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Low Temperature Heat Capacities

~ 'of Dilute Solutions of Fe and Cr in Cu.*
B. B. Triplett and Norman E. Phillips

Inorganic Materials Research Division
of the Lawrence Radiation Taboratory,
and Department of Chemistry,
University of California, Berkeley,
California  94720.

Abstract

Heat capdcity measurements on Cu-Cr samples giVe (1.05 + 0.10) Rlnk for

the entropy associated with the formation of the Kondo state.. On thé_high-

‘temperature side of the anomaly the Cu-Fe data are less accurate but dre

also consistent with an entropy of Rlnk. The field,dependence of the heal.

capacity suggests that the T-;/g term in the'susceptibility is associated

with Fe-Fe interactions.



AthouUh Cu- C“ and Cu-I'e appear to.be spin 3/2 systems, the entropies
associated with tda fO¢N°u10H of the Kondo state have been reported to

SRR L
be significantly less than Riuh. To check this dlscrepancy, and to
test theoreticzl ervpresszions for thc heat capacity at temp ratures near
. . R v ' 2 D . .
its maximum, we havc exbended our measurements on Cu-Fe to higher temperatures
and made new me““UJ(r&nt on Cu-Cr.

The: Cr concentrations of the Cu-Cr samples were determined.to * 5% by

8 spectfo?hoﬁometric;method.3.,Within that'accuracy, the 4.2 K resistivities

-3 p ohm cm/ at ppm. The

were lipear in cohcentjation3 Py.p = 1.08 x 10
repérteé éompositiégs were as§igne§ from‘ Py .o and that relation. The heat
cagacify in ¢ic§ss‘6f.that for pure copper AC, divided by concentrationvc;
is showﬁ:in:Fig.,lv'fér;three Cr—Crlsamples;' Above 0.15 K- NC is |
Lroport:onal to c,.szowing-tﬁat AC is characteristic éf thevKoﬁdo state

‘AL lower temuar uureé £ /c fdr:the 21v~'a€. ppm sample is less than for

v the 51 - at ppm.oamplc. The difference is small, hﬁwever, and it is
regsonable to asgume the i Lhc 21 at. ppm sample exhibits the Kondo—ctate

héat capacify. Thc SOlld curve in Fig. l is the theoretical h@ut capacity
derived by Bloomf1c1d ILI'a.rr..ann,’4 scaled to fit the data near_the maximum.
The_curve ch.."pﬁx Lo TK ‘2.1 K{ in‘excellent agreement‘with the value
Aderivéds ffom r sistivity'data. The dasﬁed-curve is an extrapolation.

’ “toAO K suggésted by.ﬁhc Cu—Fé measurezﬁcnts,2 and proportional to T for

T <.0.05 Kﬁ\ This curvé_and‘the TheOietical cﬁfve aﬁ higher temberatuxes

given an-ehtrdﬁy of'l:O5 thﬁ. Tﬁ view.of {he uncertainties in absolute

- concentratious a ﬁd e‘/tw pOlatLOAo, the dlscrcpancy with erh is not significant.
ifiCUrG 2”nﬂu”“.1ho heat caU401Ly of the 51 at. ppm Cu-Cr sampl@ in

weenehic Fic)as. o nul hﬁd Lhe mas mon occurs at the tempcraturc cxpccted

R VT . RN
dor o opin 3/ ety anomaly, but the peak height is only - 80% of
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theiéchottky peék.:_Thére is an additional contribution similer in‘shape :
  to the zero-fieid‘heét.capacity,>suggésting fhat the spin»compeﬂéaﬁed staéc.
is only”partially deétrOyéd in 38 koe. |

._ Figure‘3_shoﬁs:iero—fi¢ld heal capacities of two Cu;Fe saméles.
“Thé solid éufveé are'similar té.thé smooth curve through the 21 at. ppm
.Cu-Cr data,—bu£ scaled and shifted in different Ways. Curve (a) whiéh

gives the best fit-corresponds to high values of T, and entropy, 47.3 K

K
and 1.22 Rlnk, respectively. A combination of curve (d), the Bloomfield-

' Hamann curve, above LK and curve (a) below h K gives a good fit to the

.

- 'data, an entropy of 1.01 Rink, and Ty = 28 K. However, the deviations

K are nore pronounced than

.vfrom the Blobmfield—Hamanﬁ curve below'd.l T
fof;Cu—Cr{ -

L Figuré h_shows the heat’capacity éf avéhovat. ppm Fe in Cu sample in
.magnétic fields.‘ The'dashed curve repfeseﬁts the dilﬁte~impurity limit
;‘¢haractériétic of theaKondQ Staﬂévin Zero fiéld.‘ At_low‘temperaturés
~and low fields the heatrcapacity increaées»with increasing field,

1/2

correépbnding at leasﬁ‘qualitatively to the T~ susceptibility.6' For
_fhe'Bl'aﬁd 195 at;‘bﬁm‘samplésvat the éaﬁe.temperatures, the zero~field
.heat_capacit&:is véry q;ose to the dashed cﬁrve; and the.heat capacifieé
decreasé witﬁiihcréasing fieid fér all fields. This suggests thaﬁ the

1/2

. increase 1in heal capacity with-applied field and the T susceptibility

are associatedeith Fe-Fe ihteractions‘ratherithan with the Kondo state.
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The heat capac1+1es of dilute solutions of Cr in Cu.

Measurements in different calorimeters on the same sample
are dlstlngulshed by different symbols. The error bars

represent the effect of O. 1% error in the total heat capacity .

~ for the 51 at. ppm sample.




1 i I[Ill]l { T LN I B A B |

~ Cu=Cr,510atppm =
= 38kOe oo .
0 30k0e A

e & 20kOe -

'._4'0._,‘ o 1O kOe

sof

S

l .
N

“AC/c (J/K-mole Cr)
AN
N

O.l S 1.0 o 100

XBL 708-193.

Fig. 2.  The heat _'capacities' of 51 at. pvpm_Cr in Cu in magnetic fields.
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Fig.. 3. The heat . capacities of dvilute'soluti‘ons of Fe in Cu. The
' - error bars represent the effect of a 0.1% error in total
... - heat-capacity for the 195 at. ppm sample. '
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LEGAL NOTICE

~ This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: .

A. Makes any warranty or representation, exp‘ressed or implied, with
‘respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or :

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus method, or

* process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
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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