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SOME CALORIMETRIC INVESTIGATIONS OF THE ROLE OF f. ELECTRONS
IN SUPERCONDUCTIVITY AND MAGNETISM

Samqel'DaV1d Bader

Inorganic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Chemistry; University of" Callfornla,
' Berkeley, Califormia :

ABSTRACT

PART ONE: (Lg,Ce)Alz

The heat capacity of the system (La Ce)Al for 0.0, 0,193, 0 64,
and 0.906 atfé Ce has been measured between approkximately O 06 and
22 K and in magnetic fields up to 38 kOe. In_the horma1 state,\there
is Rln2 entropy aSsociated with the Ce spin eystem and this entropy
is removed in the formation of the spinecompensated state. The nofmal

state Kondoetemperaturé.is 0.42 K. The three more-dilute samples

exhibit superconductivity but cannot be described. by the Bardeen-.

Cooper-Schrieffer or Abrikosov-Gor'kov theories. ‘Significant low-

energy excitatioas are evident in the scperconducting state and they

may be assdciated~with quasibound states deep ic.tHe energy gap of thef
pure superccnductor. Fot the 0.193 at.% Ce allpy ;ﬁ thevSupetconducting
state.the characteristic temterature aseociated &ith'Ce—spiﬁ Orderiag

in - the normal state is reduced by an estimated Ordet of magnitude.

For the 0.64 at % Ce alloy a small broadened superconductlng anomaly

appears in the heat capacity above 1 K, however, no anomaly that could

be intefpreted as a bfoadened discontinuity was found at the magnetically—

- detected transition back into the normal state at lower temperatures.
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PART TWO: = a-U

The heat capacities of five samples of o-U haVé been measured
between approximately O.i and 2 K at zero.pressuré;, The four
polycrystalline samples ekhibited broa;, bulk‘superconducting
transitions. The y-values aﬁd.the smearing of the sﬁﬁerconducting
transitions are sensitive to grain size——the small-grained samples
‘had the highest Y—values and the broadest superconducting transitions.
A\single grystal had the lowest Y-value and appeared to be beginning
to enter the superconduétingﬁstate below 0.25 K. The shape of the\
heat capacity anomaly near‘Té for the large—grained\polycryétal

’

indicates that o-U is a BCS superconductor and, heﬁce, local moments .
aﬁd pair;bfeaking mechanisms do.not play a role in its supercohductivity.
The known preséure enhancement of TC is partially attributed to a
_denéitY—of—states effect and partially to a reduction of thevpair-weakening

Coulomb repulsion as the narrow, f—like hybrid band broadens under

pressure.

PART THREE: SmS

- The heat capacity of SmS in the insulating and metallic phases
has been measured between approximately 0.3 and 20 .K. The entropy
difference clearly shows the demagnetization of the 4f electrons in

the metallic phase.




N PART ONE: (La,Ce)Al2

K

;  I. INTRODUCTION

A. Normal-Host Dilute Magnetic Alloys

"In the dilute alloy systems under consideration the hosts are non-
magnetic. The magnetisﬁ arises from’tﬁe net spinlof thé crystal-field
and spin—orbit sp}it iﬁpdrityvgfound state, which is not removed by |
'hydridization'with itinerant electron states. '(Magnetism associéted with
singlet—ground—staﬁe-systems will not be’considefed)f Experimentally
a magnetic alloy can.be identified by a Curie-Weiss femperature-dependent
magnetié susceptibility,rx, in an apéropriatevtemperéﬁure intervaL,

_ while a ﬁon;magnetié alloy 1is distinguishéd by a small,'tempergture
independent X.' fhé'entropy associated~witﬁbthe‘net spin éf the impurity
is usually removed in a cpoperative‘ordering process; In a dilute mag- ~
netic alloy the usual ordering processes invoive an impurityvspiﬁ, S,

~

coupling with the conductiop;electron spin.déﬁsity, s, in the vicinity
»of theximpurity, via the exchange Hamiltonian -2J f-§,>where J is the
exchange interaction parameter. In the dilute limit, depending on éhe
sign of J, spin;ordering generally proceeds either by impurity-impurity
interactions or by single-impurity'iﬁteractions with a spin-polarized
conauc;ion—electron sea, |

In the impurify-iﬁpurity interaction region,.eéch impurity induces

\ . -

in the conduction-electron sea an oscillatory spin-polarization in

~space. Impurities interact with each other indirectly via: these spin

polarizations. This integactibn has been'described_quite successfully



by the Ruderman-Kittel-Kasuya-Yoshida (RKKY) Hahiitonian.l Using the _
RKKY interéction, Marshall2 and others3 have attempted to des;ribe,
withiﬁ a,mean-figld approximation,'the heat capacity anomaly associated
with the removal quthe impurityespinlentropy; Theée investigators
found that thé random distribution ofrimpufities gives rise to a dis-
tribution of intermal fields.at(the impurity site, which leads to a
broad heat capacity anomaly. Although at high temperatﬁres_there is
) ho'geﬁerally valid descripfion‘of'the heat cépacity, at low temperatures.
the heét capacity is_charactefized by a linear temperature Aependence
whose coefficient is independent of impurity concefttration. The char-
acteristic magnetic ordering temperature, TM’ is proportional to concen-
tration and to J2. Hence, TM is independent of the'signvof J.” CuMn
alloys with a Mn concentration of less than a few atomic percent (at.%)
and greater than a féw parts-per-million. (ppm) is a typical system forl
studying impurity-impurity interactions.

The other spin;ordering process in diluté magnetic alloys involves
a single-impurity interaction resulting in antiferromagneti; polarizatién
" of the condﬁction-éleétron spin density in tﬁe viciﬁity of the impurity.
By considering therimpurity—conduction électroﬁ spiﬁ—dependent con-
tribution to the scattering processes to higher ofder than J2 (the first
Born approximation), Kondo,4 in 1964, explained ﬁhe resistivity minimum
of certain dilute magnetic alloys. In the second Born approximation a
temperature—depéndent correction enters the spin—dependent contribution
to the impurity scattering.5 For J < 0 the corrected spin-dependent
coné;ibution to the resistivity incréases logarithmically as temperature

decreases. The other contributions to the resistivity decrease with



temperature, hence a resistivity minimum or VKondo>effect" appears.
 The corrected spin~dependent contribution to the resistivity becomes

important below the Kondo temperature:

Te ~ TFvexp[-l/N(EF)lJI], ) (1

" where TF is the Fermi temperature and N(EF) is the density of states
at the Fermi energy. For J <0, in the single—imptrity interaction
region, conduction electrons are resonantly scattered in such a way

that the local impurity spin becomes compensated. The degree of compen-

sation increases smoothly below T, with decreéasing temperature. Hence

K
the Kondo effect gives rise to a quasibound spin—éoﬁpensaéed sta#e.

The gradual formation of the spin—compensaﬁed state is accompanied
by a broad heat capacity anomaly. Sinée'the éhéracterisﬁiC'orderingb
temperature, T,, is independent_of concentration,_the heat ﬁaﬁacity
shape.per molé of impurity should Be in&eﬁ;ndenf of impurity concentra-
tion. It has been experimentally‘vérified7 in the system CuFe thgt at
.1ow temperafureé the heat.capacity of the spin#compengated state is_
lihear in temperature, as first calculated by Nagaoka_l.8 Also, it hasv
been verifigd9 in the system.ggér tﬁat at high témpefatures (T-> 0.1 TK)
the shape of the héat'capacity of the Spin-compenSated.state is consistent
with the~éalculations of Bloomfiéld and.Hamalnn.10 The nature of the ground
stgte‘in the single ﬁagnetic impurit§ problem however remains unclear;11

There aré numerous cfiteria for calorimetricélly distinguishing
between these two spin-ordéring processes in dilute magnetic ailoys;

o, : - .

even though both processes yield broad heat capacity anomalies which

. are linear at low temperatures. ‘'These criteria inVolvercomparisons

f ' . ’ ’ ‘



of the heat capacities of alloys with different impurity concentrations.
1) At low temperatures the linear excess heat cépacity coefficient
in the interaction region is independent of concentration, while in

the’singleJimpurity region the coefficient per mole of impurity is™

independent of concentration.. 2) In the interaction region the temperé?

ture of tﬁe heat capacity peak is proportionél-to conéentration, while
in the singie—impurityjregion it is indeﬁendent of,concentration.'

3) At high temperatures the heat capacity in the single—impurity region
may be expected to decrease according to the éalculations of Bloomfield

and Hamann.lo

B. Superconducting-Host Dilute Magnetic Alloys
Magnetic impurities depress the superconducting transition tempera-

ture, T quite dramatically12 compared to non—magnetic impurities.

C’
Experimental determinations of the T

c of la containing rare-earth'

«

impurities13 indicated that iﬁpurity—conduction-electron spin-exchange

scattering is responsible for this depression in-TC..

| ) . %
affect of the spin-~exchange interaction on the superconducting Hamiltonian

of Bardeen, Cooper and Schreiffer14 (BCS), in 1960‘Abrikosovvand
Gor,'kov15 (AG)- developed the theory of Supercondﬁctivity in the presence
of paramagnetic impurities. There are two basic aésumptions in the AG
theory: 1) The impurity spins are not interacting and are randomly
distributed. 2) Exchange scattering need only be considered to order
J2. Hence, spin-ordering either by impufity—impufity interaction
effects, or by the«Kondo effect is not treated. However the AG theofy

provides a basis for appreciation of the problem, and also the ground-

work for most subsequent developments. The AG theory indicates that

By considering the




which is now well-substantiated.

the exchange interaction, which is not time-reversai invariant, acts
diffefently on each of the two Cooper—paired eleétrons (which are paired
in time-reversed states). This lifts the degeneracy of the electronic
states comprising each pair, causing the'Cooper paifs to break and
recombine for finite lifetimes, 1. Hence there is an énergy broadening
(AE ~ h/f) which fuzzes, or fills in, the supefconductiﬁé energy gap.
This led to the prediction of gapless superconductivity, a. phenomenon
12 Unlike the BCS‘théory, the AG theofy
is a two-parameter theory; there is an order pargmetér (TC), and an
energy gap parameter. (Since the gap can go to zero before TC does,
it is thé existence of pair-correlations, not the existence of a gap,
which is essential to superconductivity.)

'The heat capacity of an AG superconductor haé many interesting

features. In the low impurity concentration limit, the initial depression

of Tc is:

(@]

a

3

T
=1~ 0.691 (—EL-> , (2)
. o
Co cr :

where a is the pair-breaking parameter, which is proportional to impurity
concentration and inversely proportional to the Cboper—pair lifetime, T,
and o, corresponds to a TC equal to O K. Also; the jump in the lheat

capacity, AC, at TC’ is reduced compared to the jump, ACO, at TC . The
o

* ~
dimensionless parameter, c , the initial rate of depression of the heat

capacity jump at T, with the depression in T is:

C c

« _ dlc/se)

d(T./T. )
¢ Co T=T

€o

(3



In the AG theory, c* is 1.44, compared to unity in the.BCS theory.
(c;CS =1 1is a statement of the law of corresponding states.) Also,
due to the energy broadening associated with the Cooper-pair's finite
lifetime, for even arbitrarily small impurity conceﬁtrations, the
'eupetconductor is gapless near TC; and for concentfetions greater than

91% of the critical concentration (for which T, is 0 K), the super-

C
conductor is gapless at all temperatures. The disappearance of the
gap 1is accomﬁanied by the appearance of a linear term in the super-
conducting—state_electronic heat capacity in the low~temperature limit.
The magnitude16 of the linear heat capacity coefficient,'YS, increases
smoothly from zero at 0.91 acr’ to the normal-state value, Yn’ at acr'
Theoretical developments subsequent to the work of Abrikosov and
Gor'k6§ have been reviewed by'Griffin17 and by Mﬁllef—Hartmann.ls_ By
relaxing the two initial assumptions of the AG theory, spin-ordering
effects have been treated. Also the penetration of an external magnetic
field into a type IIL superconductor in the mixea state, and the sub-
sequent spin polarization it induces hawe been coﬁsidered. These
situatioqs can be described by generalizing the'pair;breaking pafameter
of the AG theory. | |

19-25

The Muller-Hartmann and Zittartz (MHZ) theory has been

developed quite extensively. In this theory for both positive and
negative exchange coupling, at very low impurity concentrations,
quasibound states split off in energy from the continuum, appear in

the superconducting energy gap. For J > 0, and for J <0 and‘TK >> To
o

or TK < TC , the quasibound states appear close to the gap edge.
o .

The superposition of single-impurity quasibound states leads to the




formation of an impurity band. Because of the-proximity of thée im-
purity band to the gép edge, the two tendtto'merge_as the impurity

concentration increases, resulting in a density of states which is

quite similar in appearance to that of the AG theory However,vfor

J < 0 and TK- TC , the qua51bound states can appear deep withln the
o

" superconducting energy gap, leading to separated 1mpurity bands and

N

‘more than one superconducting energy gap. As the concentration of

-/

.impufities’ihcrease, the'gaps narrow and disaﬁpear; Hence; for J <0
.and T TC » the density—of-states plcture is quite different than
that of the AG theory This is also reflected in the result that c*,
defined by Eq. 3, %e greater than C*AG’ which equels 1.44, and c* is

less than approximately 2.5. Furthermore, in the MHZ theory, for a,

supercondtétor in which there is a Kondo effect (J <‘0),ethe initial

raté of depression of T, can be much greater than that predicted by AG,

C
and the pair-breaking parameter (which in the AG- theory was proportional

to impurity coﬁcentration) acquires a. temperature dependence. For"TK/TC'

c

impurity concentration.’ In this situation, near,IK the péir—breaking

less than approximately 0.1, T, is multi-valued for a certain range of

‘interactions"are.strbng, and superconductivity is suppressed; however
wellvabove and:below iK pair-breaking effects are week and super-
conductivity can pereist. ' j

.The validity of the MHZ érediction‘that superconductivity will re-
appear well below TK seems to be related to a particuler description of
the ground statebof the single—impurity problem. The existence of

supereonductivity requires_.Cooper-pair correlations of the conduction--

electron states, while the impurity spiﬁ—ordering'reduires antiferro-



magnetic spin-polariéation of the conduction—elect;dﬁ states in the
vicinity of the impurify. If supe;conductivity is suppressed in order
to make available conduction-electron states for the impurity épin;
cémpensétion, thenbit is no; clear that these conduction-electron states
wiil ever again become available for Cooper-pair formation. jfhysically
.Lhe qqaéibound states in thg energy gap are localiééd in the vicinity.

of the impurity. In the MHZ theory these states remain'ldcalized at

0 K.

C. Experimental Evidence for a Kondo Effect inv(Lg_,Ce’)Al2

v

Normal-state resistivity measurem.ents26’27

on four (L_a;,Ce)Al2
samples, ranging in concentration between 1 and 5 at.% Ce substitution-
ally replacing La, indicate that there is a resistivity minimum at ap-.

proximately 15 K which is independent of Ce concentration to within

experimental uncertainty. Between approximately 2 and 6 K the. magnetic

contxibutioh to the resistivity;,pM, is proportional to -nT, and
apM/BZnT 1s proportional to concentration. The existence of the

resistivity minimum and the temperature and concentration dependences of

~

pM are characteristic of a Kondo effect. The temperature dependence of

<
pM indicates that TK_ 1 K

Magnetic suscéptibility measurem:ent526»’27 on four samples, ranging
in Ce concentration from 0.4 to 3 at.Z Ce, are in accord with a Ce 4f'

ZFS/2 Hund's rules ground term is split by

configuration in which the
the crystal field of the cubic, Laves—structuré host, into a Kramer's
doublet ground state approximately 100K below a quartet. However,

since the effective moment as T-0, extrapolated from above 1K, was"




approximately 30% low éomparedfto that derived'féf.tﬁe ground doublet
of éubic Cé meta1,28 the loss of.moment was attributed to the Kondo
effect. | _ . : - ‘

. An,andﬁalouSly large depression of the Tc of LaAlz(TC = 3,3K) !
.dopeq wigh‘cé impurities,'cémpared to;that for other rareé:arth impurities,
was ihterpreted-as evidence for antiferromagnetié'exchange 'coupling.,29
The results‘of\this studf:were in agreement witb fhé earlier'Worle'on
dbped La.b In anbther sggdy? the large pressure-sénsit;vity ofvTC of
(LE,Ce)AlZ,.compared to (Eg,Gd)Aiz, in the pressure fange'inyeétigated, 
0 to 12 kbar, indicated that for Ce.the hybridization between local and
itinerant states (which causes J to be negative) could be enh-anced.30

In 1971, soon after the MHZ predictiohzzvthat a.éoﬁdo effect in
sﬁperﬁonductors could lead to re-entrant n@rmal—staté behavior bélow-

K

superconductivity below a second transition temperature in (Lg,Ce)Al2

Tc when T l < TC', Riblet and Winzer31 repbrted the»diSappearahce of
| °

below 1K, for Ce concentrations in the viéinity'of 0.8 at.%. The
detailed superconducting-normal-state phase boundary (Tcrvs concentra-
- tion) of the system (Lg,Ce)Alz has since been determined 6nvimproved v
32 S
.samples.
Recent calorimetric measurements on four (Lg,Ce)Alz;samples, with
Ce concentrations between 0 and 0.5 at.Z%, in .the temperature interval
0.5 to 4K, have been interpreted-as being consistent with the existence

33,34 Theéé_measurements_have

of a Kondo effeét and supercdnducfivity.
. : I x *
been interpreted to indicate that the value of c 1is greater thanm c AG®

that the superconducting state is gapless-at very low Ce concentrations,
. . . ~ oo . .

and that in the normal state the excess heat capacity per mole of Ce -



=10~

N

is independent of Ce concént?:ation. " The interpretatiqns of these

' measufements ‘are not unique however. _Thevvno.rmal-svta_te excess heat
capapity convtribution, in fe;ct_, is quite similar to that of (}_@,Gd)Alz,
a system for which there is no evidence of a Kondo effeét:.34 Since the
peak in.the normal-—state excess heat capacity conltribution in
(}3,4Ce)A12_ appears below 0.5 K, there was no oppor'tunity in ?his study~ B
;o independehtly vérify the nature of the impurity spin—ordering process.

" In the calorimetric study réported in this thesis, températures

from 0.06 to 22K and magnetic fields up to 38 kOe were used to explore

N

the normal-state and superconducting-state properties of the éystem

(E,Ce)AlZ .
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II. DESCRIPTION OF THE SAMPLES

Heat'capqcity measurements afe reported fo? foﬁr samples. Two of
tpe'four have ﬁreviously been studied calorime£rically in the tempera-
ture interval 0.5-4.2 K at La Joila.33’34‘ Bptﬁ sample; exhibit

superconductiviﬁ&. One of thesé éamplés is néminally,pure LaAl2 but,
according £0‘thé supplier, Eontained'approgimétely 100 ppm Ce in the
La‘étarting matérial. The other samplé contained 0.185 at.Z Ce
substitutidnally replacing.La, as determine& at La Jplla ffgm the amounts .
of ﬁhe stafting materials uséd in its preparationf‘ Based on the conéen—
tratioﬁ feassignment prééeﬁted in Section IV.Cl; this sample will hence-
'fqrth'bevreferred to as the 0.193 at.% Ce alloy.

Tﬁo'néw éamples were prepared ét La Jolla expressly for the

inveétigation‘under consideration, One of thesé; containing O;64.at.%
_ Ce, lies in tﬁe-narrow\concentration region for whicﬁ the superconducting

f .

transition temperature, TC,

cohcentration.32 This sample enters the superconducting state at TC

is a multi-valued function of Ce

. : , , ( _ 1
approximately equal to 1.1 K, and upon further cooling, re-enters the-

‘normal state at T approximately equal to 0.25 K, TC , and TC ‘are

R 1 2

determined by a.c. mutual-inductance measurements_made,at La Jolla

on two Chips séark—cut'from different parts of the arc-melted éample.

. ‘ N : .

The transitions are fully diamagngtic to within ﬁhe'ébproximately 10%
absolute éccuracy of the measurements., |

| Thg fourfh sample, containing 0;906 at.Z Ce, exqéeds the éritical ]
conCentration of Ce that destfoys superconductivity at all accessible ‘

‘ 32 . - g . '
temperatures. =~ This sample was verified to be in the normal state down

to approximately 0.3 K by mutual-inductance measurements. It was necessary



to aaneal the sample at 800°C ror one week tovdestroy partial super-

conductivity aue to concentration inhomogeneities wirhin the material. _ .
For‘detaila of the éample preparation, the determination of the._ |

alloy coﬁp051t10ns, and the metallurgical analyses of smaller samples

32,33

prepared similarly, the reader is referred to the literature and

to C. A. Luengo's Ph.D. thesis.34
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III. APPARATUS AND EXPERIMENTAL TECHNIQUE

-

A, The 0.3 to 22 K Region

1. Thermometry v

_The appératus used in this temperature region employs 3He
refrigeration. The calorimetef cdntainsva doped Ge resistance
.thermometerss which éan give a heat capaéity ﬁrédisibn of approximately
vOJlZ from expéfiment to experiment. The Ge‘thermometer (Ge1609) wés'-

calibrated on a recentiy established laboratory temperature scale

designateﬁ,Tn. This calibration is derived from_P;—resistance

thefmometry (Tss)lbetween 15 and 30 K, gaé thermqmétry bgtween‘4.2 and

20 K, the Vapor;pressure‘of 4He>(T58) between 4.2 and 1.1 K, the

..'vapor—pressure of 3He (T62) between 3Q2 and 1.1 K;'énd single—crystél

CezMg3(NO3)12'12H20 (CMN) magnetic the;mometry béldw 3JK. The magne?ic
Tthermoﬁeter enploys ; 23 cps a.c. mutual—inductance bridge utiiizing
a variable reference mutual induc‘tance36 and.‘lo;:k/—in\detection.3 In
order to-facilitate experiments in large magnetié fields, the zero-

- field Ge thérmometer calibration_was preserved by positionihg the 
thermometer.in a 1ow—fieid region of ﬁhe apparatus and inside a
mumetal38 shield. |
2, The Heater

The calorimeter also contains a Z K§2 heater’ﬁénéinductively
wéund from 14 feet of 0.0009 inch diamétef f£f9ZW wife;39 The Heétef

is well-suited for low temperature calorimetry because it has a low

" heat capacity,4o and low magnetic-field and temperature coefficients
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ef electrical resistance in the temperature region of interest. - Power
generated in the matched heater leads is automatically accounted for
by connecting one potential lead to a current lead at fhe calorimeter,
and the other potential lead beyond'the'thefmal'isolation section

of the other current lead.41 The heater is actuated by a mechanical
relay, with Hg'wetted contacte, which is powered by a 10.8 volt Hg
cell. Photocouplers totally isolate the heater eircuit from phe.
associated heater—timing_circuit and all other circuits. Typical

heating times range from 4 to 16 seconds--these times are known to an

accuracy of 0.1 millisecond.

3. Thermal,Contact to the €alorimeter

The calorimeter is rigidly suspended in a vacudm_space in the
cryostat using fine nylen monofilament. At low temperatﬁres thermal
contact between the ealoriﬁeter and the refrigerant is -established
via mechanical heat switches. _In initiélly cooling the apparatus .

from room-temperature, approximately 500 microns of N, exchange gas

2

is utilized. At liquid -N, temperature the exchange gas is evacuated

2

and replaced with approximately 500 microns of H, exchange gas, which

2

is evaculated at approximately 12 K. The H2 gas 1is especially useful

since it facilitates the coqling of parts of the mechanical heat switch
and electrical lead system which are not in good thermdl contact with
the refrigerant. Care is taken to eliminate H2 from adhering to the

calorimeter surface.
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4., The Sample Solenoid
Experiments performed in magnetic fields utilize a superconducting

solenoid of 38 kOe maximum field, operated in the persistent mode. The

sgolénoid wire_is a.Cu;clad, oxide insﬁlated, sihglé¥core ﬁbTi alloy.
The calibration’;f the)sdlenqidfis Based on an analyses of its turn
deﬁsity and geométry.‘ The field is‘homogeﬁeous\to Ogi% over the,Voiume
of.a.séﬁple. The aﬁproximatelf 0.5% acéufacy‘to Which the fie}d is
kndwn is limited by‘tﬁe‘series sﬁunt of the power.suPply.42 During
an experiment the field was generally monitored By.é ropating——coil
-gaussmeter or Hallhprobevlocatéd outside the\dr&détat.\ At the end
of an exﬁeriment the field could be checkéd by the solenoid's dischérge
chéracteristicé. \

For details of the calorimeter désign énd sdlenoid spécifications
' 43

. the reader is referred to B. B. Triplett'srPh. D. thesis,

5. Sample Mounting

Thé calorimeter is fabriééted predominantly of Cﬁ, and it terminates
1n a threaded bobbih.to aécept tapped samples. Since the (L_a_l_,ce)Al2
éamples were not suitable for machining, a-silver adapter was used to
méunf the.samples to the céloriﬁeter.' The tapped. Ag adapter contains
a Ag\féil sectionwthat enclosed the-sample. GE7031 varnish44 was used
to bond the Sample.to'the Ag foil and to enhance the thermal ‘coupling

of the sample to the célorimeter;

6. ‘The Heat Capacity of a Sample

The heat capacity C of a sample per mole of'Lal;XCexAlz, is

calcudated from the following equation:\
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C.. -C o .-)/n] (4)

0= [Cata1 = Cur ~ Cag ~ Ce7031

i

where n is the number of moles, C is the total heat capacity

Total

measured, is the heat capacity of the empty Cu calorimeter, C
y ‘ Ag

is the beat capacity of the Ag adapter?.gnd CeE7031

is the heat capacity

of the varnish used to bond the sample to the Ag adapter. CTotal is

)

obtained by:the heat pylse technique. The'Wldth‘(Tfinal - Tinitial

of a measured heat capacity point is approximately T/lO. ‘A curvature
correction is applied to Crotal t© correct for the finite width of

a point.vahis_correction is generally 0.1% or less. Each contribu-

tion subtracted from CTotal will now be discussed separately.

7. The Heat Capacity of the Addenda
The heat capacity of the empty calorimeter is
b B

6 | ,
T2 + D B.T 11.[1 +ACT,D] - (®
i=1 * '

Cyr

1,2,3,5,7 and 9. The A(T,H)-values are interpolated

!

where.the bi
from smooth curves drawn through the fractional differences between
the measured heat capacity and that calculated from least-squares '

fittiﬁg the data to the expression appearing in the first bracketed
term to the right in Eq. (5). The A-values make:corrections to the
calculated equation of the ordef éf 0.1%, The ;oefficient A(H) in

Eq. (5) predominantly reflects the magnetic-field sensitivity of the

nuclear heat capacity of 63Cu'and 65Cu, The field dependence of the
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A-values predominantly reflect the weak magnetism of the epo’xy45
(Stycast 2850GT and’catalysf no.9) sparingly used to thermally anchor

the electrical lead system to the calorimeter. This epoxy is reported

. -~

to have a temperature-dependent paramegnetic susceptibility in the

liquid-He temperature region.46. The only fields for which experimental.

determinations of A(H) and A(H,T) can be applied to the data under
consideration are 0 and 38 kOe. For the low-field experiments, the
zero—field A(H) and A-values were retained. For'the‘éO kOé experiments

all A-values were set equal to zero, and A(H) was estimated assuming

2

A(H) = oH” + B, wﬁege o and B are constants. The functional dependence

 of.A(H) is consistent with experimental data' for the empty calorimeter
in 9 and 27.9 kOe.

C was calculated from
Ag

4 .
- 2i+1, '
Crg = by, T + ;é; B,ieqT 1-x . (6)

with the coefficients B ‘determined by fitting to Martin's 3-to-30 K

2i+1

‘data47 and using Martin's detefmfnation of Y, of 0.646 mJ/K2 mole.

For X, the number of-moleS‘of Ag, tbe weight of the adapter was utilizéd,
ignoring correctioné due to the milligram;quantity'of hard-solder

(a 50% Ag brazing'ailoy) used t&ijoin the ?apped part of the adapter

to the foil section. The adapter was fabricated from "as-received"
 6-9's Cominco~48 Ag.' The fractional differences to the fit were not
A

~used to construct a A-=table to improve the determination of C The se

Ag’ .

A-values prbbably would be determined to a significant degree. by
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Martin's temperature scale, which is no doubt slightly different from
that used here.
The equation: 8

.CGE7031 = [ Z ATTT-[1 + MD]-Y : «(7)

was obtained by least;squares fitting to a) the experimental data

by Cude and Finegold49 for 4 < T <18 K, b) the smoothed data by
Hessels50 for 2SS TS<5Kand 20< T < 35 K, and c) the smo;thed data
by Phiilips51 for 1.5 < T < 4 K, reduced in magnitudé by approximately
12% to joiﬁ the data by the other investigators.in the .temperature
region of overlap. Thé large amplitude (|A| < 0.1) and systematic
variations of the fractional differences to the fit required the

inclusion of a A-table to adequately represent C The number

GE7031°
of grams of varnish used, y, was generally between 0.02 and 0.05 g.

The varnish was thinned by mixing 2 parts of it to 1 part toluene and

1 part methanol, and it was cured at room temperature. -The differences

between the reported heat capacities of the varnish in the literature

pFobably arise from slight variations in the thinning and curing processes.

B. The 0l06 to 1 K Region‘.

1. Refrigeration

A new apparatus was used inlthis temperature region, which
employs magnetic cooling. The apparatus is similar to previous systems
used in this laboratory except that it makes heat capacity experiments

in large magnetic fields feasible. ' This feature was accomplished by

physically locating the sample solenoid far frombthercooling salt.,

s

i=1 | <
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The cooling salt, approximately one—half.mole of chroﬁé potaséium

alum, KCr(So,),-12H O,”is adiabatically demagnetized from an initial

4)2 2
\tempefatufe of approximately 1.2 K and an initial field of approximately
12 kOe. The field/is‘produced either by a supercoéducting solenoid, .
- or b; a conventién?l electromagnet mounted on a noﬁ—magnetic track.

(Tﬁé track enaﬁlesvthe electromagnet -to be physically removed from

the area bf Fhé cryostat in order to reduce the remnant field to a
backgrouhd levelf)\ The cooling salt consists of‘an irregular‘
‘distribﬁtion of crushed.single crystals coated with Apiezon N grease52
and mixed with no. 40 gauge Cu wires. The mixture was packedbinto

ba leak-tight, low-lead brass (Alidy 260) can contéining an array pf
0.005 inch Cu fins orienfed to minimize eddy;current heatiné during |
demagnetiéatibni The surface area of mepai—to—salt_bdntéct inside

the can-is apprpximately 900 cm3. —

Thé sample solenéid and the electrémagnet_uséd'in refrigeration o
ggﬁpo; siﬁultaneoﬁély be fully charged because of the forces between
them. However, if the sample solenoid is charged after complefion of
the adiabatic demagnetizétion process, the eddy-current heating
generated puts a 1arge load 6ﬁ the accessible cooling capacity of the
chrome potassium alum salt;, Thié is dué to a‘rapidly increasing
internal . thermal time constant of the coolingbsélt below 0.1 K. The

- procedure féllowed to'simultaneoﬁsly achieve high:field.and iow <
temperaturé conditioné involves an interrupted deﬁagnetization. At

“approximately 0.15 K the cooling process is halted——eséentially all bf

the cooling capacity of the salt is accessible--the field is applied
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to the sample, thermal equilibration between the sample and coolant
reestablished, and then the déﬁagnetization of the coolant is slowly
completed. Using this procedure samples have been cooled to the 50 mK

region in fields up to 38 kOe in this apparatus.

2.  The Calorimeter

The calorimeter is qﬁite similar in appearance to the 'calorimeter
‘discussed in tﬁe prévious section., However, thé calorimeter is
fabricated predominantly of 5-9's pure Cominc048 Ag. The heater and
electrical lead.systemvis thermall§ anchofed to the calorimeter with
53 b

a non-magnetic epoxy (equal parts Eﬁon 828 and Versamid 140).

3. Thé Heat Switch

Thermal coupling between the calorimeter and the coolant is
controlled below 1 K using a.superconductingAPb heat switch. The
functioning bf the switch involves the orders of magnitude difference
in the electronic thermal conduc;ivity of pure elemental superconductors
well below fc. .At low enoﬁgh temperatures the lattice contribution
to the thermal conductivity becomes small and the electronic. component
can be driven from a low value in the superconducting state to a high
value in the normal state by application of a magnetic field (greater
than 800 Oe in the case of Pb) to suppress superéonductivity. The
apparatus utilizes a Pb wire of appropriate dimeﬁsions to provide excel-
lent thermal isolation in the superconducting sfate_below approiimatély
0.6 K. Above 0.6 K the coolant and calorimeter are keﬁt at similar
temperatures to minimize the heat leak across the Pb switéh. Inv;his
manner reasonéble heat capacity data have been obtained on oécasion

up to 2 K.
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The switch is controlled by a superconducting Nb solenoid
compensated .to cancel the dipolar term in the stray field.54 This
solenoid is mountéd in the vacuum space along with the calorimeter

and cooling salt, but it is'thermally anchored to the 4He bath.

4. The Sample Solenoid | - ' .

As iﬁ the 3He—qooléd apparatus, experiments performed in magnetic

fieids utilize a superconducting.solenoid operééed in the persistent
~mode. The solenoid was wound on an epoxy—fiBerglass former.‘55 The
organicaliy insulated, 0.009 inch,diémeter~solgnoid wire56’contains
400.twisted710 micron diameter filaments of Nb?i alioy embedded in
Cu. The 0.011 inch diameter wire used in the solenoid’'s persistgnt—>
mode switch contains 22 twisted sfrands of NbTi alloy‘embédded in a
low thermai coﬁductivity CuNi alloy.57 vThe joiﬁt befween the solenoid
wire and the persistent—mode switch wireﬁ%as ﬁadé_by In soidering'

6 inéh lengths of the wires, and by pressure-welding the_expoéed

NbTi filéments to the strands.58 Spot—weldihg ﬁas not attempted

‘because of the fragility of the filaments. The solenoid was characterized
by low remnant fields, fast charge rates, and a hqmogeneity of a few
tentﬁs of a5pefceﬁt over the volume of a sampie. At 4.2 K the solenoid
: conéistently quénched at 15.8 kOe, and in superfiuid 4He at 21.6 kOe

(at a current of 54 Amps). ‘The sOlgnoid was éhérged and discharged
via two electrical leads of-iﬁsulated no. 18:gauge‘Cu wire,»utilizing‘
efficient'4He‘gas—cooling prévidéd by the bail—off of the 1 K 4He bath.
ihe calibration and field pjofile 6f'tﬁislsolenoid‘also is based on_w

calculations.
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5. Thermometry

The Ge resistance tﬁermometer (Ge2345) was calibrated oﬁ the
. laboratory scale Tn as described in tﬁe prévioUS section. . In this
casé the4ca1ibratioh was extended ﬁsing CMN. magnetic thermometry
down to 0.055 K, and Pt-resistance thermometry uﬁ;fo 80 K. The -

calibration data were processed in three separate temperature intervals.

. One of these intervals, 0.055 to 5 K, encompassed the entire calorimetric

temperature range of interest. During an in-field experiment the
thermometer experienced a maximum field of approximately 150 Oe. )
Based on the magnetoresistance of similar Ge thermometers, this field

does not significantly affect the zero-field calibration.

6. The Heat Capacity of Pure Copper

fhe functioning of the apparatus-was tested By measuring the
heat capacity of a vacuum-melted, 6-9's pure Amefican Smelting and
Refining Company (ASARCO) Cu sample. This same sample had.been
measured.previouslyvseveral times in the 3He—cqoled apparatus described
earlier. On the laboratory témperatu;e scale Tn‘the leading terms
of the Cu heat.cgpacity are characterized by Y6_= 0.695 lilJ/K2 mole
and by a Debye temperature, eo, of 348.7 K. in the temperature region
of overlap between the two calorimeters, 0.3 to 1 K, the fractional

differences to the same Cu fit were always in agreement to within a
— ’

g

few tenths of a pe}éent.

7. The Heat Capacity of the Addenda

For the data obtained in the magnetic-cooling apparatus, the

-molar heat capacity of a sample is again defined by Eq. (4). However,




-23-

the empty’Ag calbfimeter is simply characteriéedfby CMT = YOT + B3T3;

Yo,and B, were determined experimentally in 0, 2 and 20 kOe. The heat

3
capacity of this calorimeter is'magnetic-field‘iﬁdepen@ent to
approximately 0.1 K to within * 27 in these f_ields. This field-
independence is attributable te the small nuclear magnetie moments:
of Ag, and to the use of tﬁe non4maénetic e?oxy._ A lpw—temperature,

field-independent heat capacity -anomaly, however,,appears in this

caloriﬁeter and in another Ag calorimeterVUSed'By Triplett;43 This

" anomaly contributes abproximately 1% at 0.3% and’epproxima;ely 4%

~at 0.1 K to CMT" It is possiBle that this anomely'is.a property of

the Ag. Heat capacity measurements for Ag appear in' the literatufe
onl§>fortemperatures above 0.4 K, but it is well-known fhat dissolved

H2 produces a -low-temperature heat capacity anomaly in Cu. The Ag

calorimeter anomaly was not corrected for, since it is unclear how

to extrapolate it below 0.1 K.. Fortunately, at these temperatures
i

making it unnecessary

the sample heatlcapac1ty‘a1ways eom}nates CTotal’

to precisely characterize CMT’

The heat capacity of the Ag adapter is represented by
_ A 3
CAg = (YOT + B3

fit to Martin's data, to define the coefficients,

T + B5T5)°X, using the leading.terms'in Eq. (6), the

The heat capacity of the varnish was represented by Phillips'
3 .

_ o . 51 ‘ _ /n 5,. » , -
‘determinatleq of CGE7031 -‘(BBT +‘B5T )*Y, because the expression

used at higher temperatures, Eq. (7), is not suitable for low

temperature extrapolation.' A diecontinuiﬁy generally less than 0.03%

1
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below 1 K results from applying the different characterizations of
CGE7031 to.the data in the twg calorimeters. No attempt has been
made to explore the existence of a linear contribution to CGE7031
in this study, although in recent years an anomalous linear term in
tﬁe low-~temperature heat cépécity of many amorphous substances has
been expeiimentaliy detected;6o_63

or perhaps the lattice dynamics of materials rich in voids6~S account

for the appearance of the linear heat capacity contribution. In any

case, .it is estimated from the previous reports that: any linear heat

_ N
capacity coefficient would be of the order of 1=uJ/K2g——a value too

small to be important in the data analysis.

The nature of the amorphous state‘64

S
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IV. RESULTS AND DATA ANALYSIS

~25-

A, Summary of the (La,Ce)Al, Measurements

A total of 26 heat capacity experiments are reported for the four

es:

Experiment Sample (at.% Ce) Field:(kOe) Temperature Interval (K)

\.
NN RN N NN o R B o e e
S WN RO W O NN W N 5

O 0 N N W

0.0
0.0
0.0
0.193
0.193

0.193
0.193
0.193
0.64
0.64
0.64
0.64
0.64
0.64
0.64

0.64

0.906
0.906

. 0.906
0.906
0.906

1 0.906
~0.906
~ 0.906
0.906

10.193

N OO RO

20

20
38

20
20"
38

20

20

38

N O O O O

NN D O O O

.4-22
.4-18
=
1-1.4
.09-0.4
422
L4-21
L065-0.4
.3-21
.065-0.4
.3-21
.1-0.5
.36-7
.06-2
.08-1
.5-13.
421 -
.07-0.6
.3-23
.1-0.6
.3-13
.07-0.6
.4-13
.07-0.6
.5-13
.4-20

s
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The high temperature data fof all four samples in zero fiéld afe
shown in Fig. 1 as C/I‘3 vs T. Above 14 K the differenceslbetween tﬁe
heat capacities of the vgriouslsamples are small (less than 2.5%)
and‘proportional to T3. These‘differences do not show a systeﬁatic
trend with Ce concentration, hence they do'not represent a variation
in C with alloying. They are probably due to qﬁ incorrect charagteriza—
tion of the heat capacity of the varnish'used.to boﬁd a.samﬁle to thé '
Ag.ca10rimeter adapter, In the 14 to 20 K'regionvthe heat capacity .
"of the GE7031 varnish has a T3bdependencévto within * 20%, and the
' vérnish comprisés approximately 17 of the total measured heat capacity.
Since in this same temperature interval the sample éomprises approximate-—
ly 20% of the total meas#red heat capa;ity, scaling the varnish
contribution for each alloy < 30% brings the alloy data into coiﬁcidénce
'with the LaAl2 data to within experimental scatter. In Section III-A
it was mentioned that a scaling factor of a similar order of magnitude
was necessary to join/the different detérminationé'of the heat capacity
of the GE7031 varnish reported-in the literature. .The irreprpducibility

of the varnish heat capacity is probably due to variations in the

details of.the thinning and curing processes. All alloy data taken

’

in the 3He—cooled calorimeter have been adjusted to bring their C/T3

curves of Fig. 1 into coincidence with that of the LaAl This

2
adjustment obscures any real differences in CL,,the lattice heat

capacity, with alloying. Howewer, such an affect, if it exists at

all,rmuét be small, No adjustments have been applied to the LaAl2 data.
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‘B, LaAl,

The next step of the data énalysis #s to characterize the host.
heat capacity in order to define the excess, or impurity spin contribu-
tion to the héat~capacity of the alloys. Twenty-seven data points of

the nominally pure LaAl, in zero field have béen.least—sqﬁares fitted

2
between 4 and 22 K to the expréssion;
B . 4 . ‘
‘ o : 21+ )
Chost = YnT ¥ Eg; Bogra T E , (8)

where C_ . is in mJ/K mole LaAl,, and

.

9.6517349

<2
i

7.99946 x 1072 ,
4

==
]

6.38357 x 10

=
1

. 3.11439 x 1078,

and g = -1.1086 x 107,

o]
il

=
1

‘The subscript in Yn denotes that it is the normal—state»Y—value.'>The
. ! A} : . -

four—tgrm Summation;represents»the lattice heat Capacity, CL. The

’ r.m;s. deviation_of>the fit is 0.6%. A plot of the fractioﬁal differehces
to the fit as a functioﬁ of temperature yields a fairly randog scattering
of points about zé?b. There is not enough definition in the systematic -
Yariationé of the residuél; to coﬁstruct a A—tableﬁin-Order to further
) improve the characterizétion of Cﬁost' The 33~term (pef mole of LaAlé)

corresponds to a Debye characteristic temperature, 6;, of 290 K. ‘The

!
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leading terms, Yn and B3, obtained graphically from C/T vs T2 plots

are consistent with the computef fit values for the sample in zero

field (above Tc)’ and in 1 and 3 KOe in appropriate temperature ranges.

For the in-field experiments, Eq. (8) is modified to include a
calculated term, C

of the host in the applied field. Implicit in this approaéh is the

14

assumption that Knight shift corrections are small., It seems
AN N . .

reasonable to assume that Knight shifts averaged over the volume of
the sample are < 1% based on studies of other dilﬁte alloy systems.

The LaAl2 data below 4 K appear in Fig. 2 plotted as CE/T vs T,

where C the electronic heat capacity is C—CL—C The‘straight

v E’ N°
horizontal line represénts'the Yn-value determined from the fit.
In zero field in the vicinity of Tc the heat capacity points have’'a

width, Tf—Ti, of approximately T/30. There is only one pdint for

which T, <T <T..
. i c f

This point is used to define Tc'= 3.307 K from
the equation:

T T - T ‘
/f fc ff
C.dT = C,. (T)dT + C. (T)dT 9
T E T Es T En

i i c

where CE is the value of the electronic heat capacity of the point,
CEn is the normal-state electronic heat capacity YnT, and CEs’ the

_ superconducting state heat capacity, is equal to aTB near Té’ with

’

o and B determined from a line drawn through a log CEs vs log T plot.

The jump in CE at TC is 95% of a BCS heat'capacity jump66 of 1.43 YnTc'

N proportional to H2/T2 for the nuclear heat capacity
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Both the normal stage'and the supefconduCting‘state show evidence
bf impurity éffects. It‘is known thaf the Lé étarfing material
containéd on th; order of 100 ppm Ce.impurity. Thé.rise'in C/T below
1 k in the 3 kOe expefiment-aﬁd the deviations from the BCS feference
curve67.i£ the zero-field experiment; both shown in'Fig. 2;‘will be
related to the presenée of.Ce in Section V, after the results of the
alloy expefiqents have been presented. Smoothly éxtrapolating CES/T
to zero (or néar zerq) at T=0 K enables tbe entropy to be deté;mined
at Tc and compared Qith‘the normaléstate:eléctronic entfopy, YnTc'

If this method af extrapolation is'cortect the superconduéping—étate

and the normal-state entropies will be equal, since there is no latent

‘heat at Tc.f The éuperconducting—state entropy at.Tc,

™~

. : o . TC CES(T). . .
. SEs <Tc) - T dT : (10)
. . o . - N
is approx1@ately 5% lowe; than SEn = YnTc' Hence CEs/T cannot be

extrapolated to T = 0 K in the usual manner, This_prdperty of the
- superconducting state is related to the presence ovae impurities and

it will be discussed further in Section V.

C. Normal-State Alloy Data

1. High Fields

Y

‘The excess, or impurity spin heat capacities of the alloys in the

normal state were calculated per mole of Ce from:

. | AC(; = (C —(Qhost)/c o ~ (11)
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where ¢ is the molefraction of Ce substi;utiqnally replgging La.
AC/c vs T (on a logarithmic scale) is plotted fo;lthe 0.906 at.Z Cé
sample in Fig. 3. Smooth curves a and b were drawn to represent the
38 and 20 kde data respectively. (Curve;h_was drawn systematically
above the data between about é and.3;K and beléw the data between about
3 and 7 K; in order to provide a reasonable higﬁlteﬁperature extra-
polation of the data without underestimpting the entropy associated
with the impurity spin ordering in 20 kOe.) The fuil length of the
vertical bars appearing at the higher temperatures represent the affect
of ‘a 17 error in the total measured lieat capacitf; Curves a and ET ’
‘ of Fig. 3 are reproduced in Fig. 4.whicﬁ‘illustrates the daté for the
0.64 at.% Ce sample. In each of these fields the agreement between
the data fgf the two alloys is excellent. Extrapolating the high-
temperature sides of the curves to zero smoothiy, enables the impurity
spin entropies to be determined by graphical intégrapion. The entropy
values in both fields are (1.01) Rln2. 'This entropy-value confirms
the existence of a crystal-field ground state of effective spin 1/2.
itvalsd_éonfirms that Eq. (11) correctly_separétes out thevimpurity—
spin heat capacity contribution from C. Since the lattice confributions
were effectively equalized, this indicates that the Y-values of the
alloys are not enhanced above Yn’ thé host Y—value;

The high-field AC/c data of the two more concentrated samples
are in excellent agreement. However, the corresponding data of the

dilute sample, in comparison, was found to be systematically high

whén using for its concentration the La Jolla value, 0.185 at.% Ce,
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baéed on the amounts of starfiﬁg materials uééd in-tﬁe ali§y's
preparation. The concentration of'the\dilutéxéaﬁplévwas then reassigned
‘the vélug 0.193 at.% Ce to bring.fhe high-field data of all thrée

ailoys into coincidence within experimental error. This is illustratedr
in‘Fig.VS by the gqod agreement between the 38 and 20 kOe data Qith
cur&es g_ahd E_ovaigs. 3 and.4.“TAking into account thg Ce impurity

N

in the La starting maﬁerial, estihated by the suppliér to be on the
! o
- ‘order of'lQO ppm 6r_0.01 at.’% Ce, the cpnéentratién detefmined,by’
séalihg the high-field heat capécity &até ;greés remarkably well with
the‘boncentration,determined from the actual amount ﬁf Ce used in
ﬁrepéring thg alloy. Furthermore,'récognition'of the additiona1~
0.01 at.% Ce in the more concentrated samples éould account for the

impurity-spin entropy being 1% high compared to Rln2.

2. Low Fields

B

Figure 3 also illustrates the ekcess héat capacity per mole of

Ce for the 0.906 at.% Ce alloy in 0, 0.5 and 2 kOe. The broad heat
caﬁacity anomaly characteristié'of dilﬁte magnetic alloys is\appareﬁt.
For all thfee fields AC/c peaks at approximately'0.14_K;‘altho;gh in

2 kOe thé field has enhanced the peak height éignificantly. Curve
¢ of Fig..Bvrepreséhts the 2 kDe data. To fa?@litafe comparison

of the 2 koe‘experimén£s,,cﬁrﬁe c of Fig; 3 is repfdducgd-in Figs. 4' ,
and 5, To a goodlapproximétion AC/cris independent of Ce conqentration,
showing fhat these alloys are exhibiﬁing singlé-impurity behavier.

The AC/c comparisoﬁ is made in 2 kOe in order to suppresslsupercondﬁcti—

vity and therefore to facilitate an unambiguous host heat capacity
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characterization. Fortunately 2 kBe does not altér'the temperature
at which AC/c peaks in zero-field, as was shown in Fig. 3..
Curve d of Fig. 3 fits the experimental data for the system CuCr

9,43 This curve is shifted in tempera-

in the spin-compensated state.
‘ture to coincide with the (_I_J_Q_,Ce)Al2 Ac/c peak;.gnd it is scaled
down in height by a factor of 2 since CuCr is a:spin 3/2 sys£em

(Rln? = 1/2 Rln4). Curve d originally derives from caicglations by
Bloomfield and Hamann of the heat capacity of diiﬁte magnetic alloys
wﬁich exhigit a Kondo effect.10 The agreement between the zero-field

data in Fig. 3 and curve d provides calorimetric confirmation of the

‘existence of a Kondo effect in the (Lé,Cé)Alz.system.

-

D. Superconducting-State Alloy Data

In zero field the 0.64 at.% Ce alloy is in the superconducting’

state between TC and TC . . The mutual-inductance determinations of
1 2
these transitions are TC = 1.1%0.15 K and TC = (0.25%0.10 K, where
: 1 , 2
the widths are taken to be the 10 to 907 spreads of the normalized

transition signal. The zero-field data appears,inAFig. 4, but Eq. (11),
~

the definition of AC/c, is no longer ‘valid since Chost cannot be

represented'by Eq. (8) below TC . The zero—field”data does however
1 o
indicate the similarity of the superconducting-state heat capacity

to that of the normal state. In fact the broadened jump in the heat
capacity that appears at the onset of the calorimetric transition
~at approximately 1.25 K is barely defectable. Inlthe vicinity of T

€2
the data are smooth with no evidence of even a smeared-out anomaly.
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In 0.5 kOe the émeared—out, zero-field jump in the heat capacity
at T  is suppressed. Below T .

“1 ' S |
above the zero-field data. This behavior is_expéqted since the field

the 0.5 kOe data are systematically

1) suppresses superconductivity, and 2) enhances the excess. heat
capacity of the Ce impurity in this temperatufe region. Both effégts

are sma11>but apparent.

The zero-field data for the 0.193 at.% Ce alloy is plotted in

Fig. -6 as'(C—CL)/T vs T. The condition Ti < TC <T

£ is satisfied ,'

! for only one point. Using this one point and Eq. (9), TCT= 2.83 K

is obtained. AgainvCEs(T)‘near TC was obtaiﬁéd from a log Cﬁé>vs

log T plot. 1In uéing this empirical»characterizafion of TC it should

- ¢

“be appreciated that the superconducting state should actually be

,characterized by a distriﬁution of Tc—values;produced by the Ce

'concentration inhomogeneity within'the’alloy.v Although a feasonable
distribution of Tc—vaiués'can’be chosen, no quantitativeiy reliable
representaéién of CES(T) exists for this parficuiér‘alloy systéﬁ.

In Fig. 6, the horizontal line represents ﬁhe'yn;Qalue of Eq. (8).
The dashed curve above this line represents the combined contriButions
of thé normal-state electronic plus impurigy—spin heat éaﬁacity divided

by temperaﬁure. The impurity-spin contribution was obtained by

‘scaling‘the zero-field AC for the 0.906 at.% Ce>élloy to the concentra-

tion of the dilute alloy. The dot-dashed curve represents the impurity

.

spin contribution alone. The experimental data in'Fig. 6 contains the

o~

combined:contributiqns of the supércdnducting—state electronic plus
impufityfspin heat capacity. Comparing the_dof—dashed cqrve}to the

éxperimental.data, it is clear that below 0.55 K the combined
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superconducting-state heat capaciﬁy of the conduction-electronic and
impurity-spin system ié 1g§§_gégg_the.normal—S£ate hgat capacity

of the impurity—sbin_system aloﬁe. Hence.the characteristic ordering
téﬁperature df the impurity-spin system is sﬁbétantially depressed

in the superéonducting host'for this élloy}

The difference betﬁeen the normal—stafe entropy and the
superconducting~state enéropy can be determined between the lowest
temperéture (TR), 0.08 k, for which there are experiméntal data, and
Tc' Between 0 K énq Tc'the difference iﬁ the conduction-electronic
entropy between the normal and sﬁperconducting s;até must bé.zero,'
and between,Tl aﬁd TC the normal-state céﬁduction—electronic entropy
must se less than that of the superconducting state. However, graphical )

integration of the smoothed zero-field data, and of the dashed curve

of.Fig. 6 indicates that between TQ and Tc the combined normal-state

conduction-electronic and'impurity-spin entropy is greéter than the
combined'Superéonducting—state condugtion—electronié and impurity-spin
entfoRy. This difference between the two entropy detefminations,
apéroxiﬁately'4.2 mJ/K mole, provides an indication of the extent to
which'the formatién of the spin-compensatedIState has been suppressed
in the superconducting host éompared to the n&rmal host for this alloy.
Estimates of T, in the superconducting (and normal) host will be

K

discussed in Section V. -
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V. DISCUSSION

A.,_LaAl2

1. Normal-State Data Comparisons o ‘ o ;

N

The normal-state electronic heat capacity coefficient of the
"pure" LaAl2 of 9.65 mJ/K2 m01§ agrees with the_valué 9:55 mJ/K2 mole
determiﬁedvearlier by Luengo et al. for this same sample.33 The
approximately 1 % différence in thé»ﬁho Y-value detefﬁinations
probabiy represent slight differences in the temperature scales of

v : / -
- the two laboratories and small systematic errors in the data analyses--
similar differences are typical for inter—laborator?Vtomparisons of
calorimetric étandards.3
| The ggreeﬁéqt between the Debyevcharacterigtic_teﬁperature (60)
determinatiqqé, however, is not satisféctory.v The 9; found in thisv

study is 290 K. ‘Luengo‘gg_gl..obtained‘a Go—value of 376 K by assuming

C. is equal to B

1 T3 throughout the range of their measureménts, which

3
extend to 4.2 K. Thére are numérous problems associated with attempts
to characterize 6d uniquely. In the.low temperature limit the
temperature dependence of.the heat capacity of a normal metal can be

' repfeseqted by a linear plus a cubic term, for CE and CL respecti?ely,
aésuming that magnetic and nuclear cdntributions are‘negligible.
However, for a mefél with a large electronic heat capacity, as in

this case, the latfice"contribuéion becomes a smali‘fraction of.the v

sample heat capacity at low temperatures and hence cannot be precisely

determined. In thesé cases small systematic errors also can strongly
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‘affect CL and hence 60: At higher temperatures where CL becomes

significant compared to CE’ CL does not neoessarily'have a simple

cubic temperature dependence. The method of least-squares fitting

higher temperature data to a power series expansion of CL to obtain

60 from the B3T3 term is generally~quite‘reliable.(however it might

be -sensitive to unknown shortcomings of the laboratory temperature
scale compared to the thermodynamic temperature scale) In this

study the C of LaAl2 at 4 K was approx1mately 13% of the heat

~

capacity of the sample, or approximately 47 of the total heat capacity‘

measured; and the B T3 term was approximately 88% of C Hungsberg

3

and Gschneidner68 measured the heat capac1ty of LaA12 of similar

purlty to that of this study, based on their T value of 3.29%0.03 K.

L*

Above Tc they obtained (per mole of LaA12) ay, of 11. mJ/K mole

- and 80 of 244 K. They indicated that using a Tsiterm-iﬁ addition to
the T3 term to represent CL increased Gvon*the order of 10%. Hemce
their data can be interpreted to yield a 80 consistent with that of

 this study; however the Yn—values differ systematically. Machado da

Silva gtgal,69 measured the heat capacity of LaAl, between 0.2 and 4 K.

2
They obtained a TC of 2.75 K, and in the normal state Y, was 12.1 in

mJ units and 60 was 195 K (per mole LaAlz). Clearly the low value
of TC indicates'that impurity effects are‘significant in this sample,
hence the determination of the normal-state properties are in doubt.
In cases such as that for LaAl2 an independent determination of 60
from elastic-constants measurements often is quite useful. Until

such data become - available, given the excellent agreement between
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the two independent CE determinations of the sample used in this

Fhesis research, the good precision of the data, and the extended

\

temperature range of the measurements, the 290 K value of 60 probably

represents the best value to date. ) N

) 2.v Norﬁal—Staﬁe Evidence for Ce Impurities

At‘thé lowest temberafures iﬁ'Figa 2 the shape of ;he 1 kOe
heat capacify data éuggesté that in tﬁis_field.there’mighf be a
broadéﬁed, partial superconducting transition; 'In 3 kOe at the lowest
temperatures there is'an~aﬂomalousiincrease in CE/T thé; appears not
to be associated with superconductivity. Compafiﬁg the 3 kOe heat
. capacity in excess of YhT at 0.5 K in Fig,lz to_tﬁé‘Z kde AC/e fo;
the\alioys, a concentration of approximately 160 ppm Ce impurity is
requ%red.to expiain thevanomaly. This is in feésbnéble agreement with .

the 100 ppm Ce impurity concentration estimated by the La supplier.

3. Superconducting-State Behavior

"In Fig. 2 the superconducting-state data was cqmpared~with the

BCS representation of C It is plausible that -a»t‘TC the reduction

Es*

in the heat capacity jump compared to the BCS jump can be explained
qualitatively within the theory of dirty superconductdrs.70 Non-magnetic

impurities (i.e., dirt) act as potential-scattering ¢enters which alter

AN
-

the nature of the pairing that takes place in the superconducting
state in such a way as to eliminate anisotropy (due to the existence
of preferred directions in momentum space relative to the crystal axes)

from having an” advantageous affect on pair formation. Based on a

BCS~like model proposed by Markowité and Kadanoff7l the effects of the

—
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elimihation of anisotropy upon thé heat capacity jump have been
calculéted by Clemm72 and expreésed in terms of the mean squared
anisotropy (a2 > , an angular average of a function which describes
the anisotropy of the superconduqting'energy gap. The reduction in
the heat’capacity jump at TC rélétive to the BCS jump is éonsistent
with an <a2 > -value of 0.02, which is a t&pical'value for a weak-
coupled supefconductor. H0we§er,ﬂat the 1owef temperatures ‘to which
the experiﬁental data extend no reasonable (az'f -value can explain
the deviation of CES from the (iSOtropic)»BCS curve. Therefore it

is concluded that the shape.of the LaAl, superconducting-state heat

2
capacity ¢annot.entire1y be explained within a BCS framéwork.

It appears that mégnetic>scattering processes are necessafy to
explain the shape of_CES. Taking this pdint of view and asguming Ce
impurities are solely responsible for the reduction in the ﬁeat
capécity jump at TC, it would require 290 ppm Ce'td'produce the total
effect, (Tbis estimate is based on the experimental determinations
of ihe initial (dTC/dc) of - 2.56 K per at.% Ce, and c* of 2.2,
appearing in Refs. 32 and 33, respectively.) It is gratifying that
this independent estimate of the Ce impurity conéentration of the |
LaAl2 sample is of the same order of magnitude as the previous
estimates. This new estimate differs, however, by factors of roughly
2 aﬁd 3.from that based on the 3 kOe normal-state data, and that of
the La supplier, respectively. The beha;ior of CES near TC can be

reasonably described assuming approximately 160 ppm Ce impurity and a

gap anisotropy, <a2 >, of appfoximately 0.01.
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In Section iVB an approximatély 5% entropy diécrepanc§ in the
La_iAl2 sample between SES(TL)_and SEn(?;) ﬁas taken_to indicéte that
CES/T caﬁﬁot.be extrapolated to zero (or near zero) in the usqal
manner. It has since been demonstrated in the allo&s that a KQnQOY
effect is responsible~fqr the Ce impurity spiﬁ ordering that qﬁite
dramatically'affectsvthe superconduéting'propertiéé of thé system.

It also hasbbéen demonstrated, using a vafiety'of_approaches, that
there is clearly a small concentration of Ce impurity in the nominally

pure LaAlZ_Sample. The_appafent entropy discrepancy can be removed

V(as it musf according to the third law of thermodynamics) if CEs/T

increases below the'experimental temperature'regiqn explored. Such

behavior viewed within an electronic-density-of-states framework

indica;es that théré aré states locatéd deep within the gnergy gap

of ‘the pﬁre’superconductor. The existence éf quasiBOund states
withinvkhe supercon&uéting energy gap has been predicted theoretically

by a number Qf'indepeﬁdent investigatofs73 for'supercondhc;ors exhibiting 

K c Physically these-states may be viewed

as broken Cooper-pair states, trapped around Ce impurities, which

provide the antiferromagnetic spin-pairing by which the impurities
order and are spin-compensated. This behavior provides yet another

dramatic demonstration of the Kondo effect in superconductors.

prt
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" B. Normal-State Alloy Data. .-

1. Data Comparisons

Luengo.gg_él, measﬁred the heat caﬁacity of. the 0.193 at.Z Ce
ailoy and that of two other alloys not studied here’.33 They concluded
‘from.their (C—CL)/T‘vs T2_plots that;there is a'stfong enhancement of
Yn for these al%oys which>scales with Ce coqéentration, in addition
to the lQﬁ—teﬁéerature anomaly associatedAWith the formation of the
spin-compensated state. Although in the currentAstudy, plots of
. C/T vs Tz for the alioys over 1imited.tempera§uye raﬁges appeaf to
yield enhancements in the lineérvheat capacity contribution, the
'effect depends on the temperature range under coﬁsideration since the
plots’exhibit significant curvature at all tempefétures. (Low- -

temperature plots of C/T vs T2 reliaBly define C_, and CL only when

E
there are no magnetic and nuclear contributions to the heat capacity.)
The excellént agreement of the experimentally deférmined,excess
kentropies in high fields with that expected for an effectiyﬁ spin

1/2 system indicates that Cp of the alloys are identical, within

experimental uncertainty, to that of LaAl Furthermore, without

2° ,
assuming enhancements of the y-values of the allozs, the 0 and O.SlkOe

excess heat capacities of the 0.64 and 0.906 at.Z% Ce ailoys are

quantitatively consistent with the single—impuriﬁy behavior of the
well-characterized experimental system CuCr and the theoretical

- . 9,10
calculations of Bloomfield and Hamann up to a temperature at least

twenty—times greater than the temperature of the excess heat capacity
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peak (Tp)."(Even’aBove aﬁprOXimétely 20 T?, or 3 K, the Systema;ic

deViations of the 1ow—field‘AC/c data of.Fig.EB_and Fig. 4 compared

to the éufves labelled d, are.alwéyé less than 1% of the total heét

éapa;ity mgasured and within the prgsumed accurécy of the measurements.)

Hence it is clear that the apparent Y-value eﬁhancements repprted

by Luengo_gg_él. actuélly represeﬁt the high;temperature contribution

of the broad heat capacity anomaly associated with_the formation of

the spin—éompensated state. ' Figure 6 illﬁétrafés thaé (above Tc) it

is duite possible to mistake the impurity-spin heat capacify contribu-

tions for an enhanced y-value. . ‘
The Ce,concenFration indepépdence of the 2 kOe AC/c data of the’

0;64 and 0.193 at.% Ce alloys compared to the cbrresponding data for

vthe 0.906 at.Z Ce alloy (via the. curves labélled.g_iﬁ Fig. 4 and

' Fig. 5) provided the e?idenge that these alloys are characterized by/

single—impuriéy behavior. HdWever, the AC/c data'qf the alloys in

2 kOe doyexhibit slight systematic 5hape>aifferences whose possible

origin will now be speculated upoﬁ. Although'the temperature of the

2 KOe excess heat capacity peak, T?(Z kOe), remains éénstant for the

three alloys, the height and sharpnéss ofvthe peaks.increase as the’

Ce concentration decregses. Bloomfféld and Hamann found that for a

given T ?value,vlarge increases in the Fermi temperature, TF’ pfoduced

K
slight increases in their calculation of AC/c in the vicinity of Tp.
(For example, a factor of five increase in TF increased their AC/c

peak_heightkapproximately 3%.) Assuming the validity of this aspect

of their calculation (which is not physically obvious), the magnitude

A
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of the variation in T with alloying necessary to explain the experi-

F

'

mental shape differences in 2 kOe precludes this from being a
reasonéble explanation. It does appear possibie héwever, that internal
strains, produced by alloying, can create a distfibution of cﬁaractefis—
tic drdering temperatures——due to the preSsure sensitivity of the
magnetic pr0pertiéS'of Ce--which tend to smear the impurity spin-
‘ordering'anomaly.as the Celconcenfration is- increased. This hypothesis
has not been quantitatively tested. Anbther possible explanation is
that slight impurity—impurity\interaction contfibutions to AC/c might»
superimpose on the dominant single-impurity behavior of the alloys.
While ‘this possibility canﬁot bé ruled out; the low value of the

magnetic-ordering temperature, T

M? for pure CeAl

2.of approximately

3.4 K suggests that for the Ce concentrations of the alloys under
consideration, the relevant TM—values are probably below the lowest
temperatures)experimentally accessible.74 However, inhomogeneities .
presumably could create local regions within an alloy where impurityiM t
impurity interactions'might compete with the single imﬁurity spin-

ordering process.

2. On the Definition of T,

—K

Before estimates of TK can be made and compared with each other,

it must be appfeciated that TK is not a sharply defined temperature.

\

The physical properties of systems exhibiting a Kondo effect tend

to vary smoothly and gradually from above TK to 0 K. The Kondo

temperature, rather, provides an indication of the temperature scale

at which the coupling between the impurity spin and the conduction-

~
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‘

electron spin deﬁsiﬁy in - the vicinity of the impﬁrity becomes significant,
This in turn dependé on the physical prdperty\undér consideration,

an& on the assumptions of the thé&rétical ﬁodel:used in its éValuation.
(In this spirif, fhe convenfioﬁél definition of TK appearing in‘Ed. ¢
uses, rather than an equality»sign, a symbol denoting.that Tk "ig§ of

the order of" .... .Even with this qualification, Eq. (1) is not

without its‘'serious critics,75)

In the (Lé,Ce)Alz_alloys studied, the temperature of the peak in
the excess heat capacity anomaiy associated with the Kondo effect in
‘zero -field, TP(O), is 0;14_K."Blooﬁfield and Hamannlo indicate that

Tp(O) occurs at TK/B; hence TK is 0.42 K. The calorimetrically(

determined TK should be the same as that obtained from reéistivity

' measurements analyzed within the context of Hamann's theory.76 This

77,78

has been experimentaliy verified in the system CuCr. Recent

\ '

resistivity measurements. on a 0.63 at.% Ce (_I_.g_,Ce)Al2 alloy, however,

have been interpreted as being consistent with a'TK of approximately
\ ' . - o 7 {
1.0 K when compared with Hamann's resistivity expression. 9 However,

taking proper account of the host and impurity potential-scattering

'contfibugions to»the resistivity, and.then fittiﬁg the data abo?e TK
to Hamann's expression might reduce the discrepancy with the
calorimetrically_determined(TK—Value,'assuming that impurity-impurity
interaction effects are not important in phis sample.

Riblet and-Wingef, fnd Maple et al. have estimated T, for the.

A}

system (_I_._a_l_,_Cé)Al2 based on an expression for the initial depression

-

of'Té obtained using the temperature-dependent pair-breaking parametér
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of the MHZ theory.3l’32’21

This TK is 0.089 K, usihg~an electronic
density of states value of 2.05 states of one spin direction per eV.

‘per La atom, obtained from the Yn—value of this study and by Luengo

" et al. and using the initial dTC/dc'obtained by Maple 55_31.32’33

In another estimate of T,, Maple et al. empirically deduced the

K’

temperature dependence of the pair-breaking parameter, o, above 0.13 K.

Although below 0.26 K pair-breaking interactions were tending to

saturate in strength, by 0.13 K a still did not exhibit a maximum.

Since in the MHZ theory pair-breaking interactions are strongest at

TK’ they concluded that TK is less than 0.1 K.32 This estimate is

perfectly consistent with the 0.089 K estimate of TK‘also made within

the context of the MHZ theory.

3. High Fiéld Behavior and the g-factor

In fhe presence of an exéernally applied magnetic.field, impurity
spin ordering in a dilute magnetic alloy will be modified. As the
exterhal_field strength iécreases the-impgriéy spins will tend to
couple nbn—cooperatively to the external field, hence zero-field
spin-ordering processes will tend to be sﬁppressed. In a large field
(i.e. guBH > kBTK or kBTM’ where H is the strength of thg externally.
applied field; UB is the Bohr magneton, and g is the spectroscopic

splitting;factor) guBH will tend to define the energy-level splitting

of the impurity spin system. Since the temperature of the heat capacity

peak for a non-cooperative spin-ordering anomaly is proportional to
the energy-level splitting, it will tend also to be proportional to

H, assuming the external field does not significantly admix the levels
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of interésf with higher-lying levels. .Hence in large magnetic fields
it should be possible to estimate tﬁe‘g—factor‘froﬁ the temperature
of the peak.in the;spin—orde%ing heat capacity.ahomaly.

For the (E,Ce)Alz valloj}s under consideration, the 20 kOe and
38 kOe data appear to be suitablevfér this type of énalySis:v From
Figs. 3-5 it is clear that the 20 and 38 kOe fields have quite
.dramatically perturbed the férmation of the spiﬁ compenséted state."
~ Using the TK—yalue of 0.42 K and ;emporarily assuming a free-spin
g—fac;or;of 2, éuBH/kBTK is approximately 6 and 12 in 20 kOe'and
38-kOe, respectively. It is further corroborated that thése~fields
are strong enough essentially to déterﬁine the level splittings of
the'impurfty spin system, by the observation that from the experimental
value of the temperaturé of the 20 kOe AC/c peak of 0.63 K, the |
38 kOe AC/c peak temperatufe of 1;2 K is correctly'pFedictéd:
T,(38 koe) = (38/20)(0.63). = 1.2 XK. For a spin 1/2 schotéky system"?
the level splitting guBH is equal to 2.40 kBTp; hence g is equal to
1.1. bsingvhighffigld CuCr (TK = 2.1 K)vekcésé heat capacity‘aata
" and the apprdpriate level;splitting'relation for a‘spin.3/2 Schottky
sysfeﬁ, a‘g—factOr ofAZ.b is obtained.78 ‘Thié.ieﬁds support. to the '
épproach taken here for obtaiﬁing g-values, éince the g;faftor for )
Cr in dilﬁté ggpr is known81 to be 2.0. In both CuCr and (Eé}Ce)Alz
tﬁe 38 kOe excess ﬁeét capacity andmalies are broader than, and their

peak heights are lower than that. for the appropriate Schottky anomalies

(for:which the peak heights would be 6.18 and 3.64 J/K mole, respectively),
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hence memory of cooperation persists in these fields.

’

The g-factor for (Li,Ce)Al2 of 1.1 is approximately 807
of the ’fgl = (5/3) gy = 10/7 theoretically obtained for the ground-
.state doublet of cubic Ce mefal, where gJ is the Landé g—factor for

2 +3 28 e o
the 4f (‘FS/Z) Ce ~ ground term., -~ The differences are presumably
due to the dissimilar immediate envi'ronments.82 ‘Using the g—factof

for (Eg,Ce)Alz, the effective moment, "in the limit T -+ 0 K

ueff’

(g%S(S%ijAuB) of 0.95 UB is consistent with the value 0.87 Q (accurate

B
to approximately 2%) obtained from extrapolations from above 1 K of
"~ the magnetid susceptibility of samples oflcomparable>Ce concentrations

to those studied here.26’27

Hence the apparent loss of approximately
307 of'ueff as T > 0 deduced from the susceptibility measurements above

1 K and conjectured as being evidence of a Kon&o effect seems largely

attributable to the use of an incorrect‘g—factor.
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C. Superconducting-State Alloy Behevior‘

1. The 0.193 at.% Ce Alloy

In Section IV-D it was demonstrated that for the 0.193 at.% Ce
alloy in zero field, impgrity spin ordering‘occurs‘at'lower temperatures
in the superconducting'etate than in the normal state. The total
ehtropybdifference between the superoonducting stateband the normal
~state, evalueted between Tz, the loﬁest temperatore'for which there

is experimental data, and Tc’ is dominated by the impurity spin

contributions and provides a measure of the temperature-depression

: S . . T .
of impurity spin ordering. The total entropy difference, (Sn—SS) c.

Ty

divided hy Ce concentration is positive and approximately 38% of
R£n2 In the normal state in this temperature 1nterval approx1mately
57/ of the R£n2 entropy of. the 1mpur1ty spin system is removed (based
on graphical integration of curve d of Figs. 3-5). If the difference
- between SEn(Tl) and S (TQ) is neglected, this 1nd1cates that in the
temperature interval between T£ and T only approx1mately one-third -of
the impurity—spih~entropy is removed when the host is superconducting
compared to when it is normal. v Assuming the shape of the heat capacity
anomal& associatedfwith the formationJof the.spin—eompensated state -
is preserved iﬁ the superconducting host, this suppression of spinA
orderihg>corresponds to a reductioh in TK by a factor. of approxiﬁately
6. Taking into account that

| T

) ¢ o= s

(5 T aEs
3 ,

En Es (Tﬁ) - SEn(?Q)] <0
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would tend to reduce the estimate of TK in the superconducting state.
. \ . ’

Attempts were made to separate the conduction-electron contribu-
tion from the impurity-spin contribution to the zero-field heat
capacity of the 0.193 at.% Ce alloy.. Referring to Fig. 6, it is

reasonable to assume that_CES dominates C-C near'TC, and that at

’

L

lower temperatures the impurity spin contribution becomes increasingly

impbrtant. Assuming that CEé/T is zero at Q,K and increasés smoothly
with temperature with ppsitive curvature, at least below\l K, and |
asymptofically approaches (C-CL)/T‘gs TC is app;oached, it was found,
vby graphical intégration, that §ES(TC) < SEn(Té)' ThisAsuggests that

the above representation of C_ 1s unrealistic and that there are

Es
"significant contributions to CES at low temperatures which have not

been taken into consideration. For examplé, C could be linear in

Es

Ay

the low temperature limit, with CEs/T > Y, as T +‘0, as might be
expected for a gapless éuperconductort; From.the Ys—value of 1.9 mJ/K2
mole eétimated by Luengo:gg_gl. for this alloy using an unusual |
graphical decomposition of (C-CL)/T (see Ref.)33 for details), a
reasonablé fepreSentationiof CEs/T can bevconstructed, by a Similar'
_procedure to that outlined above for the Ys = 0 case, for which the
entropy consFraint SEs<Tc)'= SEn(TC) is satisf?ed. Henée, within
thié framewofk, a vy of l.9>'mJ/K2 ﬁole appears to be plausible.

Further attempts were made to separate C s from the impurity

E

spin heat capacity by least-squares fitting the low-temperature data

assuming 1) C

Es ~ YST as T > 0, and 2) the impurity-spin heat

capacity contribution retains its normal-state temperature dependence
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. of approximately T . TFor a representative fit below 1 K to the

equation{
-0.6

c—C. = BT +YT + BST3 R (12)

L
Qhefe\fhe BST?'tgrm.wéslretained’tévhelp ;epresept CES at the higher
temperafures; the approximafe values' of the coeéficiénts are
B = 0.37, Yé = 1.2, énd*Bs = 3.7 in mJ units. >The ffm.sf deviétion
fro@:the fit was less than 2%, however, fhe fractional deviatibné to
thé fit showed some systematic behavior. In other fits with'varied
temperatureiganges; and for which an additioﬁal.terﬁ was.iﬁcluded po

at the highér temperatures, the B- and Ys-coefficients

he;p represept CES

remainedhessentially constant., Plotting the BT_O_'6 impurityaspin
heat capacity contribution as AC/c vs T and shifting the temperature .
scale to fit curve d of Figs. 3-5, a reduction in TK of approximatély

a factor of 8 was found, relative to its normal-state value. However,,

for the decomposition of C-C, represented by Eq. (12), the quantity

L

i

SES(TC).iS ;fill less than SEn(Tc).' It is plausiblé thatbthe'entropy
‘Coﬁstraint.at TC is not satisfigd because Yq waé.underestimated.

In thelgext attémpt to separate Cﬁs from.thé impurity-spin heati
capacity, a stvalue was specificélly,chdsen to helpienSure that'the
conduction—eléétronic‘entropy cohstraint at fc>is satified: In order
to facilitéte fhis, the impurity;spin heat éaﬁacity,eontribution was
allowed to deviate from its normal-state temperature dependence. In
this case:

c-C, =BT "+ YT+BT )
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~

and the first term on the right‘is assumed to be the impurity spin
contribution. The parametéfs BAand m_were_graphically evaanted from_
the in;ercepf and slope, respectively, of é'straight line through
a low—femperature lBg (C—CL—YST) vs log T plof, and;Fhe parameters
Bn and n were evaluated similarly from a log (C—quYST;BT—m) vs log T
plot. A repfesentative analysisvgave, fqr a choice of YS = 2.3(‘mJ/K2
moie,\the following approkimate parametric values:. B = 0,21, m = 0.84,
Bn = 2.8, and n = 4.2..‘For this particular case FSES(TC) was within

E

1.5% of S n(TC). For choices of Yg as large as 2.3 mJ/K2 mole,

however, the log-~log plots exhibited significant curvature and the

parameter m was very sensitive to small variations in Ys(i.e. increasing

YS to 2.4, increased m to 0.97). Hence,Vthis'decomposition_provides
somewhat ambiguous quantitatiVe informétion. Clearly, however, within
this framework, m is much less than 2.

For this alloy, the appearance of significant.contributions to
CES at low teﬁperatures cannot be explained>by the BCS and AG theories.
The AG theory predicts Ys >0 at very high impurity;concentrations,
‘however for low concentrétions Ys wili be zero and qpnduction—electron
states will not be present at low temperature near the Fermi energy.
Of those éttempts, presented above, to sepafate_CES from the impurity
spin heat capacity congribution which were plausible, a Yq > 0 was
assumed to exigt. However, due to the lack of theoretical expressions
necess;ry to help guide the analyses of thé heat capacity into meaning-
fuy.component contributions, none of the abo?e decompositions can be

claimed to have characterized the temperature-dependences of the
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of the superconducting-state heat capacity of either the conduction-
electron system”or the impurity-spin system; For instance, if as in
the theory of MHZ for J < 0 and Ty ~ T s impu;ity bands grow from

-C
S0 o

withiﬁ the energy gap of ?he pure superconductor,.then it appears
that CES/T may be increasing or deéreasihgvat low_temperatﬁré and CES
may not Be charactefized'by~a‘lineér témperatqre dépgndence.' Similarly,
it was neceésary'éo invoke an unusual low?témperaturé'heat papééiﬁy
behavior for the LéAl2 which actually contains O;Olfd.OZ at.% Ce,
i# order to satisfy the conduétion-electronic entrdpy constraint at

The reduction of TK in a éupérconductiﬁg host relative fo é
normal host (for TK < TCO) at low impurity conqehtfations may'indicate
that conduction-electron sfates a}e not as readily availabie‘for
spin—compensétion-invthe superconductof. Physicaily this seems
reasonable_sincé at: low gmpurity concentratiéns fhe conduction-electron
states are primarily participating‘in the‘Cooper pairing. The yé—value\
might be expected to provide én indicatibn of the availability of
conduction—elecgron.ététés for spin compehsatioﬁ; ﬁowever, if a
Ys—value'df 2.3 orbl.9 mJ/K2 mole is taken as a‘measure of N(EF)
in the supefconducting state, and‘if’aﬁ equality of the form of Eq. (1)
‘ié assumed,‘for the approximately one order of mégnitude that TK_is'
reduced in the %ransi£ionlto the superconducting stafe, N(EF)TJI is
v‘fedpced by a faétbr.of oniy.l.Z, althoﬁgh'N(EF)~is réduéed by a factor
gf 4 6r.5. (This comparison iS"based.on an assumed.TF qf the.order

of'5><104 K, but it is not sensitive to the value of'TF). Using this

r



/
/

. . 2 ’ '
approach a Ys—value of approximately 8 mJ/K” mole would be necessary
to account for the estimated reduction in T -
LaCe is another superconductor whose properties are thought to

be influenced by a Kondo effegt, Defailed comparisons between the

. / |
(Eé,Ce)Alz and LaCe systems are precluded, howevér, since experiments
on the latter are usﬁaliy performed on mixed phase sémples,.due to
the similarity in stability of the cubic and hexagonal'phases of La.
However in the LaCe system, at very low Ce concentrations the existence
of low energy ekcitétions at low temperatures havé beeﬁ inferred from
both heat capacity and tunneling éxperiments. Hence, in the dilute limit
there is general agreement in the superconducting behavior of these

closely related systems,

2. The 0.64 at.% Ce Alloy

The critical concentration of Ce that destroys superconductivity

at all accessible temperatures in'hompgeneous (Eg_,Ce)Al2 alloys ié
approximately 0.7 at.”% €e. Superconductivity has been deté;ted‘in
this alloy system above this crifical—concentration—Value, however
mutual-inductance measurements indicate that for such cases the
superconducting - transitions are not fully diamagnetic. The super-
conductivity of such alloys is attributable to congentration
inhomogeneities which locally reduce the Ce concentration below the

critical value. Once such a sample has been propefty annealed

supercondﬁctivity disappears.
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The 0.64 at.% Ce alloy closely apprdachés the crifical—éonéentration—~
value. The superconducting propertiés of fhis alloy would be expected:
to be characterized by.gapless behavior at allvtemperéfu;eé according
to’the AG theofy, fOr'whiCh Ys would be 2.0. A cdmpafison of thg_O
and 0.5 kOe heat capaéity data (see.Fig. 4) indicatéé that the
sﬁperconductihg—state heat capacity is quite_siﬁilar to that of the
normal state. Thus the supercdnducfing—state can be qualitafively
- characterized as being representative of an extreme.gapless limit,
for which Yq Qogld be < Yn- Fiéure 4 also indicates that Fheré is’
no feéture in the zero-field heaf capacity ih the vicinity of TC .
the temperaﬁure that characferizes the indﬁctively—detected, broid
transition Back int§~thevnprmal state upoh cooling; However,. the

0 and_O.S kOe AC/c data merge as T is approached from higher tempera-

C,

tures. (At the lowest temperatures a small field enhancement effect
is observed in 0.5 kOe as in Fig. 3 for the 0.906 at.Z Ce alloy.)
Perhaps fhé\samplé re-enters the normal state on cooling in the

vicinity of T, with CES/T_increasing'tb the value y_. Then all three

of the sampleszthatnghibit supercoﬁductivity may’héve the anomalous
property that;CEs/T inéfeases at léw temperature.. In the MHi‘theory,
this‘would,be due to the existence of quasiboﬁnd sfates déep in gﬁe
energy gap éfvthe pure superco;ductbr.
For the 0.193 at.% Ce alloy»spin—ordering was. depressed in

— témperature for thevsupercéﬁducting host reiative to the ﬁormal host.
For the 0.64 at. 7 Cé alloy any reduction- in TK at thé transition fo
the superconducting'stéte would probably lie withiﬁrthe'experimenfal

error limits to which it could be estimated. - ,
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FIGURE CAPTIONS

The zero-field heat capacity. - From top'to bottom the smooth
curves represent the data for the 0.0, 0.906, 0.193 and 0.64 at.%

Ce samples.

g

¢ The horizontal line

represents Yn = 9.65 mJ/Kz,mble: The curve represents a

The electronic heat capacity of LaAl

BCS superconducting-state electronic heat capacity for

T = 3.307 K and Y_ = 9.65, L ' <
c n .

The excess heat capacity of the 0.906 at.% Ce (Lg_,Ce)Al2

sample per mole of Ce. Curves 3} E_andvg represent the

38,20 and 2 kOe data. Curve d, shifted in tempefature\and

scaled to give an entropy of R &n 4 fits the spin-compensated

‘state heat capacity aﬁomoly of CuCr ‘in zero field. Curve d

originally derives from the calculations of Bloomfield and
Hamann. The error bars represent the effect of a 1 % error

in the total heat capacity measured.

The excess heat capacity of the 0.64:at.Z Ce (I:_eE)Ce)Al2 sample

per mole of Ce. Curves é_through‘g are reproduced from Fig. 3.

The error bars represent the effect of a 1 7 error in the

total heat capacity measured. The vertical arrows indicate

the positions of the magnetically detecfed T and T, . '

©@ . %
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Fig. 6.
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The excess heat capacity of the 0.193 at.% Ce (_Iﬁ_,Ce)'Al2 sample -

per mole of Ce. Curves é_through d are reproduced from Fig; 3.

The error bars represent the effect of a 1 % error in the

total heat capacity measured. -
The'zeroﬁfigld_heat capécity of the 0.193 at.Z% Ce, (L_g__,Ce)Al2
: : .

sample with the lattice contribution subtracted. The

horizontal bars on the data points néar'TC = 2,83 K indicate

the width of the measured data points. The horizontal line

represents Y, T 9.65 mJ/K2 mole, The dot-dashed curve

represénts_the smoothed, zero-field, excess heat capacity

of the 0.906 at.Z Ce sample scaled in concentrétionbto

0.193 at.% Ce. The dashed curve is the sum of the dot-dashed |

curve plus the horizontal line and it represents a combined

zero~field, normal~state conduction-electronic and impurity-

-

spinbheat capacity.
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PART TWO: o-U

I. INTRODUCTION

This study was undertaken to clarify thevcaloriﬁétric properties of
d-Uvbeloﬁ 1 K-in order to help reveal the natufe‘of the superconduétivity
of uréhium metal., Magnetic méasurements,haﬁe coﬁsistently shown the |
occu:renée of superconductivity in.a-U at zero pressure, wifh TC fanging
fromvabout 0.2 K for single crystélé,l’2 to abové 1 K in some high-purity
polycrystais,3 Calorimetric-studies‘ﬁo date, however, have failed to
sﬁbstantiate the existené¢e of supérconduétivity'in 0~U at zero pressure.
At 10 kbar, however, there is agreement between qalofimefric and magnetic
measurements. At fhat'pressure a-U is a bulk superc;)nductbr4 wigp a Tc
of approximately 2 K. Hence, o-U is the most strohgly breésu?e—enhéncéd‘
superconductor known; Furthermore it has the largesf deviation from the
BCS 1isotope effects with Tc proportional to-épproximatély M2 at 11 kbar.

When Eobled slqwly, a—U increases'in_vblume6 below 43 K. The most
outstanding features accompanying this 43 K volume—minimﬁm are sharp
minima in the elagfic moduli.7’8' The most pronbunced anomaly occurs in

the Cllstiffness modulus, in the [100] crystal direction, along which the
second—nearest—neighbof bond is aligned. X-ray and neutron-diffraction

studiesg’10

indicate that there are no deviations from the orthorhombic
structure at low temperatures, and that there is no evidence of magnetic
ordering above 10 K. The orthorhombic-structure g lattice parameter

increases markedly below 43 K, the b parameter increases less so, and the

¢ parameter decreases below 43 K
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at a more rapid rate than ét-higher temperatures. Mégnetic susceptibility
measurements on four high—pufity singie crystals indicated that thére<

is a l;rge anisotropic paramagnetic'compdnent present at.all tempera- |
tures, that ¥ decreases 5% between room temperature ahd 4.2 K, and

that below 40'K thefe are no inc:easés-in X along any of the principal .

crystallographic axes, although there are slope changes.l_1 There is

a‘rapid>dropvin the Hall coeffici-ent12 between AO'K and 20 K. EXﬁansioﬁ

measurements indicate that rapid quenching can suppress or partially

- 13,14

suppress the low temperature volume increase. Depending on the

cooling rate, a quenched sample can even be denser at low temperature

than ‘at 43 K. Hysterétic behavior of the electrical resistivity and

‘of the thermopower was found to depend upon the rate of cooling below
43 K and upon, whether static or dynamic measurements were being made.lB’16

The 43 K anomaly is also sensitive to alloying and to pressure. X-ray

‘measurementsl7 indicated that a 5.5 at.% Pu alloy was denser at 4.2 K
than at 43 K. Np additions .could also suppresé'the volume minimum,

however for these alloys two crystallographically-distinct phases

formed at low temperatures, perhaps due to impurity problemé.l7- Based -

\

bﬁ thé 1inéar femperaturg-depression of the elasfic—modulus anomalies

with increasing pressure, followed Qp to 4.kbar, it was éstimated that

‘at approximately 12 kbar the anomalies would be suppressed.18 At this
_ N i o

pressure thefvolumé minimum would also be suppressed, aqd the super-

conducting trénsition temperature reaéhes its maximum value.19 First-

order phase changes have beéen reported in single crystéls at tempera-

tures below 43 K. Most notably, étrain—gage thermal—expansion
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meésurements20 indicate abrupt disContinuitiés.at”23 K and 37 K,
however, it is not.ciear that these transitions ére équilibrium

~ properties of a-q; Anoméloﬁs behaviér above 43 K iﬁcludes an
approximately 20% increase'in.thé compressibility21 upon cooling
from approximately 80 K to 40 K., There ié also a sﬁall bump in the

ultrasonic attenuation21 and a thermopower anomalyl6 at 250 K,
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II. DESCRIPTION OF THE SAMPLES

Heat capacity measurements are reported for five samples. Table I
contains a description of the samples including the results of the
magnetically—detected superconducting transitions. Sample Ila is the

purest uranium currently available. It was electron-beam Zone-refined .

and contains less than 50 ppm impurities-by weight. Its zero-pressure

. ' . e ' . . ' . 3
superconducting transition has been extensively investigated magnetically.

'Sémple Ia became Sample Ib affer swaging. Polarized-light micrographs
were used to characterize the grain structurelof thsss samples.
Samples Ila and IIb are two pieces.cut from a 1afge strain-annealed
poiycrystal 4esignated Ul0 in the 1iferature,7and,studied ektensivsly

B - - . } 2
at low temperatures, and as a function of pressure, both magneticallylg’ 2

and calor1metr1cally.4’23 Samﬁle III is a large grain-coarsened single

bcrystal 24 The superconducting transitions of similar single-crystals-

have been studled magnetlcally at zero pressure and -up to 8 kbar.l’2

All three of the samples are partially depleted of 234U and 235U.
Reducing the ?34U—content reduces the self—heating level since it

accounts for more than half the total o-heating in natural uranium.

Reducing the zqu content reduces the nuclear quadrupole heat capacity.



ITI. EXPERIMENTAL TECHNIQUE

Heat capacities were measured between 0.1 Kvand 2 K in an
adiabatic demagnetization cryostat by the heat pulsé method using a
previously calibrated Ge thermometer (Ge 644 éalibrated on ;he.<
laboratory scalg Té)' vThermal contact betweén the chrome alum cooling
" salt and the qaloriméter was made with a Pb Heat switch in parallel
with a Cu shupt; The Cu shunt was designed to gonduct away the,
alpha-decay generated heat from the sample at é~teﬁperature between
0.2 and 0.3 K. At lower temperatures the caloriméter'was always on
warming drifts, since the self—heating is constant:and the thermal
conductivity of the Cu shunt decreases with temperature. At higher
temperafures the calorimeter wOuld exhibit cooling‘drifts. When
these cooling driffs became too steep the temperatdre of the cooiing
salt could be increased to minimize the heat fiow‘to and from the
cglorimeter. The calorimeter consisted predominéntly of.a heavy Cu
wire solderéd'at one end to the Pb switch and attached at the other
to part 6f a.sample. The thermometer was attached to.anotherlsection
of the sample wilh its four electrical leads fastehed directly to the
sample. The 4 k), Pt-8%W heater was non-inductively wrapped around

a copper post which was attached, along with the heater electrical

leads, directly to another section of the sample,.AAll attachments were

made with GE7031 varnish and, when necessary, with small Cu wires.
No attempt was made to correct for the varnish heat capacity, and

hence, no significance is attributed to the observed T3'terms in the




sample”heat capacities: The empt? calorimetef'was calibrated in a
sepérééé run and its heat capacity assumed to be magnetic?field_
independent. The.caiorimefer\wés generaily a small fraction-of the
- A - - )
total heat capacity measured, except in the 1.8 g single-cryétal
experiments, for which i;:was approximately 407 of the total heat
capacify between 0.25 and l’K; Siﬂce the Ge thermomefer was attached
directly to the sample Eb?avéid locating it aloné-a temperature
. gradient caused by o-~U self—heating effects, it experienced the fﬁll
magnetic field applied to the samplé; It was, howeQér, checked in .
an indeﬁendent experiment that, for the prgseﬁt purposes, the
thermqmeter retained its zerb—field calibration in the low fields
used in these experiments. This was\accomplished by monitqring the
slow warming drift of the célorimeter and cooling salt system witﬁ
the Pb switch in the normal, or closed, position as‘magnetié fields
were/alterhétely turned on .and off. Below 700,0e there was nb
significant affect. Since all experiments were conductéd at or belpw
500 de?»thé zero~-field calibration could be used confideﬁtly.
Magnetic m;asureméhts to(&etect’Suﬁerconductivity were made

using a 23 cps a.c. mutual-inductance bridge utilizing a variable

reference mutual inductance.
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IV. RESULT AND DATA ANALYSIS

Table II provides a summary of the eleven a-U heat capacity
experiments. The zero-field heat capacity of all five sémples

appeared .to exhibit superconducting transitions. Magnetic fields

were -applied to suppress the superconductivity, and the in-field data

A

were least-squares fitted to the expression:

C = f‘AT'2 + YT + B3T3 - " | (1)

where f is the molefraction of 235

235

of the nucleér‘quadrupolar'heat capacity, CN’ of pure U, YT is the

normal-state electronic heat capacity, C, , and the B T3 term, which

En 3

“is approximately 3-4% of C at\lAK for all samples, is attributed with

no significance since the heat capacity of thé'GE7031 varnish was
not corrected for. The heat capacities below apﬁrokimately 0.27 K
for Sample IIa in 500-Oe and for Sample III in 200 Oe are plotted

in Fig. 1 as CT2 vs T3. Thé straight lines in Fig. 1 represent the

first two terms on the right in Eq. (1) és (CNY+ CEn)T2 vs T3. The

A-values for Samples IIa, IIb. and III are tabulated in the second

column of Table III. The applied'fieids did not fully suppress the

‘superconductivity of Samples Ia and Ib, hence the average A-value

235 )

of 10.8 mJK/mole U, obtained from the other three determinations,

and B3T3 were

N data in the

0.6-1;5 K interval for Sample Ia, and in the 0.7-2 K interval for

was used to represent_CN. For these two samples, CEh

characterized by least-squares fitting normal-state C-C

Sample 'Ib. The Y—values for all five samples are tabulated in the

U in the sample,‘A is the coefficient
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third column of Table III, .

The electronic heat capacity of Sample Ia is plotted in Fig. 2

as CE/T vs T, where CE-= C —‘CN - B3T3. In zero field the sample

clearly exhibits bulk superconductivity. The calorimetric transition.

N

begins below 0.4 K, and is‘broadeﬁed, presumably due to strains caused
.by the aniéotrdpic thermal expansion below 43 K. Figure 3 shows the
éiectrqnic heat capacity for this saﬁe sa&ple affer cold-working. |
There is\é coﬁsidefably broédened superconducting transition beginning
above approximately 1 K. In 500 Oe some superconduétivity ﬁersists ’
_below 017 K. Coidfwgrking has increased the Y-value from 9.59 to
9.86 in mJ units. (The Y-value forvSample Ib waé‘defermined using
_ . , _ . . , N '
data between 0.7 K and 2 K.) Samples IIa-and IIb are smailer grained
than Sampie Ia, and differ f;om each other in that the former was heavily
electro—etéhed énd the létter was.méasured in a tarnished form. ”They
both havevsimilar onsef Tc—values of-approximately 0.7.K. The CES
of the\tarnished sémple, IIb, is,,howevéf,'élightly systematically
enhanced in temperafure compared to Cﬁs of Sample IIa, as is the
Y-value and the‘nuclear A—values.' The additiohai_éurﬁacg strai#\and
impurities associated with the tarnishing probébly account for all
-of_these slight enhancements. - Sincé.theée resultsvindicate that CES
and Y[depeﬁd on .the metallurgical state, which determines the degree
of strain within a sample, the heat capacity of a single crystal was
megéured.. The Y—valﬁe of the single crystal of{9.14 mJ/K2 mole is

lower than that of any of the, polycrystals under condideration. The

electronic heat capacity in 0 and 200 Oe appears in Fig. 5. Above
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\

~0.25 K the single‘crystal'exhibité normal behavior; Below this
temperature it appears that the zero-field data systemétic increases
as temperature is reduced, while the in-field data randomly scatter
about the vaalue. (The large.stétter'at the lowest temperatures is

predominantly due to the removal of the C,—term, which becomes more

N
than 80% of the normal-state heat capacity at 0.1 K,) It is plausible

that be;ow 0.25 K in zero-field, Sample III begips to enter the \
' superconducting state. On a‘subsequent cooldown, as shown in Fig. 6,
a superconducting transition was observed'magneticélly between

approximétely 0.2 aﬁd 0.45 K for this smmple. The transition signal

corresponded to complete flux exclusion bf approximately 0.2 K, however,

size and shape corrections make this uncertain by as much as 25%.

-
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" V. DISCUSSION

A) Normal-State Data . ‘ .

1. The Nuclear Heat . Capacity

|

, An average value of 10.8 mJ K/mole 235

U was-obtained for the
B coefficieﬁt of the nuclear quadrupolar heat capacity of'pure”235U, based

on three.separate measurements of two istopically distinct samples. This’

value agrees with the value 10.9%0.7 mJ K/molé 2'35U,calorimetrically
,J\obtained by Dempesy et'al.25 below 0.75 K for pure 235U. The 4.2 K

Mossbauer ‘spectrum26 of the 238U 44.7 keV transition from the first-

- excited state (2+) to the ground state (0+) in a-U yields a quadrupolar
VCOupling cons;ant,'equ, of -2750+300 MHz. (No magnetic hyperfine fields
greater than.300 kOe were detected.) Since.the electric-field gradients

experiedce&-by 235U and 238U in o-U will be the saﬁe, using this vaiue
of e2qQ and the A-value determined galorimetrically,,assuming magnetic
diéoiar\gnd impurity contributions are unimportant; a value of 1.6 is

obtained for the ratio, Q235/Q238’ for the nuclegr.elegtric—quadrupolei

235 238

moments of the U ground stéte and of the U first excited state.

2. The Electronic Heat Capacity

The y-values determined.in this_study correlate with the grain size
of the samples. The single crystal, Sample III, has the smallest Y—value,
the large-grained Sample Ia has an intermediate y-value, and the three

remaining smaller grained -samples exhibitvlarger Y—values-of similar
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magnifﬁde to each=other: This syétématic vafiétion is due to an increase
in the degreé of strain as\fhe grain size is decreased, and it correlates
with the observation tﬁat Y increasgd uhder pfeésﬁre in one stﬁdy4 from
10.3 to 12.2 in mJ units between 0 and 10 kbar. Heﬂce, in making

! . . )
comparisons with y-values reported in the literature attention will be

\ .
given to’the metallurgical state of the sample. The Y-value of the
single crystal coincides with the value 9.14%0.29 fnJ/K2 mole reéently
déterminéd for a pseud; single~érysta1 (approximately‘10° mismatch .
between gréins).23 The Y—Value of 9.86 mJ/szmole-fqr Sample Ib, the
unanneaied, swaged saﬁple agrees with the value 9.88%0.05 mJ/K2 mole
determined for another swaged sample that had been annealed in the
o-phase, and hence was uniformly small grained.27 The Y—v;lues of

_9.82 and 9.90 in mJ units found for Samples IIa aﬁ& IIb, respectively,
the piéces of Ul0, agree with the recently determined y=10.00*0.37 mJ/K2
mole for another piece23 of U10, and agree somewhat 1ess ;ell with the
value 10.3 obtained for the entire 74g UlO-sample}4 This latter
disagreement of 4'and 5% Qith the earlier determination of Y is
surprising since the temperature scale of the same laboratory was '

used in both experiments,




- -79-

‘B. Superconducting-State Data-

Theére are three published,a-U,heat capacity'studies.that extend
‘below 1 K. One qf thése ét;dies termiﬁ?tes at 0.65 K, hence it is likély
tﬁatjsuperéonducting temperatures essenﬁially v'rer'er_notvreaéhed.28 In |
another study from approxiﬁafely 0.4 K to O.75FK it,was impoésible to tell
whether»or not the pure 235U was superc;hducting, since Cﬁ thoroughly

~ dominated the heat capacity.zs' In this.same study, natural U (0.7%_235U)
was examihed'between 0.17 K and 0.75 K, and'itbwaé concluded that-
sﬁpercpnductivity was absent. However, the coefficient.of the T—zvferm

in the heat capacity was twice that:expected from the 235

ﬁ content of the
’sample; Perhaps a broad superconducting trénsition'was.mistaken'asvgn
enhancgd’nucléar heat capécity; Howevér the 600 Oe heat caéacityvdata
‘was indistinguishable fromxfhe zgro—field £esultsr Also, a very largé
Y-value of 12,1%0.3 mJ/K2 mole was obtéinéd. This'presumably reflects
‘syétematic'erfors associated wiﬁhrfhe confiﬁuous heating technique
empléyed to handlé‘high activity samples, and with the temperature scale,
which was based onvén extfapolation of a carbon fhefmometer from above

1 KT Ho et al.examined four samples, a&a found an_anomalous increase in
CE/T below 0.7 X in each cése.4 These anomalies were not attriguted to
supercpnductivity'since one of ;he samples was found to be .essentially
field—iﬁdependent in 2 kOe in a 3He—cooléd calorimeter, and in‘2 and ‘
5'k0é iﬁ anadiébafic'démhgﬁetization apparatg;.' Sample IIa and 11b

‘are parts of the same sample studied»in Ref. 4 a# zero pxéésure aﬁd

10 kbar, It does not appear likely that the reSulfs of the earlier-

study can be reconciled with those of the current study based on models
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assuming suﬁpréssion, or partial suppression, Qf‘the 43 K volume-minimum
in one case_aéd not the other. Rapid liquid-helium quenches are necessary
50'suppfess the volume minimum. In neither study did cooling proceed via
éirect contact with liquid-helium. There dbes not appear to be‘a <
s;tisfaétory explanation of the lack of agreemenﬁ,between the two studies.

“The shape of fhe superconducting~state heat capacity andmaly provides
information on whether there is any 5£flocalizatiqn as has been proposedl
to oécur at the 43 K anomaly, and £o be responsiblé for tﬁe low-pressure
depression in Tc relative to -the 10 kbar maximﬁm of aﬁproximétely 2 K. o
‘Considering Sample‘Ié, the maximum differeﬂce betwéen CEn and CES at the
brogdened.transition occurs at approximately 0.24 K; This temperature
cor;esponds to a Tc that 1s 12% of its 2 K value. In the BCS theory this
would_correspond to a heat capacity jump only 127 of its TC=2'K value of
1.43 YT_, and in the AG thegry to 3% of itstI(value.29 Experimentally
éhe jump at 0.24 Kis 6.5% of its 10 kbar Qalue. (This is clearly a lower
liﬁitlsince‘thevjump is smeared.) Hence the depression in'Tc'is ﬁot
: governedlby the AG theory——pair—breaking mechanismé and local moments 66
not play a role in the properties of o~U. This éonclusion is consistent .
with the neutron diffractiOn and magnétic éusceptibility results.lo’11

The superconducting transitions shown in Fig. 2-4 are broad, and
it is not clear that they will be compléte'by 0 K. Broadéned
BCS heat capacity cufves were used to represent the data in order to- | «
determine if a non-zero (CE/T)—value would persist‘toC)K, corresponding
to a fraction of the sample remaining in the normal state. Assuming
that strain produces a distributién, f(Tc), of Tc—values, at temperature T,

the total electronic heat capacity consists.of a contribution from the

7

L
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fraction of the material in the superconducting'state, and the fraction
in the normal state: : -

;CE(T)=J.T f(TC)CES(TC,T)d$C+l[O f(Tc)CEn(T)ch (2)

Bdcher, et al. used a similar-approach to characterize the broadened
: . o o 30
superconducting transitions of some titanium alloys. Values of

CEs(TC,T)’cah be obtained from published tables of the thermddynamic

N

: : . a
functions of BCS supercond_uctors.31 Using a normalized Gaussian
distribution where the méaanC is T;, and the half-width of the tfansition

iS»6Tc, CE(T)'can be obtained by numerical integration of the right-hand

side of Eq. 2. Curves corresponding to the calcuiatea'CE(T)/T—values'
for values of E; and GTC whiéh.fit the data réasonabiy'well are plotted
in Figs.Z ghrough 4, and the corresponding T;.and SIC vaiuesrabpear in
Table III. The calculatéd curveé are plottéd tdgether'in Fig; 7 as

CE/YT vse. T. From the T=0K intercepts the molefraction of sample in the

superconducting state at:T=O K, n,_, was obtained in each case, and

Es
collected in Table III. X . : A

Samplg'Iavappeérs to be totally superconducting by 0 K. For

7

Samples Ib and II thiévappearé not to be the case, however, these

nES-values were sensitive to small variations in Tc and 6TC, as was
N .

not the case for Sample Ia. For Sample II, Ny is close enough to 1

L

Es is equal to 1. For Sample Ib the

that’it is quite plausible that n
situation is ambiguéus, since fhe data can be fi£ to a distribution {
function &ith Tc=0 K and 6Tc=0.42 K, for which nES=O.9 whén f(?c)
is normalized by the factor 1.8. This givés aﬁ indicationAof the

limited sensitivity of the approach.
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wa—teﬁperature resistivity investigations of the multiplicity bf
' a;phases in uranium below 43 K indicate that within 30 to 45 minutes
after intermediate-metastable a-phases are quenéhed-in, uranium
transfofms.to its éihgle equilibrium phase.}6 *Fdf all samples in this
stgdy the temperatﬁre was less than 4.2 K for several hours before
heat capacity data were obtained. Obviously then thése samples were
in their single equilibrium phase wefe the measgrements.were made.
Hd 25_21, concluded that the éfessure dependence of TC cannot be
fully accounted for by the pressure dependence4 of the electronic
density-of-states as refiected in the Yy-value. This_remains so even

though the y-value of single-crystal a-U at zero pressure is

significantly lower than that of the polycrystal the conclusion was

based upon. A reduction in Coulombic repulsion with increasing pressure

associated with the changing nature of the f-electrons might account
for the balance of the pressure—énhancement in Tc'

Uranium_metal belongs to the group‘of aétini&éé, Th to Am, whose
properties‘afe intefmediate between those of the corresponding rare-

earth and 5d-transition netals.>1P

The 5f-electrons of U are less
localiged than are the 4f-electrons of the rarééeérth metals, but they
are more local%zed than are tﬁe‘ngelectrons of the third transition
series. The 5f-electrons, therefore, are expected to contrib@ﬁé
correspondingly less to the.cohesive energy of thé:metal and to the
determination of long-range order than the 5d-electrons. The narrow

5f-bands in U metal broaden due to hybridization with s-, p—-, and

d-electron states. Pressure further broadens these 5f-like hybrid
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bands enhancing f}coﬁtribution to co@eéion and redicing Coulbmbic

repulsion,. the sourcé of paif—Weakening.  It ﬂas béen documented that

pair-weakening effects can depress'Tc.as-dramatiéaliy as local moménts;,
The large deviation from the BCS isptopé_éffect5 for o-U at

11 kbar indicates that at this pressure CoulomBic repulsion is still

quite importaht. HOWevér at higher pressures-TC décreases. Maple fbund

33

that at approximately 90 Kkbar, Té is apProximatel& 0.4 X, The behavior

of‘the density of states is not known above 10 kbar: However, it has
been éénjectured that for &—U the elgctron—phonoﬁ interaction strength
itself may be pressurebsensitive, based on the'préssure sensitivity of the
phonon épectrum of dth‘Lavfoupd in recenf supercénductigg tunneling
experiments.34 Further experiﬁental work is nécessary to test this.

\  The role of ﬁ:electrdﬁs in superconductivity has been the

subject of considerable interest and d\ebate.35 This also applies to the

.

nature of the gfcharacter itself, as reflected, for instance, in the

complex crystal structures found in the earlier 5f-electron elements.
Complex structures appear when there are two or more electronic

. e 36 .
configurations of comparable stability available.” Crystallographically
inequivalent sites can then assume different configurations, have varied

radii, and pack more densely than close-packed structures. Pauling‘

" proposed this to describe the a—\énd -Mn structures.37 Y-U, stable '

below the 1i§uid'phase, is bcc, and hence, is characterized by a single
electronié configuration. Based on studies of stabilized y-U alloys

containing approximately 20 at. % Mo and Nb, a normal BCS isotope effect

was found, and a hypotheticgl,Tc—Yalue for pure y-U wés estimated tovBe
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2;1 K.38"The isotope-effect result may mean that‘thé electronic -

configuratiop of y-U contéins_no significant fﬁcpgtributions or that

the f electrons behave like the other itinerant electrons. The Tc—value
corresponds approximately to the maximum T; of a-U. In B-U, a complex
structure,  there are large size’differences on ipequivalent sites.
(Intermetallics crystallize in the B—U—strUcture only when there are
large atomic-size differences.) The superconducting ttaﬁsitioh§‘of

1.75 at.% Pt- and Cr- stabilized B-U are sharp, BCS-like, and occur

at 0.85 K and 0.75 K, respectively.B? As in 0-U, pair-weakening

effects due to narrow f—like hybridized bands are éxpected in B—U,

as are:deviations from the BCS isotope effect. Isotope effect informa-

tion for stabilized B-U alloys, however is lacking.
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Table I. 'Description of the Samples

4235 234 o Magnetic
Sample  at.% at.Z% U Weight Physical Form Transition
Large—graiﬁed
" polycrystal; _ a
Ia 9.599g . 1/8 inch 0.3-0.45K
. diameter
0.16 0.001 -
» Striated, .cold .
. worked structure; a
Ip 8.023¢g 1/16 inch 0.9 1.4 K™,
diameter.
Strain-annealed
‘| polycrystal;
I1a }1.568g heavily electro-
‘ etched ‘ b
0.23 - ——— 0.6-0.9 K
’ : Strain—qnnealed
IIb 11.048¢g polycrystal;
‘ | unetched.
‘ Grain-coarsened c
III 0.4043 0.00266 1.848¢ single crystal 0.2-0.45K
a) See Ref., 3
b) See Ref, 22.
c¢) This work
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'Sﬁmmary of o-U Heat Capacity Measurements.

ITI

Table II,

Saﬁple Field kOe). »'Temperatu;eblnterval‘(K)
Ia 0 015 - 2.1
L 50 | 0.16 < 1.1
Ia 100 © 0.15 - 1.0
i 0 - 0.21 - 2.1
'ib‘ 500 - 0.31 - 2.0
IIa 0 7 0.17f— 1.8

1la. 500  0.18 - 2.2
ITb 0 ' 0.18 - 0.9
Ib s00 0.22 - 2.1
I11 '_o . 0.13 - 1.3

200 - . ., 0.10 - 2.
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Calorimetricélly determined properties of a-U.

v 235 » 2 .Onset
Sample| A (mJ-K/mole U | v (mJ/K mole) Tc (X) T (K) §TC(K) o
Ia - - 9.59 0.4 0.27 | 0.05 1.0
Ib - 9.86 > 1.0 0.20 | 0.35 0.7
IIa 10.3 9.82 o
0.7 | 0.27 | 0.20 0.9
1Ib 10.7 9.90
ITI 11.4 9.14 . '(0'25), - - -
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FIGURE CAPTIONS

Fig., 1. The heat capaéity of Sample III in 200 Oe and Sample IIa in
500 Oe plotted as CT2 vs T3. The stréight lines represent the
least-squares fitted values of Fhe_nuclear>énd electronic heat

3

céﬁacity contributions pibtted'as FA + YT3_vs T

Fig. 2. The electronic heat Sapacity,of Samplé‘Ia. The horizbntal line

represents the y-value. The curve represents a BCS heat

7

- capacity anomaly'broadehed by a.GauSsign distripution of
transiFi&ﬁ tempefaturgs; with"i"C = 0.27 K and GTC = 0.05 K.
- Fig. 3; Thé eléctfonic.heat capacity’of_Samplé IB. The horizontal line
representsvthe Y-valﬁe; The curve repféseﬁts a BCS-heat
7capapity>anbmaly:broadened by a Gaussian diétribution of
transitién temperatures, with Tc = 0.2 K_apd GT; = 0.35 K. .
Fig. 4. The electronic héa; capacity of Sample Iia and éample’IIb.
The horizontal line reprpsenfs the Y4valué>of Sample IIa.
- The curvé fepresenfs'a BCS‘heat cééacity éndmaly broadened
,by a Gaussign distfibution of transition:tempe;atureé, with
VTCV= 0.27 K and 8T =-072 K. | , 
FngFS.,'The eleétronic heat éapacity of Sample III, The horizontal -~
iine'repreéents the Y-Value, - | |
Fig. 6. Thé‘superconducting transiti&n of SamplefIIi‘detected
vmagnetiéaily; | ”
Fig. 7. The calculated electronic heat qapacitieé‘appearing in Figs. 2
»ﬁhropgh 4 ploftea as‘CE/YT Qs T. Tﬁe-Tv=.0 K intércebts
is 1, 0.9 and 0.7 for Samples.Ta, Ila and

indicate that n
) Es

Ib; respectively, ] Lo | S



¢T2 (mJ K/mole)

T (K)

0 010 0.15 0.20 . 0.25
T T l | T
A Sample TI 200 Oe
o Sample IIa 500 Oe
0.21— -
0.0459 +9.14 T3 mJ K/mole
O.1}— ' 5
\_0.0236 +9.82 T3 mJ K/mole
o) | l 1 )
0 001 0.02
T3 (K3)
XBL 73i12-7123
s ' Fig. II-1.
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PART  THREE: SmS

An unusual class of materials that confain rare earth ions with
nonintegral valence and "soft" magnetic moments has recently been
recognized.l Samarium sulfide exhibits the'properties characteristic
of these materials at pressures above 6.5 kbar Bﬁt not at 1dwer
pressures and is, therefore, a particularly interésting.system for
further 'study.2 The first order metal-insulatéﬁ»fransition at 6.5 kbar
and 298 K in SmS is marked By an 8% decrease in v&iume with no change
in crystal structure.3 There is a factor of 10_inérease in optical
reflectivity4 at 0.8y but only a factor of five deérease in resistivity
at the transition. In addition, the resistivity was found to increase
with decreasing temperéture in the metallic_phése,s_ At 10 and 20 kbar
the resistivity is approximately 200 uflem at room témperature, however,
at 3 K fhe resistivity is appfoximately'IZOO and 760 uflem, respectively.5
The change in résisﬁivityslat the transition is 104 greater at 4.2
than at 473 K. At the transition at room temperéture the magnetic
susceptibility decreaseg by 60%, and no evidence‘for magnetic ordering

2 It has been proposed that there is a partial

was found down to 1 K.
electroqic rearrangement at the transitioh from ah:insulating phase

in which’Sm+2 ions are in the non—magnetic 7Fo ground state of the 4f'6
configuration té a métallic phase in which, in time average, 0.7
electrons afe transfeffed to a conduction band.2 To account for

the observed susceptibility, it was suggested that the 4f levels form

virtual bound states tied to the Fermi energy.2 These effects are also
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observed6’7 in SmB6. In fact, the features of thé heat capacity aﬁd
resistivity ‘are similar in the two materials which supports the
suggestion2 that a common model must.be used to.explain the unusual
properties.

The heat capacity measurements were made in a 3He cryostat by
a heat pulse method using germanium thermometers wﬁich give a precision
from experiment to experiment of approximately O.l%; ‘For the measure-
ments in thg metallic phase a‘piston and cylinder device was used in
which pressure is applied at room temperature in a conventional press
and then retained by a mechanical clamp. The‘cell'is shown schematically
in Fig. 1. By comparison with strain-gauge measurements on similar
cells, it was estiméted that as much as 80 to 90% of the load could be
retained by the locking nut at foom temperature.g. The thermal expansions
of the cell materials suggest there should be no further pressure loss
on cooling. The same cell was used to study the heat capacity of V203
at high pressure.? In order to achievé higher pressures than in
earlier ceriumlo and uranium11 experiments, the body of the cell was
made of hardéned Berylco 25 and the mushroom—shaped»piston was made

of tungsten carbide.12’13

The cell was prestretched to 28 kbar using
a tungsten carbide end plug and a soft copper sample and then the
inside diaméter was bored to a uniform radius. (A single insulated

electrical lead was added using a conventional cone seal, so that

resistance measurements could be monitored.)
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The.heat capacity of the eﬁpty cell was detérmined‘at 1 and at
25 kbar by measuring the ﬁeat capacity of the cell filled with puré
diamond powder, which has a negligible heat capééity compared with
that‘of the cell.14 ‘The heat capacity of the celi is showﬁ as the

deviation from -

CC = A.o‘-'h g A2i-l'-l T21+1 (1)
in Fig. 2. The coéfficients15 in Eq. (1) were obtained by a leést
squares fit to the 1 kbar data, and the heat cépacity of the cell
could be represented by Eq. (1) and tables that correspond to the
appfopriate curve in Fig. 2. A 4.12g sample of SmS, which comprised
1.58% of the tétal weight of the cell and sample, was compressed and
the transition monitored by the advance of the éiétqn. After applying
20 kbar load load to the cell, the locking nuﬁ»was tightened; and
an estimated 15 kbar pressure was retained on thé,sample. For the
calculation of the heat capacitybof'the metallic-SﬁS, the heat capacity
of the cell as calculated from Eq. (1) was corrected by a factor found
by interpolation in the 25 kbar t;ble. (The weak pressure—sensifivity
of the cell heat capacity could cause systematic.efrors in the high-
pressﬁre SmS results 6f less  than 1%.)

The results of the.heat capacity measurementsldf SmS at zero
pressure and at appfoxiﬁately 15 kbar from 0.3 td 20 K are shown in
Fig. 3. The large heat capacity of the metallic phase relative to
the insulating phase is evident. A plot of C/T vs T2 shows that the

limiting coefficient of the linear term in the heat capacity of the
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metallic phase is Yy =~ 145 mJ/mole Kz. (Use of the symbolly is not
intended to imply that this heat capacity is an ordinary conduction
electron contribution.that can be extrapolated to high temperatures—-
such an extrapolation would give a very high room-temperature heat
capacity.) A small anomaly that occurs near 3 K at zero pressure and
at 15 kbér is probably associated with impurities. (Such effects

have frequéntly been observed in rare earths and their combounds.)

At zero pressure the anomalous region is shown more clearly in Fig; 4
in 0 and 38 kOe. Although at 15 kbar the anomaly occurs at a somewhat
higher temperature than at zero pressure, as expected, (See Fig. 3).
At 0 pressure the anomaly is remarkably field insensitive. In 38 kOe .
a second anomal& can be identified in Fig. 4 below 1 K. This lower-
temperature anomaly can be attributed to the ordering of a impurity
electronic moment with a very small g-factor, or to an enhanced nucléar
hyperfine field due to the polarizaﬁion of an impurity singlet electronic
ground state in the external field. Spark-source mass-spectroscopic
analysis indicated that the SmS contained approximately 100 ppm Tm
-and 100 ppm Er. Thulium usually has a singlet grbund state. The

0 kOe anomaly obscures any linear term in the zero-pressure heat
capacity. But an upper limit df approximately 7 mJ/ﬁole K2 can be
assigned for the value of Y in the insulating phasé, based on a least-

squares fit of the data between 5 K and 10 K to the expression:

C = AT + YT + B3T3 + BSTS . , (2)
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The lattice parameters of metallic SmS and SmB6 suggest that
the relative contributions of the'4f5 and 4f6 configuraﬁions are in-

the ratio 7:'3.1’2

(The isomer shift16 and energy.of the Lt X-ray
‘absorptidn.edgel7 have also been measured fbr'SmB6, and indicate the

same ratio.) The lowest term for the 4f5 configuration is 6H5/2 and

4

in an octéhedral>fie1d this term splits iﬁto>a'F7 doublet and a'Fs
quar#etzievel. Inelastic neutron scattering experiments on PrS show
ﬁhat”the F7 doublet lies 1owe§t, and a F7—T8 sepéra£ion-of 165 K is
bbtained fof SmSIby scaling the PrS rééults as the fifth power of the
‘1atfige parameter.18 The R&n2 entropy of the T7 Kramer's:doubiet
must disappear as T - 0, and this usually occurs through magﬁetic
ordering as in, fbr exémple, CeB619 and,CePyﬁ.zo‘ Integrafion of C/f
for both thevmétéllic‘and 1nsulat£ng‘phases éf SinS ‘as. a funétion of
vfemperatufe shows that the entropy chénge/at the #ransition,

AS.; Smeta1 _ Sinsuiator’ incfeases gmbothly from‘O at. 0 K to 0.54 R
. at 20 K. This is‘close to- 0.7 R&n2 %hich sugges;s that the F7 doublet :
in metallic SmS loses its entropy gradﬁélly, and in a temperature
iﬁtervalvin which‘suécepfibility ﬁeaSurements sﬁow no ipdication of
magnetic orde;ing.

| Using the slope ofAthé ﬁhase_bopndarys'dT/dP ~ -200 K/kbar,’

the entrépy-change at 298 K is calculated from thevClapeyron equation

S .

" to be (0.15 * 0.1)R, substantiaily smaller than ASZO. The initial
rapid increase in AS is balanced at higher temperatures by other
factors such as population of higher energy levels in_the_4f5 and

4f6 multiplets and different Debye temperatures;,:Piausible values
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would be 165 K for the F7fF8 splitting,18 415 K:for the'7fo—7Fl

splitting21 of the 4f6 configuration, y = 8 mJ/_mole’K2 for the

A 7

conductioﬁ’electroné,,266 K for the Debye temperature at zero pressure

based on the B, coefficient in Eq. (2), and a Gruneisen parameter

3

of 1.5.- Such a model would give A8298

the observed value of (0.15 *+ 0.1) R. In Fig. 5 the entropy contribu- -

= 0.2 R which is similar to

tions are plotted through room temperature using these parametric

values, as are the experimental determinations of the entropy change
up to 20 K and at room temperature. (The calculaiion of the high-

~

pressure Debye temperature is, of course, only a crude approximation,

but, -for example, a change of 0.5 in the effective Grineisen parameter

298

uncertainties in the experimental AS

changes the calculated AS by 0.1 R, which comparable to‘thev

298 and in the'oﬁhervterms in the

298') .
The unusual properties exhibited by metallic SmS and SmB6, and

calculated AS

which would have to be explained by a successful microscopic theory,

are: 1) the absence of magnetic ordering and the saturation of the

magnetic susceptibility at low temperatures, 2) the apparent intermediate

electfonic'éonfiguration of 0.7 f5 and 0.3 f6 derived from volume
considerations, 3) the large linear term in thé heat capacity and -
the continﬁous demagnetizatioﬁ of the 4f electrons; and 4) the large
rise in resistivity below 50 K, It has been suggestedz’that a-Ce
also belongs in this group of materials, and CeSﬂ3 and CeBe13 are

possible additional,exémpleé——both have the T7 crystal field ground

state, large linear terms in the low—temperature’héat capacity, and
/ . ; " : . ~ v
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susceptibilities that saturate at low temperatures with no indication

of a divergence or magnetic ordéring.zo
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FIGURE CAPTIONS

Schematic drawing of the high-pressure heat-capacity cell
and related parts. : .
The heat capacity of the émpty cell at 1 and 25 kbar plotted

as deyiations from Eq. (1) with the coefficients fitted to

the 1 kbar data.

The heat capacity of SmS at approximately 15 kbar (triaﬂgles),

and at zero pressure (circles).
N ,

The heat capacity of the zero-pressure SmS sample in 0 and

" 38 koe. )

Estimates of the entropy-change contributions at the transition,

and the experimental entropy changes. The curves labelled

lattice and d-band electron represent estimates of the lattice

,and'coﬁduction—elecgronic contributions to AS. The curves
labelled f5 and f6 represent S and -S, respectively, associated
with the population of higher energy levels in the 4f5,and

4f6 multiplets. The curve labelled total represents the sum

N ’

v

welghted by the factor 0.7. The cur§e labelled experiment
is the experimental determination.of AS up to'2Q K between
the metallic phase at approximately 15 kbar and the insulatiﬁg
phase at zero pressure. The point at rbom temperature was

calculated from the Claperon equation.
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