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101'1' Temperature Heat Capacities 

'of Dilute Solutions of Fe and Cr in Cu.-)f 

B. B. Triplett and Norman E. fllillips 

Inorganic Materials Research Division 
of the Lawrence Radiation Laboratory, 

and Department of Chemistry, 
University of California, Berkeley, 

California 94720. 

Abstract 

UCR1-19686 

Heat capacity measurements on Cu-Cr samples give (1.05 ± 0.10) Rlnl~ for 

the entropy. associated vTith the formation of the Kondo state. On the hiC;h-

ternlJerature side of the anomaly the Cu-Fc data are less accurate but are 

also consistent .... ,ith an entropy of Rln4. The field dependence of the heat 

capacity suggests that the T-
l

/
2 

term in the susceptibility is associated 

with Fe-Fe interactions. 
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A1thour;h CL1.-CC c~L'J. ell-Fe appear to be §pin 3/2 systems, the entropies 

associated \'l:).t); tLc fOl'l'\~·d.:;io!·l of the Kondo stnte have been reported to 
I 

be significantly lr:~;:;s thar; RJil1-l-.
l 

'1'0 check this discrepancy, and to 

test theoretic?_l ezp:cec::::i.ons for the heat capacity at temp::rat.uTes near 

. . 2 
its maxirmrrn, 'vole hb.V(; ex::,ended our measurements on Cu-Fe to higher temperatures 

and made ne1-T me,:>.sUJ:·clnE::nts on Cu-Cr. 

'l'he Cr concentl'ations of the Cu-Cr samples 'voTere determined. to ± 5% by 

a spectr·ophotomeJL.ricmethod. 3 Hithin that accuracy, the 4.2 K resistivities 

8 -3 
were linear :i.n concentration; P4.2 :;; 1.0 x 10 ~ ohm ~IDI at ppm. The 

rel,orted compositions \'/ere assigned from P4.2 and that relation. 'l'he heat 

cal-acity in ex(;<.;:ss of that for pure copper 1:£, divided by concentration c, 

is shO\vri in Fig. 1 for three Cr-Cr samples. Above 0.15 K t£ is 

vroportional to c, Sh01:7ing that !:£ is charactcristj.c of the Kondo state 

At lower teIDyCratures Lcl c f01' the 21 - at'. ppm sample is less than for 

the 51 - at. ppm sa:rnple. The difference is s!l1a.ll, hm'lever, and it is 

reasonable to assume th,~t the 21 at. PIlm sample ey.hibits the Kondo-state 

heat capacity. The solid curve in Fig. 1 is the theoretical heat capacity 
. 4 

derived by Bloc]c,field und HEunann, scaled to fit the data ncar the maximum. 

1'he curve corresponds toT
K 

.~~ 2.1 K) in excellent agreement 'voli th the value 

derived5 frmu resistivity data. The dashed curve is an extrapolation 

2 
to 0 K suggested by the Cn-Fe measurements, and proportional to T for 

T < 0.05 K. Thjf, curve and the Theoretical cllrve at higher temllcratures 

given anentroriy of 1.05 H1n'+. In vievr of the lmcertainties in absolute 

concentrat.iow~ ,mel ext:rapola.tio~lS, the discrepo.ncy Vlith Rln~ is not significaEt. 

F'ic;ure 2 !';ll(J~;::; the heal; CD.});J.ci ty of the 51 at. ppm Cu-Cr sClmplp. in 
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the Schottky peak. There is an additionnl contribut.:\ on sim:Llm' in f.:hap·~ 

to the zero-fie1cl heat capacit~r, suggesting that the spin-co;~;l)crLsat.(Od sb,;.e 

is only partjaJ~y dest.:coyed in 38 kO.:;. 

Figure 3 shm;s zero-field heat capacities of blO Cu··Fe saI:"lple0' 

.. The solid curves are similar to the smooth curve through the 21 at. ppm 

Cu-Cr data,but scaled and shifted in different ways. Curve (a) \o;hich 

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

and 1.22 Rln4, respectively. A combination of curve (d), the BloolJlfield·· 

Hamann curve, above 4K and curve (a) below l+K gives a good fit to the 

data, an entropy of 1.01 Rln4, and TK = 28 K. However, the d.eviations 

from the Bloomfield-Hamann curve belo'vl 0.1 TK are lliore pronounced them 

forCu-Cr. 

Figure 4 shows the heat capacity of a 640 at. ppm Fe in Cu smnple in 

magnetic fields. The dashed curve represents the dilute-·imp1.u'i ty limit 

characteristic of the Kondo state in zero field. At low temperaturC:3 

and 1m; fields the heat capacity increases with increasing field, 

corresponding at least qualitatively to the T- l / 2 susceptibility.6. For 

. the 81 and 195 at. ppm samples at the same temperatures, the zero-field 

heat capacity is very close to the de.shcd curve, and the heat caJJ3.cities 

decrease with increasing field for all fields. This sutSgests that the 

. . h t . t 'th 1" f' 1 d th 1'-1/2 t·, '1' . ~ncrease ~n ea - capac~ y \on 'app leQle d an - e _ suscep -un. l'CY 

are associated with Fe-Fe interactions rather than with the Kondo st,a.te. 
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Fig. 1. The heat capacities of dilute solutions of Cr in Cu. 
JI'Ieasurements in different calorimeters on the same sample 
are distinguished by different symbols. The error bars 
represent the effect of 0.1% error in the total heat capacity 
for the 51 at. ppm sample. .. 



, 0 

5.0-

4.0 

-~ 
u 3.0 

<L> 
o 
E 
I 
~ 
"­--:> 
:; 2.0 
"'­
U 
<l 

1.0 

/ 

/ 
/ 

-5-

Cu-Cr, 51.0 at. ppm 
D 38 kOe 

/ 

o 30 kOe 
#. 20 kOe 
o 10 kOe 

---H=O 

/i 
/ 

/ 

./ 
/ 

1.0 
T (K) 

• 

o 
III 

o 

10.0 

Fig. 2. The heat capacities of 51 at. ppm Cr in Cu in magnetic fields. 
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Fig. 3. The heat capacities of dilute solutions of Fe in Cu. '-'he 
error bars represent the effect of a 0.1% error ~n total 
heat· capacity for the 195 at. ppm sample. 
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