Lawrence Berkeley National Laboratory
Recent Work

Title
HEAT CAPACITY OF THE SUPERCONDUCTING-KONDO SYSTEM (LaCe)Al2*

Permalink
https://escholarship.org/uc/item/8144h5h\

Authors

Bader, S.D.
Phillips, Norman E.
Maple, M.B.

Publication Date
1974-05-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8144h5hv
https://escholarship.org/uc/item/8144h5hv#author
https://escholarship.org
http://www.cdlib.org/

RECE. ViLw

LAWRENCE
Submitted to RADIATION LABORATORY LBL-2744
Solid State Communications ’ Preprint €
i1 1574

LIBRARY AND
DOCUMENTS SECTION

HEAT CAPACITY OF THE
SUPERCONDUCTING-KONDO SYSTEM (LaCe)Aly™

S. D. Bader, Norman E. Phillips,
M. B. Maple and C, A, Luengo

May 1974

Prepared for the U, S. Atomic Energy Commission
under Contract W-7405-ENG-48

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

4

PrLZ-TIL T



DISCLAIMER

This document was prepared as-an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



-1- R LBL-2744
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Abstract

Heat capacity measuremeﬁts oﬁ (LaCe)Al2 betwéen 0.07 and 203,
show that fhe cryStal—field ground state of the Ce jon is a doublet,
ahd confirﬁ the pccurende of the Kondo effect‘in the'normal'staté.> In
the supérconducting state there is évidence for’an impurity bana at,low>
énexgiés within thevgap'and for a second order transition atAthé.lower

critical temperature, T.oe



’

Recent theorctlcall 6 and experimental7 work has shown that the
propcrtles of supcrconductors contalnlng magnetlc 1mpur1tles dtpend

strongly'on the 31gn of the conduction electron-impurity spin exchange

parameter 591 thn g}< 0; the-Kondoveffect‘occurs in the normal state

with a characteristic temperature TK‘ For Ty, <<_Tc0,'where To is the

critical temperature for superconductivity in the pure host, "reentrant"

behavior has been predicted4 over a limitcdvrange.of impurity~concen-
tration - as the temperature is reduced an alloyHWith_an impurity
‘concentration within this range should first becometsuperconducting at
l' normal agaln at T c2 and flnally superconductlng at T 3..-The
systen (LaCe)Al2 has been 1dentlf1ed as showrng this type of behav1or:

‘several propert1es‘suggest8_14 that %} < 0, and a return.to the normeal
| ' 15,16

state with decrcasing temperature has been observedpat’Tc2 “although

norcx'd nce has been found for o transiticu back to the supcreonducting .
e ' ' 16 .

state at T to temperatures as low as 6 mK. In this note we present

c3
the results of hcat capacmty measurcments on several (LaCe)Alz_alloys

with Ce concentrz iion varying from zero to,above the turning point
concentration of the reentrant T, vs. Ce concentration curve. The

measurements extend below the temperature of the maximum in'Cn,lthe

normal-state heat capacity, and, for the one sample'that shows reentrant

superconducting behavior, below T The results’ show that (l) ‘the .

‘ground state of the Ce ion in the c¢ 'c LaA12 matrix is a doublet, (2)

'_the Kondo effect occurs in the normal state with T. = 0. 42&, (3) for

K
small Ce concentratlons and low temperatures there is an upturn ‘in C
the superconductlng—state heat capac1ty, which is consistent Wlth recent

theoretical predictions of an impurity band at low energies4within the



gap, and.(4) mithih.the Ce concentrationAraugeAin.which alloysexhibit
reentranf superconductive'behavior, the transitionvat Tczlisfs¢¢ond
order. _ v .

‘ ! Measurements mere made on samples w1th 0, O 193 0.640 and 0.906
at.% Ce substltuted for La, in the temperature range 0. 07 to 2OL, and -
1n’magnet1C'f1elds from 0 to 38 kOe. . The 0.640 at.% Ce sample showed
preentrant supercohductive behavior with‘Télel.lKvand T.,=0.253K, as
_determined by'ac mutual inductance measurements;; Them0.906 at,%-Ce
~sample showed no transitioh to the superconductihq'state at temperatures
abOVe 0.3K, consistent with a turning point concentratioq‘of 0:.67 at;%

Ce. The samples‘were‘prepared as described inICOnnection with'other'

work except that the 0 906 at.$ Ce sample was annea]ed at 800° C for one,

week (rather than’ 16 h). Between 0.5 and 4. 2h,’the results are s’lear
to those obtained in earlier heat capac;ty mcasurcmcntslo that»covered
ohly:that interval. |

A gomplete analysis of the data on all samplesl7rshows that the
'lattice and normal_state-electronlc heat capacrtles of the alloy sumples
are_the same as those of pure LaAlZ; [The high;temperaturebtall of the
hKohdo anomalyf(Eig. 1) appeared as an apparent enhancement of Y in the

earlier measurementslo]. ‘In magnetic flelds hlgh enouch to quench

-superconduct1v1ty, the magnetlc 1mpur1ty contrlbutlon to the” heat capa=

c1ty-1s approx1mately'proportlonal to the Ce 1mpur1ty concentratlon c

‘. and approaches the tenpelature dependence aSSOClated w1th the Londo

effect in the low fleld llmlt._ This is 1llustrated‘1n Fig. l, where AC,

:the heat capac1ty in excess of that of the pure host, is. plotted as

- - «I,o-l

AC/c vs. log T for the 0.640 at. £ Ce sample. Curves a and b‘represent_,‘



the 38 and 201k0e'data respectively for all the:alloy-samples to within

experimental error, and correspond to an entropy of R1ln2 per mole Ce.

This shows that the Ce ground state has an effective spin of 1/2, in

3+

the fcu'b‘fi'c c‘ry'stavl‘field splits the Ce>" J=5/2 multiplet into

state quartet and a ground—state doublet w1th a splitting of ~100K

accord with magnetic susceptibility measurements which indicate that’

aniexcited—-

7, 8

Curve c was drawn to fit the 2 kOe data for the O 906 at.s Ce sample,

and it differs slightly in shape from fits to the data for the 0.640

t

difference in heat treatment of the samples.‘ Curve d was ori

drawn te'fit'data

18

calCulation< of Bloomf*eld and Hamannlg. As redrawn in Fiqg.

' and 0.193 at.% Ce samples. This difference may be associated with the

6inallyb

on CuCr alloys and 1t is also conSLStcnt with the -

l, shlfted

in temperature and scaled by a factor of 1/2 to - correspond to an entlooy

\ of R1ln2 per mole Ce, it also fits the zero field data for the

- A o,
“ e ©

data

that

superconductlnc—ftatc electronic heat capa01t1es do not
The good agreement of curve d w1thvthe (LaCe)Al
mation of the Kondo effect in this system.

Bloomfield—Hamann'theory also gives T =O 42K,

with

vi51ble near T
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data'for

sample for wh1ch 1L mlght be cxpeCLed that Lhe norma]—ctate and

2

8-14

other estimates of TK' which range from 0 l to 1K.

differ nucn).
data provides confir-
COmparison with the

in reasonable agreement

An anomaly in Lhe zero—fleld data for the O 640 at.% Ce sample is

cl

in Flg. 1, and is shown more clearly as a plot of AC =

(H=0) in Fig. 2. [In Fig. 2, the zero-field experimental data

were used for Cs, and Cn(H=0) was taken as a smooth-curve throughrthe

0. SPOe data correCted to H=0 u51ng the temperature dependence

of p

" C, {H=0.5 kOe) - C. {H=0) for the 0. 906 at.% Ce samnle, but scallng the



coxrectlon to make AC go to zero in the low—temperature limit. ] The
.anomaly at T has a shape consistent with a sllghtly broadened second—
.order transitlon.v-It is s;mllar to that observed by Steglich and
.Armbrﬁster20 Who;have‘shown.that its size is conSistent with a bulk
superconductihg transition.b In Fig. 2 a s1mllar anomaly appearsljust

below T “and the negatlve values of C -C (H 0) requlred by the equallty

c2’
of the free energies at Tcl occur at 1ntermed1ate temperatures. [The
shapes of the anomaly at Tc2 andﬁof CS-Cn(H=Q):atIintermediate_tempera—
tures‘depend on the assumptions made in deriving'CA(HéO), butpthe
existenceiof the”anomaly is clear in any precise-comparision.of the
zero—field and 0.5 kOe data.] The anomalyhat'T é appears to be”smaller
than that at T cl’ but that would be qulte reasonable in view of the -
lower temperatvre, and we believe it is ev1d°nce for a bulk second-order -
transition. o

The zero field normal—and/superoonducting~state heat,capaoitieS'of
the-0.19§ at.% Ce sample.are compared_in-Fig. 3. ‘The points-represent

zero field data‘for C - C,, where C, is the lattice'heat-capacity-vthe

L L
horizontal llne represents the normal state electronlc heat capac1ty,
the dashed and dash-dot curves represent, respectlvely, the sum of the
normal state electronlc and impurity heat capac1t1es, and the normal
state 1mpur1ty heat capacity. Below 0‘54K the total superconducting_”
-state heat-oapacityvis less than the’normal state impurity heat Capacity
alone. Thi° choivs-ciearly the,modifioation’ofvthe Kondo effectvby the
'fornatlon of Cooper palrs. At temperatures from 0.3K to the lomest |
temperature reachedv 0.08K, the superconductlng state heat capac1ty

increases w1th decrea51ng temperature. Unfortunately, the measurements

do not extend to low enough temperatures to reveal the maximum in C_



-6— . . " v.‘
pelow 0.08X whith is required by the equality ofvthe normal and super-
“conducting stateiehtropies at OK,andvTc. 'Although the theory has not
been developed to the point of permitting a quantitative comparison,
this increase is qualitatiVély consistent with the predicted6 impurity

band at low energies in the gap;
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"f  ' _ o Figures
Fig. 1 - The heat capacify‘of the 0.64 at.% sample;vi(See text for
complete explanation). S

Fig. 2 - The supercohducting—state_heat capacity minus the zero-field

ed

normal-state heat capacitwaor the 0.64 at;% sampie; (See text
for complete explanation). | |
Fig. 3 —‘?he sum of the magnetic and electronic heat CapaCities of the
| __@.193 at.s sample in zero field. (Séé text'fOr-cdﬁplete

explanation).

*
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