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SPECIFIC HEAT OF DILUTE Cu(Fe) ALLOYS FAR BELOW THE KONDO TEMPERATURE*

M. D. Daybell, W. P. Pratt, Jr., and W. A. Steyert
University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico 87544
(Received 27 May 1968)

Specific-heat data on the well-studied copper-iron Kondo alloy have been taken at tem-
peratures down to 2 ><10_3TK, where the Kondo temperature Ty ~ 20°K. Results suggest
a choice among current theoretical models of the quasibound state, and indicate the ap-
parent existence of a significant amount of entropy at still lower temperatures.

Two unresolved questions concerning the sim-
pler properties of the quasibound state arising
from the Kondo effect in dilute alloys of transi-
tion metals in normal metal hosts are directly
related to the specific heat C;,(=Cp) of these al-
loys in the 7 =0 limit. One of these questions is
simply what is the form of C, vs T—recent theo-
retical expectations range from Cy linear's? in T
through® T In(T/Tg) to*,® TY2. The other ques-
tion is how much entropy AS comes out of the
system during the formation of the quasibound
state as the alloy is cooled from far above the
Kondo temperature to absolute zero. Measure-
ments reported here on two dilute Cu(Fe) alloys
should serve to resolve these two questions,
while at the same time complicating efforts to de-
scribe in detail the ground state of real Kondo
systems within the framework of existing models.
Evidence is given for the apparent persistence of
large amounts of entropy to extremely low tem-
peratures. Some information about the specific
heat of pure copper down to 40 mdeg K is also
presented.

The three 200-g samples were prepared as de-
scribed earlier,® cut into 3.1-cm-diam by 3.5-
cm-long cylinders, and placed in an ultrahigh-
purity graphite (type CCH) holder rigidly attached
to the bottom of a He®-He* dilution refrigerator.
A tin heat switch (area/length ratio =107% cm)
was connected between a cadmium-bismuth’ sol-
der joint on the refrigerator and a spot weld on
the sample by two lengths of copper-coil foil, in-
dium soldered to the tin switch proper. Heat was
provided to the sample by one of two means.
Above 200 mdeg K, a 200-2 Manganin resistance
heater was wound directly on the sample and se-
cured with a small quantity of General Electric
7031 varnish. An electronically timed mercury
relay controlled the current pulses into this heat-
er, which were chosen to increase the sample
temperature in increments of 10 to 20%. Heater
power was monitored by a four-lead arrange-
ment terminating at bath temperature. Measure-
ments were also made in the absence of this heat-

er, which had a finite specific heat arising from
its magnetic properties. In this case, heating
was accomplished by a removable Co® y-ray
source (nominally 20 mCi) located about 17 cm
from the center of the sample. Doses (monitored
by a sodium-iodide counter) of from 5 to 180 sec
were used to produce temperature increments

in the sample of approximately 10%. The energy
deposited in the sample by a given y-ray dose
was established by requiring the specific heats

of the pure copper plus addenda measured using
the two heating methods to agree over the 200- to
350-mdeg K range. Small geometrical correc-
tions to the y-ray calibration from sample to
sample contributed about 1 % to the uncertainty
of the final results.

The sample thermometer was a 100-Q Speer
resistor mounted in a closely fitting hole in the
sample using Apiezon-N grease, and thermally
lagged to the sample using two 3-cm lengths of
0.1-mm-diam insulated copper wire soldered to
its terminals and varnished to the sample. A to-
tal of 7 cm of 64-um-diam Manganin wire con-
nected the resistor to a pair of terminals on the
cold end of the graphite sample holder. Niobium
leads 64 um in diameter passed from these ter-
minals up along the graphite and the refrigerator
and on up to bath temperature, where connection
was made to other leads leading out of the Dewar.
Similar leads were used for the heater, when
needed. The use of a phase-locked ac bridge en-
abled the power dissipated in the measuring re-
sistors to be kept below 10™!* W; quadrupling
this power had no effect on the resistance read-
ing. The output of this bridge was displayed on a
recorder, and the temperature readings were ex-
trapolated to the center of each heat pulse. The
sample resistor and another resistor attached to
the refrigerator were initially calibrated against
a 10% cerium-90% lanthanum-magnesium-nitrate
crystal, and were recalibrated near the end of
the experiment against a 100% cerium-magnesi-
um-nitrate crystal. No observable change was
noticed between the two calibrations, and the two
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resistors continued to agree until the end of the
experiment. Absolute resistance-thermometer

calibrations were accurate to +5 mdeg K, while
temperature increments were measured to +4%.

The entire apparatus was enclosed in a lead-
shrouded Pyrex vacuum bulb immersed in a 1.2°K
helium bath. Initial cooldown was accomplished
using about 0.1 Torr of neon exchange gas, which
was pumped out at nitrogen temperature before
the Dewar bath space was filled with liquid heli-
um. Below 77°K, cooldown was facilitated by a
pair of judiciously chosen graphite heat shunts,
whose thermal conductivity became negligible in
the helium range. This technique avoided the
use of helium exchange gas.

The raw specific-heat data, divided by the num-
ber of moles of sample material, are shown in
Fig. 1. In each case, the addenda, consisting of
the sample holder, the thermometer and its
leads, the heater, when used, and its leads, and
a small quantity of grease and varnish, was the
same to within the precision of the specific-heat
measurements themselves. The pure-copper-
plus-addenda runs served as “empty” calorime-
ter measurements for the alloy runs. The ab-
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FIG, 1. Specific-heat data for two dilute alloys of
iron in copper (iron concentrations in atomic ppm) and
for pure copper. In each case, data are for a 200-g
sample, and include the specific heat of the thermom-
eter, calorimeter, and heater (when used). The
smoothed curve through the pure copper-plus-addenda
data was used to obtain the impurity specific-heat
results presented in Figs. 2 and 3. The pure-copper
specific-heat data of Franck, Manchester, and Mar-
tin (Ref. 8) are represented by the curve at the upper
right.
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sence of true empty calorimeter data, inconven-
ient to obtain with our arrangement, makes it im-
possible to quote values for the specific heat of
pure copper; but the agreement of the present
data in the 0.4-1.0°K range with existing mea-
surements (see Fig. 1), along with their approxi-
mately linear T dependence over much of the
range covered, confirms that the specific heat of
the addenda was in fact small, and that the cali-
bration of the resistance thermometer used was
more than adequate to the present purposes. In
the 40-mdeg K temperature region the heat leak
into the sample was about 3 erg/min. It is seen
that the dilution refrigerator is useful for mea-
suring very small specific heats (of the order of
10™* J/°K) in the tens of mdeg K temperature
range.

The specific heat of the impurity state in the
alloy samples was obtained by subtracting from
the specific heat of the alloy itself the background
specific heat taken from a smoothed curve through
the copper-plus-addenda data of Fig. 1, and di-
viding by the number of moles of iron impurity
in the alloy. The impurity specific heat, divided
by the temperature to emphasize the relationship
of the data to various theoretical predictions, is
plotted in Fig. 2, together with the 500-ppm iron-
in-copper data of Franck, Manchester, and Mar-
tin® above 0.4°K. Despite the large scatter in the
112-ppm data, it can be seen that the impurity
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FIG. 2. Impurity specific heat divided by absolute
temperature, per mole of impurity, for several dilute
concentrations ¢ of iron in copper. The 500-ppm data
are from Ref, 8. The theoretical curve (from Ref 4)
is well represented by C proportional to 7% below
1°K.
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specific-heat data scale with concentration, ex-
cept possibly at the very lowest temperatures at-
tained. Although, as noticed earlier by Heeger,
et al.,* Cp/T is proportional to —InT down to
about 0.4°K, below this temperature it increases
more rapidly with decreasing In7.'° Clearly
Cp/T is not independent of 7, in contradiction to
several theoretical calculations.’»® One peren-
nial problem in discussing the Kondo effect in the
region where many-body effects become impor-
tant is that there is no theory on hand which
treats systems of bare local spin S# 3 with much
confidence, nor is the effect of the ordinary po-
tential scattering on the specific heat available
in current theories. Keeping this in mind, it is
still instructive to compare the present data with
some existing S=3 (s-wave) theories.

It has been suggested®® that, as T -0°K, C,,
~T™ with m about 3. A detailed calculation of
this type,* based on Nagaoka’s equations of mo-
tion technique, yields the theoretical curve shown
in Fig. 2. Here we have followed a suggestion of
the authors and allowed for the fact that Cu(Fe)
apparently has S=3 by multiplying their S=3 re-
sult by a factor of 2 to allow for the increased
entropy expected in the higher spin system, al-
though this is by no means the only reasonable
choice for this factor. While this curve, which
pecomes C,/T =1.12/T°** (i.e., m =0.577) be-
low about 1°K, is seen to be in good qualitative
agreement with the (more accurate) high-concen-
tration data, an even better fit to the sub 1°K
results can be obtained by choosing m slightly
less than 3. The fact that C,/T =T %2 as T =0
lends support to the low-field susceptibility be-
havior observed in similar alloys earlier,® where
it was found that the susceptibility x -7 ~/? for
fields below about 1000 Oe as T -~ 0.

An overall picture of the well known Cu(Fe)
specific-heat anomaly®’!! is presented in Fig. 3.
A peak occurs at about 3Tk as calculated by
Bloomfield and Hamann,* and Cp is falling slowly
at very low temperatures. The scatter in these
results at high temperatures is associated with
taking differences in the presence of very large
lattice specific heats, while below about 1°K im-
purity interaction may influence the higher con-
centration measurements. The area under this
curve represents the entropy change associated
with the breakup of the quasibound state [AS
=prd(lnT) for zero pressure] or more precise-
ly, an upper limit to this entropy change.!® The
entropy change from 0.035 to 35°K is RIn2+5%
according to our high-temperature extrapolation
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FIG. 3. Impurity specific heat per mole of impurity
for several alloys of iron in copper, showing the rela-
tion of older data (Refs. 8 and 10) at the specific-heat
peak just below the Kondo temperature to the present
low-temperature limit results for 380 ppm (solid cir-
cles). The specific heat in a magnetic ficld can be
calculated thermodynamically from the susceptibility
data of Ref. 6, and is shown in the figure. Itis seen
that a significant amount of entropy (represented by
the area under the curve) remains in the quasibound
state even below the range of the present measure-
ments,

and those of previous authors,®'! with only 10%
of the area in the region under the extrapolation
(R is the gas constant per mole). It is not possi
ble to account experimentally for the R In4=2R
X1n2 of entropy that is generally expected to be
present for T > Ty, based on the high-tempera-
ture spin of 3. Thus below 0.04°K half the entro-
py is still available (in zero magnetic field).

This entropy is exhibited in a magnetic field.
From susceptibility measurements made on sim-
ilar samples,® it is possible to calculate the spe-
cific heat in a magnetic field using the thermody-
namic relation 8Cp(H, T)/oH=T[#*MH, T)/aTz]H.
The ac susceptibility x(H,T) can be well repre-

sented by®*?
1
-3 -H/
X(E,T)= @T " *-p)e /% 13,
T <200 mdeg K, (1)

leading to a relation

C,H,T)=C,(0,T)+ 3ad(H-d)/AT%?,

T <200 mdeg K, H>3d. (2)

This behavior is shown in Fig. 3, with a=0.23
x107% emu °K'?/g ppm Fe and d =300 Oe, both
from Ref. 6. This relation fails at very high
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fields where Eq. (1) is expected to break down.'®

The present measurements of the low-tempera-
ture limit of the specific heat of a typical Kondo
system thus not only suggest a choice between
various theoretical models, but also yield impor-
tant conclusions concerning the entropy of the
very low-temperature state of the system.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.
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CONDUCTION-BAND STRUCTURE IN ANTHRACENE DETERMINED BY PHOTOEMISSION

J. Dresner
RCA Laboratories, Princeton, New Jersey 08540
(Received 11 June 1968)

The structure of the conduction-band system of crystalline anthracene has been inves-
tigated by means of electron photoemission from negative anthracene ions formed by re-
action with K and Na. A sharp emission threshold is found at 0.79+0.01 eV. The lowest
conduction band is less than 0.03 eV wide in agreement with the calculated value. A sec-
ond conduction band, 0.3 eV wide, is also found, separated from the lower one by less

than 0.05 eV.

The detailed structure of the conduction and
valence bands in anthracene is of considerable
interest. Both bands have been calculated to be
from 0.01 to 0.02 eV wide!?; charge transport in
such narrow bands has been shown to result in
an anomalous Hall effect, where the sign is re-
versed and the measured mobility much larger
than the microscopic mobility.3"® It has also
been predicted that a broader conducting state
must lie above the lowest conduction band.®?
From the photoemission of holes from metals in-
to anthracene, Williams and Dresner® estab-
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lished that the valence band was less than 0.1 eV
wide, as predicted, and broadened by vibrational
overlap. Recently, two papers have appeared
describing the use of photoemission of electrons
to study the conduction-band structure.®»'° Baess-
ler and Vaubel® obtained photoemission from al-
kali metals, yielding photoemission thresholds
of 0.8 eV for Cs and 1.0 eV for Na. These were
interpreted as photoemission from the Fermi
level of the metal (yielding a width for the lowest
conduction band approximately 0.2 eV) followed
by emission into a higher band beginning 0.45 eV



