in showing that
the anomaly is broader than that observed at
higher concentrations, and that there is proba-
bly a greater contribution to AS at high temper-
atures.

The heat capacities of 81- and 640-at.-ppm
CuFe samples in magnetic fields are shown in
Figs. 2 and 3. The data for the 81-at.-ppm sam-
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FIG. 2. The heat capacity of 81-at.-ppm CuFe per
mole of Fe, as a function of magnetic field.
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FIG. 3. The heat capcity of 640-at.-ppm CuFe per
mole of Fe, as a function of magnetic field. The dashed
curve represents the single-impurity zero-field behav-
ior.

ple in low fields were indistinguishable from the
zero-field data, and have been omitted for clari-
ty. Measurements on a 195-at.-ppm sample
have shown that AC/c is the same as for the 81-
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 characteristic
of single-impurity behavior. In Fig. 3 the dashed
curve represents the single-impurity zero-field
limit established by measurements at lower con-
centrations.®® The zero-field heat capacity in
excess of that represented by the dashed curve
is not proportional to concentration and must
therefore be associated with impurity-impurity
interactions.® The application of a magnetic field
broadens the interaction contribution to AC and
shifts it to higher temperatures. Qualitatively,
the effect of magnetic field on AC for the 640-
at.-ppm sample can be easily understood. In
zero field, uncompensated spins contribute to
AC at temperatures corresponding to the effec-
tive fields (generated by other uncompensated
spins) they experience. For the 640-at.-ppm
sample the zero-field heat capacity shows that
these fields are < 1.5 kOe.® In an applied field
greater than this value their contribution to AC
is shifted to higher temperatures. In 38 kOe it
is almost entirely determined by the applied field
and occurs at temperatures above 1 K. Thus,

the reduction of AC/c at low temperatures by a
38-kOe applied field is 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 temperature dependence of the
magnetization M by the thermodynamic equality

a(C/T) _9*M =H82x

e 8T aT¥

aH aT? ®

where x=M/H. At temperatures below 1K the
differential susceptibility of dilute CuFe is the
sum of a 7" V2 term that saturates in fields of
the order of 1 kOe and a constant term.? M is
therefore the sum of a 7~Y2 term that is inde-
pendent of field in high field and a temperature-
independent term. The large positive values of
3(C/T)/3H predicted by Eq. (1) for the 7°V/2
term are observed, but only in regions of ¢ and
T where interaction effects are important. They
are apparent in Fig. 3, for example, for H=~1
kOe and 0.4< T <1.5 K. In a 195-at.-ppm sample
they occur at lower temperatures and correspond-
ingly lower fields. For the 81-at.-ppm sample
they presumably occur at very low temperatures
and fields where they are lost in the scatter of
the data. Since the positive values of 8(C/T)/8H
are not proportional to ¢ they cannot be asso-
ciated with the impurity—conduction-electron in-
teraction. We conclude that they, and the asso-
ciated 7~2 susceptibility, are a consequence
of impurity-impurity interactions and are not
characteristic of the spin-compensated state.
Similar conclusions have been drawn from the
concentration dependence of the susceptibility,5!?
Above 1.3 K the single-impurity susceptibility,
established by a careful study of the concentra-
tion dependence,? has the form x= x,[29/(T +29)].
Substitution of this expression into Eq. (1) gives
a small positive value of 8(C/T)/9H and an effect
on AC comparable to the scatter in the data for
38 kOe. This is in agreement with the experi-
mental AC/c for 81 at, ppm above approximately
2 K. At lower temperatures, however, the larger
negative observed values of 3(C/T)/3H require
a change in the curvature of y vs 7. The change
is in the direction suggested by the third law of
thermodynamics which requires [8x/87], -,=0.
Thus, there is a clear indication that near Tx/15
the temperature dependence followed by x over
a wide range of higher temperatures*® is modi-
fied in the direction required by the third law.
Theoretical evidence for an effect of this type
has recently been reported.'® If the third law
is assumed, the field dependence observed below
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0.7 K, 89(C/T)dH < constH, can be integrated to
give x=x,[1-15(7/29)?]. Below 2 K the differ-
ence between this expression and x= xo[29/(T
+29)] is less than 2% and would not have been
observed in the direct susceptibility measure-
ments,® which are dominated by the copper nu-
clear susceptibility below 1.3 K. The field de-
pendence of the heat capacity, however, is very
sensitive to the difference between the two ex-
pressions because it measures 32y/872, which
is very different for the two expressions.

The form suggested for the temperature depen-
dence of x in the low-temperature single-impur-
ity limit is particularly interesting in connection
with other recent experimental results. For
T « Ty, CxT,% and recent measurements on
the resistivity p of very dilute CuFe show* that
p=p,l1—-B(T/T«)?] where B is a constant. Thus,
for CuFe, a pattern is emerging for the tempera-
ture dependences of physical properties at T
<« Tk that is very different from that of a few
years ago. Recent results on AuV suggest the
same pattern.'®!® It is also interesting that sev-
eral theoretical treatments of the Kondo effect
predict this pattern, or parts of it.!
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Experimental evidence is presented for the existence of an absorption continuum in
CdS which is probably caused by the high density of electron-hole pairs and free excitons.
The magnitude of this absorption is largest near the absorption edge and tails off toward
lower energies. The presence of this continuum causes a change of the line shape of the

A, exciton absorption.

Several semiconductors have shown stimulated
light emission when excited with either photons
of energy greater than the band gap or electron
beam sources of high enough power. Numerous
studies of this kind have been reported recently
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on CdS and other II-VI materials.!"5

Whenever the wavelength distribution of the
stimulated emission as a function of the exciting
light intensity is studied, one particular feature
always appears to be present: At low exciting



