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Abstract

The'hgat capacities of five allbjs contaihing between 0.0081 and
0.27 at .% Fe in Cu have been measured Between’0.06 and i°K. .It is
concluded that the low—témperature heat capacitj characteristic of the
spin-compensated stéﬁe is proportional to T, aﬁd’that Fe-fé interactions.

are important; even in the most dilute alloy, at the lowest temperature.
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A number of recent theoretical investigations have dealt with the

heat capacity associated with‘the thermal breakup of the spinécompensated

‘state in dilute magnetic alloys. For temperatures well below the Kondo

temperature TK’ expressions have been derived that predict heat capa01ties

: 1,2 A .
proportionai to T, to TlnT/TK,3 and to Tz.l+ Daybell, Pratt, and-
5'have'reported:measurements on two dilute solutions of Fe in Cu
in vwhich a heat capacity contribution apprOXimately_proportional to T?

uas'dbserved, and:they suggested that this result prcvided a basis for

chodsing'betWeen the various theoretical'approximations._ We report here
the resultsfofvsimilar measurements that cover a greater range of
concentration. The new results show that the heat capacity observed by

Daybell Pratt, and Steyert 1ncluded a contribution from Fe-Fe 1nteractions,

| and that the heat capacity characteristic of the spin-compensatedvstatev

" is more nearly proportional to T. At the higher concentraticns and

lowest. temperatures our measurements also show an approximately concentration-

.1ndependent heat capac1ty 51milar to that _expected for Fe-Fe interactions,

possibly modified by the formation of the spin-compensated state on
some Fe atoms.

Several.obsérved properties of dilute.Fe in Cu solutions'verify
the existence of the spin-compensated state.6'9 . For this reason, . and also
because the magnitude of TK (=6°K) makes the,associated>heat capaCity
relatively.large compared with other contributions, it is logical to

choose this system for measurements -of the energy and entropy changes

‘ accompanying the formation of the spin-compensated state. The experimental

problem is that of separating the effects of Fe Fe and Fe- conduction

electron 1nteractions, each of which contributes to tne heat capacity.
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It is clear that the heat\capaéity that is characte}ioticvof tne Fe-

~ conduction electron intefaction wonld be identifiablo as a heat capacity
in excess of that of.pure copper fhét is proporfional-to concentration.'
Earlier low;temperatufébméasurements have been at cOncent?ations too
high to satisfyAthis oriéerion-‘

The samples were”preparéd_under vacuum in an indnotion furnace
and chill-caét from the melt._ Chemica% anélysis.ofbﬁortions from
opposite ends of the‘samplos, and microprobe énalysis, failed to show
ény evidence oféinhomogenoity or precipitation of Fe. The h.2-°K
resistivity olso'suggestéd that the Fe was in solution and. free of oxidation.
The compositions repoftéd werevobtained by chemioai analysis;;olnfhe |
measurements were made in an adiabatic qemagnetization cnyostét, except
for those above‘0:h°K on the 0.0081-at .% sample, which were made in a
3Hé cfyoStat ﬁéing a préviously~oalibrated gefmanium thermometer.

The heat capocities of five alloyo are‘compared with tnat.of pure
copper in Fig. 1. For the more.concentrated alloys at the iowest
temperatufes{ the heat cépaoiﬁy is the sum of terms'proportionai to
T-e and to T. The T—Q term, which is approximately proportional to |
concentration, is-presumably a hyperfine oontribution. Figure 2 compéres
the coeffioiont of the linear term with values found for more concentrated
solutioné at higher ﬁemperaturell’lg.and exhibits its ﬁeqk concentration
dependence. The heat.oapacity contribution-associated with Fe-Fe interéctions

13,1k

%

has been predicted to be proportional to T and independent ofbconcentration.
| As the temperature inoreases above a characteristic temperature proportional
to concontration, this contribution is expected to disappear gradually.
Thé'behaviof illustrated in TFigs. 1 and é is strikingly similar to'these

predictions, and suggests that the heat capacity of the solutions (with
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thevpossible'exception éf fhé 0.0081 at 9% solution)‘is dominated by
‘Fe-Fé intefactions at thé lowes§ temperatures. Even in-the ébsenée.of
competing iﬁteractidné it is not clear how rigorouély indépéndent of
cdncentrétion this heat capacity'should be, but*ﬁhe‘observéd decrease at’
concentrations below 0.3 at .% may bevan indication of the formation‘of.
the spin-cqﬁpenSated state on some of‘the Fe atoms. As a consequence of
the randbm arrangement of the Fe atoms, the number contributing to the
heat capacity'(those éxperiénéing én effective interaction < kT) is

13,1k

-ihdependent of concentration. Formation of the spin-compensated

(singlet) state on an Fe atom would reduce the heat capacity by B

eiiminating the contribﬁtion of thatiatom; This effect would be moré:

important the more dilute the solution, because the séin-cbmpensatedfi“”.

state is Spatially extehded.and its formation inhibited by the pfesencé

of near magnetic neighbors. o | o
;Figure.3 shows, for the three most dilufe alldys, the excess heaﬁ

capacity AC, reduced by_the amount of thé hypé;fine‘term and divided by -

temperature and conéentration;' Thé.relatively large systeﬁatic deviatibﬁs

from a smooth curve for the 0.0081 - at .% sample below 0.4°K are a

consequenée‘ofvthe small magnitude of AC and the use‘ofva carboﬁ'thermémetef.

The heat capacities measﬁred By Daybell, Pratﬁ, and Steyert5 on 0.011

and 07038‘— at .% sahples aré consistent withvthosevreported here. They

are intermediate between those of our 0.0081 and 0;0070 - at .% samples,

.and show a similar dependehce‘on.temperature and C§ncehtration. The

concentration dependence, however, was not clearly‘fesolved and was not

, taken‘into account in interpreting'the data. The low-temperature rise

in AC/T occurs in a'cOncentratjog and temperature ranéé_in whiéh Ad is

not proportional to cbnéentration dependence shown in Fig.l3 suggests
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that the concentration-proportional iimit characteristic of the spin-~ .
compensatedvstate is that.exhibited by the‘O.dO8lv- at‘.%’sample above
‘about 0.4°K: AC/T = O.9J/deg2-nole Fe. Tnis temperature dependence is
that calculated by N'agaokal and Klein,e and the magnitude is reasonable’
for ions with spin 3/2 and TK ~ 6°K.
| .vAccording to.the above interpretation, the 1ow~temperature rise in
AC/T refiects a reduction in energy associlated with the.Fe-Fe interactions. .
it does not abpear nossible to achieve'a rednctiOn by breaking up spin; |
compensated configurationsvthat were formed at'higher tewperatures, and
it is therefore probable that the only Fe ions.involved arenthosev
that are close enough together for their interactions to quench the spin-
compensated state.v For the 0.070 - at .% sanple; entropy considerations
show that 3% of the Fe atoms'ﬁould account for the observed rise;. for the
C.OO8l-¢'at XA sample; the extrapolation of AC/T to 0°K is uncertain,
but.tne COrresPonding quantity‘couid‘be less than 1%.. Such'small
" numbers of uncompensated Fe spins would not have been detected in the

6,15

low-temperature resistivity measurements‘nade to date. Ruclear-

63

magnetic—resonanéevstudies of the ~Cu line width do, however, show evidence
for the presence of uncompensated spins. The low-temperature line width

is linear in magnetic field and extrapolates to the'pure copper value for

8 O§013 - atv.% sample; but to a significantly higher value for a Q.076

- at .% sam.ple,7 sﬁggesting that interactions become. important in
éuenching the spin—compensated state in this concentration range. It

also scems possible that the low-field temperature-dependent part of the

low-temperature susceptibiiityl6 is associated with small clusters of

uncorpensated and weakly interacting spins.
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A more éxtenSiveinvéstigation of the heat cabacities of fheée allbys,
includingffheir dependence on mégnetic.field, is in progress and will be

rgported iater.
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Figure 1. Heat capacities of five dilute alloys of Fe in Cu.
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Figure 3.

- 0.13 and 0.070 - at .% samples at 772 term has been subtracted;
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The heat capacity,in excess of that of pure'copper., For the

for the 0.0081 - at .% sample, this term was too small to be

measured and no correction has been made.
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such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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