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SOME CALORIMETRIC INVESTIGATIONS OF THE ROLE OF fELECTRONS 
IN SUPERCONDUCTIVITY AND MAGNETISM 

Samuel David Bader 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory 
anq Department of Chemis,try; University of California, 

Berkeley, California 

ABSTRACT 

PART ONE: (La,Ce)A12 

The heat capacity of th~ ~ystem (La,Ce)A12 for 0.0, 0.193, 0.64, 

and O.906at.% Ce has been measured between approximately 0.06 and 

22 K and in magnetic fields up to 38 kOe. In the nonnal stat~, there 

is Rln2 entropy as~ociated with the Ce spin system and this entropy 

is removed in the fonnation of the spin-compensated state. The nonnal 

state Kondo temperature, is 0.42 K. The three more-dilute samples 

exhibit superconductivity but cannot be describedby'the Bardeen-

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

energy excitations are evident in the superconducting state and they 

may be associated,with quasibound states deep in tne energy gap of the 

pure superconductor. for the 0.193 at. % Ce alloy in the· 8uperconducting 

stat,e the characteristic temperature associated wi thCe-spin ordering 

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

For the 0.64 at.% Ce alloy a small, broadened superconducting anomaly 

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

be interpreted as a broadened 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 a~U have been measured 

between approximately 0.1 and 2 K at zero pressure. The four 

polycrystalline samples exhibited broad, bulk superconducting 

transitions. The y-values and the smearing of the superconducting 

transitions are sensitive to grain size--the small-grained samples 

had the highest y-values and the broadest superconducting transitions. 

A single crystal had the lowest y-value and appeared to be beginning 

to enter the superconducting_state below 0.25 K. The shape of the 

heat capacity anomaly nearT for the large-grained polycrystal 
c . . 

r 

indicates that a-U is a BCS superconductor and, hence, local moments 

and pair-breaking mechanisms do not playa role in its superconductivity. 

The known pressure enhancement of T is partially attributed to a 
c 

density-of-states effect and partially to a reduction of the pair-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. 

) 
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PART ONE: (La,Ce)Al
2 

1. INTRODUCTION 

A. Normal-Host Dilute Magnetic Alloys 

. In the dilute alloy systems under consideration the hosts are' non-

magnetic. The magnetism arises from the net spin of the crystal-field 

and spin-orbit sp~it impurity ground state ,which is not removed by 

hydridization with itinerant electron states. (Magnetism as~ociated with 

singlet-ground-.,.state systems will not be considered) • Experimentally 

a magnetic alloy can be identified by a Curie-Weiss temperature-dependent 
( . , 

magnetic susceptibility, X, in an appropriate temperature interval, 

while anon-magnetic alloy is distinguished by a small,. temperature 

independent X. The entropy associated with the net spin of the impurity 

is usually removed in a cooperative ordering process. In a dilute mag-

netic alloy the usual ordering processes involve an impurity spin, S, 

coupling with the conduction-electron spin. density, s, in the vicinity 

of the impurity, via the exchange Hamiltonian -2J ~.~, where J is the 

exchange interaction parameter. In the dilute limit, depending on the 

sign of J, spin-ordering generally proceeds either by imPurity-impurity 

interactions or by single-impurity interactions with a spin-polarized 

conduction-electron sea. 

In the impurity-impurity interaction region, each impurity induces 

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

space. Impurities interact with each other indirectly via these spin 

polarizations. This interaction has been described quite successfully 
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by the Ruderman-Kittel~Kasuy.a-Yoshida (RKKY) HaIoiit onian . 1 Using the, 

RKKY interaction, Marshal12 and others 3 have attempted to describe, 

witltin a mean-fi,eld approximation ,the heat capacity anomaly asso,ciated 

with the removal of the impurity-spin entropy. These investigators' 

found that the random distribution of impurities gives rise to a dis-

tribution of internal fields at the impurity Site, which leads to a 

broad heat capacity anomaly. Although at high temperatures there is 

no generally valid description, of the heat capacity, at low temperatures 
, 

the heat capacity is, characterized by a linear temperature dependence 

whose coefficient is independent of impurity concefitration. The char-

acteristic magnetic ordering temperature, TM, is proportional to concen-

2 tration and to J. Hence, TM is independent of the sign of J. CuMn 

alloys with a Mn concentration of less than a few atomic percent (at. %) 

and greater than a few parts-per-million (ppm) is a typical system for 

studying impurity-impurity interactions. 

The other spin-ordering process in dilute magnetic alloys invo,lves 

a single-impurity interaction resulting in anti ferromagnetic polarization 

of the conduction-electron spin density in the vicinity of the impurity. 

By considering the impurity-conduction electron spin-dependent con

tribution to the scattering processes to higher order than J2 (the first 

Born approximation), Kondo,4 in 1964, explained the resistivity minimum 

of certain di~ute magnetic alloys. In the second Born approximation a 

temperature-dependent correction enters the spin-dependent contribution 

to the impurity scattering. S ForJ < 0 the corrected spin-dependent 

contribution to the resistivity increases logarithmically as temperature 

decreases. The other contributions to the resistivity decrease with 

,110 
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temperature, hence a resistivity minimum or ~'Kondo effect" appears. 

The corrected spin.,.dependent contribution to the resistivity becomes 

important below the Kondo temperature : 

(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.,.impurity interaction 

region, conduction electrons are resonantly scattered in such a wa¥ 

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

sation increases smoothly below TKwith decreasing temperature. Hence 

- - . 6 
the Kondo effect gives r~se to a quasibound spin.,.compensated state. . 

The grad~a1 formation -of the spin.,.compensated state is accomp~nied 

by a broad heat capacity anomaly. Since the characteristic ordering 

temperature, TI<, is independent of concentration, the heat capacity 
~. 

shape per mole of impurity should be independent of impurity concentra-

tion. 
. - 7 

It has been experimentally verified in the system CuFe that at 

low temperatures the heat, capacity of the spin-compensated state is 

8 linear in temperature, as first calculated by Nagaoka. Also, it has 

been verified9 in the system CuCr that at high temperatures (T> 0.1 TK) 

the shape of the heat capacity of the spin-compenSated state is consistent 

with the calculations of Bloomfield and Hamann. lO The nature of the ground 

11 
state in the single magnetic impurity problem however remains unclear. 

, There are nu~rous criteria for calorimetrically distinguishing 

between these two spin-ordering processes in dilute magnetic alloys, 
I 

even though both processes yield broad heat capacity anomalies which 

are linear at low temperatures. 'These criteria involve comparisons 
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of the heat capacities of alloys with different impurity conc~ntrations. 

1) At low temperatures the linear excess heat capacity coefficient 

in the interaction region is independent of concentration, while in 

thesingle~impurity region the coefficient per mole of impurity is-

independent of concentration. 2) In the interaction region the tempera-

ture of the heat capacity peak is proportional to concentration, while 

in the single-impurity region it is independent of concentration. 

3) At high temperatures the heat 'capaci ty in the single-impurity region 

may be expected to decrease according to the calculations of Bloomfield 

and Hamann. 10 

B. Superconducting-Host Dilute Magnetic Alloys 

Magnetic impurities depress the superconducting transition tempera"" 

12 ture, TC' quite dramatically cOIDl'ared to non-m!lgnetic impurities. 

Experimental determinations of the TC of La conta~ningrare-earth' 

13 
impurities indicated that impurity-conduction-electron spin-exchange 

scattering is responsible for this depression in TC' By considering the 

I 
affect of the spin~exchange intera'ction on the superconducting Hamiltonian 

14 of Bardeen, Cooper and Schreiffer (BCS), in 1960 Abrikosov and 

15· . 
Gorl'kov (AG) developed the theory of superconductivity in the presence 

of raramagnetic impurities. There are two basic assumptions in the AG 

th,Ory: 1) The impurity spins are not interacting and are randomly 

distributed. 2) Exchange scattering need only be considered to order 

J
2 • Hence, spin-ordering either by impurity-impurity interaction 

effects, or by the Kondo effect is not treated. However the AG theory 

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

work for most subsequent developments. The AG theory indicates that 

, 
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the exchange interaction, which is not time-reversal invariant, acts 

differently on each of the two Cooper-paired electrons (which are paired 

in time-reversed states). This lifts the degeneracy of the electronic 

states comprising each pair, causing the Cooper pairs to break and 

recombine for finite lifetimes, T. Hence there is an energy broadening 

(tiE - h/'r) which fuzzes, or fills in, the superconducting energy gap. 

This led to the prediction of gapless superconductivity, a phenomenon 

which is now well-substantiated. 12 Unlike the BCS theory, the AG theory 

is a two-parameter theory; there is an order parameter (TC)' and an 

energy gap parameter. (Since the gap can go to zero before TC does, 

it is the existence of pair-correlations, not the existence of a gap, 

which is essential to superconductivity.) 

The heat capacity of an AG superconductor has many interesting 

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

of TC is: 

TC = 1- O.69l(~) 
TC < a o cr 

(2) 

where a is the pair-breaking parameter, which is proportional to impurity 

concentration and inversely proportional to the Cooper-pair lifetime, T, 

and a corresponds to a TC equal to 0 K. Also, the jump in the1heat cr 

capacity, tiC, at TC' is reduced compared to the jump, tiC 
0' 

at TC • The 

* 
0 

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

capac! ty j limp at TC with the depression in TC is: 

* 
d(tlC/tlC ) 

0 (3) c = 
d(TC/TC ) 

T=T 0 
Co 
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* In the AG theory, c is 1. 44, compared to unity in the BCS theory. 

* (c BCS = 1 is 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 concentrations, the 

superconductor is gapless near TC; and for concentrations greater than 

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

conductor is gapless at all temperatures. The disappearance of the 

gap is accompanied by the appearance of a linear term in the super-

conducting-state electronic heat capacity in the low-temperature limit. 

16 
The magnitude of the linear heat capacity coefficient, YS' increases 

smoothly from zero at 0.91 a ,to the normal-state value, Y , at a cr n cr 

Theoretical developments subsequent to the work of Abrikosov and 

, 17.. 18 
Gor kov have been reviewed by Griffin and by Muller-Hartmann. By 

relaxing the two initial assumptions of the AG theory, spin-ordering 

effects have been treated. Also the penetration bfan external magnetic 

field into a type II superconductor in the mixed state, and the sub-

sequent spin polarization it induces have been considered. These 

situations Can be described by generalizing the pair-breaking parameter 

of the AG theory. 

The Muller-Hartmann and Zittartz (MHZ) theory19-25 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 » Te 
o 

or TK «Te ' the quasibound states appear close to the gap edge. 
o 

The superposition of single-impurity quasibound states leads to the 

, 
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formation of an impurity hand. Because of the proximity of the im-

purl ty band to the gap edge, the two tend _ to merge as the imp uri ty 

concentration increases ,resulting in a density of states which is 
) 

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

J < 0 and TK,- TC ' the quasibound states can appear deep within the 
o 

, superconducting energy gap, leading to separated impurity bands and" 

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

impuiitiesincrease, the gaps narrow and disappear. Hence, for J < 0 

arid TK - TC ' the density-of-states picture is quite different than 
o 

* that of the AG theory. This is also reflected in the result that c , 

* * defined by Eq. 3, is greater than c AG' which equals 1.44, and c is 

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

superconductor in which there is a Kondo effect(J <' 0), the initial 

rate of depression of TC can be much greater than that predicted by AG, 

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

to impurity concentration) acquires a. temperature dependence. FO,r'TK/Tc 
o 

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

impurity concentration,' In this situation, nearT
K 

the pair-breaking 

interactions are strong, and superconductivity is suppressed; however 
/ 

well above and below TK pair-breaking effects are weak and super

conductivity can persist • 

. The validity of the MHZ prediction that superconductivity will re-

appear well below TK seems to be ,related to a particular description of 

the ground state of the single-impuri'ty problem. The existence of 

superconducti vi ty requires, Cooper-pair correlations of the conduction-, 

electron states, while the impurity spin-ordering requires antiferro-
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magnetic spin-polarization of the conduction-electron states in the 

vicinity of the impurity. If superconductivity is suppressed in order 

to make available conduction-electron states for the impurity ~pin-

compensation, then it is not clear that these conduction-electron states 

will ever again become available for Cooper-pair formation. ·Physically 

.the quasibound states in the energy gap are localized in the vicinity 

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

o K. 

C. Experimental Evidence for a Kondo Effect in (1.!!,Ce)A12 

26 27 Normal-state resistivity measurements ' on four (La,Ce)A12 

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 

contribution to the resistivity; .PM, is proportional to -tnT, and 

ClPM/CltnT is 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. 

26 27 Magrietic susceptibility measurements' on four samples, ranging 

in Ce concentration from 0.4 to 3 at.% Ce, are in accord with a Ce 4f' 

configuration in which the 2F5/2 Hund's rules ground term is split by 

the crystal field of the cubic, Laves-structure host, into a Kramer's 

doublet ground state approximately 100 K below a quartet. However, 

since the effective moment as T~, extrapolated from above 1 K, was 
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, ' 

approximately 30% low compared to that derived for the ground doublet 

28 of cubic Ce metal, the loss of moment was attributed to the Kondo 

effect. 

An" anomalously large depression of theTc of LaA12 (TC = 3.3 K) 
o 

doped with, Ce impurities, compared tO,that for other rare"":earth impurities, 

was interpreted as evidence for antiferromagnetic exchange coup1ing.29 

The results of this study were in agreement with the ear1ierwork13 'on 

doped La. In another s~udy, the large pressure-sensi,tivity of TC of 

(La,Ce)A1
2

, compared to (La,Gd)A1
2

, in the pressure range investigated, 

o to 12 kbar, indicated that for Ce the hybridization between'loca1 and 
, 30 

itinerant state,s (which causes J to be negative) could be enhanced. 

, 22 
In 1971, sOQn after the MHZ prediction that a Kondo effect in 

superconductors could lead to re-entrant normal-state behavior below, 

, 31 ' , 
TC when TK, < TC ' Rib1et and Winzer reported the disappearance of 

, 0 

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

below 1 K. for Ce concentrations in the viCinity of 0.8 at. %. The 

detailed superconducting-normal-state phas~ boundary (TC vs concentra

tion) of the system (La.Ce)AlZ has since been determined on improved 

32 samples. 

Recent calorimetric measurements on four (La,Ce)Al
2
' samples, with 

Ce concentrations between 0 and 0.5 at.%, in the temperature interval 

O. 5to 4 K. have been interpreted as being consistent with the existence 

f K d ff d 'd '. i 33,34 Th ' h a a on 0 e ect an supercon uct~v ty. ese measurements ave 

* * 'been interpreted to indicate that the value of c is greater, than c AG' 

that the superconducting state is gap1ess at very, law Ce concentrations, 
, , 

and that in the normal state the excess heat capacity per mole of Ce 
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is independent of Ce concentration. The interpretations of these 

measurements are not unique however. The normal-state excess heat 

capacity contribution, in fact, is quite similar to that of (La,Gd)A12 , 

a system for which there is no evidence of a Kondo effect. 34 Since the 

peak in, the normal-state excess heat capacity contribution in 

(La,-Ce)Al2, appears below 0.5 K, there was no opportunity in this study 

to independently verify the nature of the impurity spin-ordering process. 

In the calorimetric study reported in this thesis, temperatures 

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

the normal-state and s uperconducting-s tate properties of the system 

,..' 
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II. DESCRIPTION OF THE SAMPLES 

Heat cap~city measurements are ~eported for four samples. Two of 

the four have previously been studied calorimetrically in the tempera

ture interval 0.5-4.2 K at La Jolla. 33 ,34 Both samples exhibit 

superconductivity. One of these samples is nominally pure LaA12 but, 

according to the suppl~er, ~ontained approximately 100 ppm Ce in the 
I 

La starting material. The other sample contained 0.185 at.% Ce 
) 

substitutionally replacing La, as determined at La Jolla from th~ amounts· 

of the starting materials used in its preparation. Based on the concen-

tration reassignment presented in Section IV.Cl, this sample will hence-

forth be referred to as the 0.193 't.% Ce alloy. 

Two ·new samples were prepared at La Jolla expressly for the 

investigation under consideration. One of these, containing 0.64at.% 

Ce, lies. in the narrow. concentration region for which the supercondu~ting, 

transition temperature, T
C

' is a mu~ti-valued function of Ce 

, . 32 
concentration. This sample enters the superconducting state at TC 

1 
approximately equal to 1.1 K, and upon further cooling, re-enters the' 

normal state at TC approximately equal to 0.25 K, TC ' and TC 'are 
" 2 - 1 2 

determined by a.c. mutual-inductance measurements made at La Jolla 

on two chips spark-cut from different parts of the arc-melted sample. 
'-. 

The transitions are fully diamagnetic to within the approximately 10% 

absolute accuracy of the measurements~ 

The fourth sample, containing 0.906 at.% Ce, exceeds the critical 

concentration of Ce that destroys superconductivity at all accessible 

'32 . " 
temperatures. This sample was verified to be in the normal state down 

to approximately 0.3 K by mutual-inductance measurements. It was necessary 
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to anneal the sample at 800°C for one week to destroy partial super-

conductivity due to concentration inhomogeneities within the material. 

For details of the sample preparation t the det'ermination of the 

alloy compositions, and the metallurgical analyses of smaller samples 

32 33 
prepared similarly, the reader is referred to the literature t and 

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

A. The 0.3 to 22 K Region 

1. Thermometry J 

3 The app~ratus used in this temperature region employs He 

refrigeration. The calorimeter contains a doped Ge resistance 

thermometer3S which can give a heat capacity precision of approximately 

0:1% from experiment to experiment. The Ge thermometer (Ge1609) was 

calibrated on a recently established laboratory temperature scale 

designated Tn. This calibration is derived from Pt-resistance 

thermometry (TSS) between IS and 30 K~ gas thermometry between 4.2 and 

4 20 K, the vapor-pressure of He (T
S8

) between 4.2 and 1.1 K, the 

vapor-pressure of 3He (T 62) betwE!en 3.2 and 1.1 K: 'and single-crys tal 

Ce2Mg3 (NO) 12 ·12H
2
0 (CMN) magne~ic thermometry below 3. K. The magnetic 

thermometer employs a 23 cps a.c. mutual-inductance bridge utilizing 

36 '" 37 
a variable reference mutual inductance and lock-in detection. In 

order to facilitate experiments in large magnetic fields, the zero-

field Ge thermometer calibration was preserved by pOSitioning the 

thermometer in a low-field region of the apparatus and inside a 

mumeta138 shield. 

2. The Heater 

The calorimeter also contains a 7 KQ heater non~inductively 

wound from 14 feet of 0.0009 inch diam~ter Pt-9%W ~ire.39 The heater 

, 
is well-suited for low tempera~ure calorimetry because it has a low 

I heat capacity,40 and low magnetic-field and temperature coefficients 
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of 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 the calorimeter, 

and the other potential lead beyond the thermal isolation section 

41 
of the other current lead. The heater is actuated by a mechanical 

relay, with Hg wetted contacts, which is powered by a 10.8 volt Hg 

cell. Photocouplers totally isolate the heater circuit from the 

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 Calorimeter 

The calorimeter is rigidly suspended in a vacuum space in the 

cryostat using fine nylon monofilament. At low temperatures thermal 

contact between the calorimeter and the, refrigerant is established 

via mechanical heat switches. In initially cooling the apparatus 

from room-temperature, approximately 500 microns of N2 exchange gas 

is utilized. At liquid -N
2 

temperature the exchange gas is evacuated 

and replaced with approximately 500 microns of H2 exchange g'7's, which 

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

since it facilitates the cooling of parts of the mechanical heat switch 

and electrical lead system which are not in good thermal 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 

solenoid wire, is a Cu-clad, oxide insulated, single-core NbTi alloy.' 
( 

The calibration' of the,solen~id is based on an, analyses of its turn 

density and geometry.' The field is homogeneous to 0.1% over the volume 

of· a sample. The approximately 0.5% accuracy to which the field is 

known is limited by the series shunt of the power supply.42 During 

an experiment the field ~as generally monitored by, a rotating--coil 

gaussmeter or Hall probe located outside the cryostat. At the end 
, \ 

of an experiment the field could be checked by the solenoid's discharge 

characteristics. 

For details of the calorimeter design and solenoid specifications 

the reader is referred tQ B. B. Triplett's Ph. D. thesis. 43 

5. Sample Mounting 
, 

The calorimeter is fabricated predominantly of Cu, and it terminates 

in a threaded bobbin to accept tapped samples. Since the (La,Ge)A1
2 

samples were not suitable for machining, a:silver adapter was used to 

mount the samples to the calorimeter. The tapped Ag adapter contains 

a Ag_foil section that enclosed the sample. 44 GE7031 varnish was used 

to bond the sample to the Ag foil and to enhance the thermal coupling 

of the sample to the calorimeter. 

6 ..The Heat Capacity of a Sample 

The heat capacity C of a sample per mole of Lal_xCexA12' is 

calculated from the following equation: 
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C (4) 

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

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

is the heat capacity of the Ag aaapter, and CGE7031 is the heat capacity 

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

obtained by the heat pulse technique. The width,(Tf · 1 - T .. i 1) 1na 1n1t a 

of a measured heat capacity point is approximately T/lO. 'A curvature 

correction is applied to CTotal to correct for the finite'width of 

a point. This. 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 

(5) 

where the b. = 1,2,3,5,7 and 9. The ~(T,H)-values are interpolated 
1 

from smooth curves drawn through the fractional differences between 

the measured heat capacity and that calculated from least-squares' 

fitting the data to the expression appeqring in the first bracketed 

term to the right in Eq. (5). The ~-values make corrections to the 

calculated equation of the order of 0.1%. The coefficient A(H) in 

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

63. 65 nuclear heat capacity of Cu and Cu. The field dependence of the 

( 

, ~ 
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Ald· 1 fl h k . f h . 45 LI-va ues pre omlnant y re ect t e wea magnetlsm 0 ,t e epoxy 

(Stycast 2850GT and 'catalyst no.9) sparingly used to thermally anchor 

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

to have a temperature-dependent paramagnetic susceptibility in the 

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

determinations of A(H) and 6(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 6-values were retained. For the 20 kOe experiments 

all 6-values were set equal to zero, and A(H) was estimated assuming 

A(H) =aH
2 + ,S, whe~e a and S are constants. The Iunctional dependence 

of ,A(H) is consistent with experimental data'for the empty calorimeter 

in 9 and 27.9 kOe. 

CAg was calculated from 

(6) 

with the coefficients B2i+l 
determined by fitting to Martin's 3-to-30 K 

data47 and using Martin's determination of Yo ot 0.646 mJ/K2 mole. 

For X, the number of moles of Ag, the weight of the adapter was utilized, 

ignoring corrections due to the milligram-quantity of hard-solder 

(a 50% Ag brazing alloy,) used to join the tapped part' of the adapter 

to the foil section. The adapter was fabricated from "as-received" 

. 48 ' 
6-9's Cominco' Ag. The fractional differences to the fit were not 

\ 

used to construct a 6~table to improve the determination of CAg' 

6-values probably would be determined to a significant degree by 

These 

" \ 
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Martin's temperature scale, which is no doubt slightly different from 

that used here. 

The equation: 

C GE7031 

8 

JE: A.Ti].[l + ~(T)]·Y 
l. i=l 

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

. 49 
byCude and Finegold for 4 ~ T ~ 18 K, b) the smoothed data by 

(7) 

50 
Hessels for 2 ~ T ~ 5 K and 20 ~ T .;;; 35 K, and c) the smoothed data 

by Phiilips5l for 1~5 ~ T < 4 K, reduced in magnitude by approximately 

12% to join the data by the other investigators in the temperature 

region of overlap. The large amplitude (I~I $ 0.1) and systema.tic 

variations of the fractional differences to the fit required the 

inclusion of a ~-table to adequately represent CCE703l. The number 

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 

probably arise from slight variations in the thinning and curing processes. 
J . 

B. The 0.06 to 1 K Region 

1. Refrigeration 

A new apparatus was used in this temperature region, which 
I '. 

employs magnetic cooling. The apparatus is similar to previous systems 

used in th~s laboratory except that it makes heat capacity experiments 

in large magnetic fields feasible. This feature waS accomplished by 

physically locating the sample solenoid far from the cooling salt .. , 
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The cooling salt, approximately one-half mole of chrome potassium 

alum, KCr(SO 4) 2 '12H20, is adiabatically demagne tized from an initial 

,temperature of approximately 1.2 K and an initial field of approximately 

12 kOe. The field is produced either by a superconducting solenoid, 

or by a conventional electromagnet mounted on a non-magnetic track. 

(The track enables the electromagnet to be physically ,removed from 

the area of the cryostat in order to reduce the remnant field to a 

background level.) The cooling salt consists of an irregular 

52 
. distribution of crushed single crystal~ coated with Apiezon N grease 

and mixed with no. 40 gauge Cuwires. The mixture was packed into 
, 

a leak-tight, low-lead brass (Alloy 260) can containing an array of 

0.005 inch Cu fins oriented to minimize eddy-current heating during 

demagnetization~ The surface· area. of metal-to-salt contact inside 

the can is approximately 900 3 cm • 

The sample solenoid and the electromagnet used in refrigeration 

cannot simultaneously be fully charg~d because of' the forces between 
l' 

them. However, if the sample solenoid is charged' after completion of 

the adiabatic demagnetization process, the eddy-current hea!ing 

generated puts a large load on the accessible cooling capacity of ,the 

chrome potassium alum salt •. This is due to a'rapidly increasing 

internal· thermal time constant of the cooling salt below 0.1 K. The 

procedure followed to' simultaneously achieve high field, and low 

temperature conditions involves an interrupted demagnetization. At 

'approximately 0.15 K the cooling process is halted--essentially all of 

the cooling capacity of the salt is accessible--the field is .applied 



-20-

to the sample, thermal equilibration between the sample and coolant 

reestablished, and! then the demagnetization 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 quite similar in appearance to the 'calorimeter 

'discussed in the previous section. However, the calorimeter is 

48 fabricated predominantly of 5-9's pure Cominco Ag. The heater and 

electrical lead system is thermally anchored to the calorimeter with 

, 53 
a non~magnetic epoxy (equal parts Epon 828 and Versamid 140). 

3. The Heat Switch 

Thermal coupling between the calorimeter and the coolant is 

controlled below 1 K using a superconducting Pb heat switch. The 

functioning of the switch involves the orders of magnitude difference 

in' the electronic thermal conductivity of pure elemental superconductors 

well below T. At low enough temperatures the lattice contribution 
c 

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 superconductivity. The 

apparatus utilizes a Pb wire of appropriate dimensions to provide excel-

lent th~rmal isolation in the superconducting state below approximately 

0.6 K. Above 0.6 K the coolant and calorimeter are kept at similar 

temperatures to minimize ,the heat leak across the Pb switch. In this 

manner reasonable heat capacity data have been obtained on occasion 

up t02 K. 

... ! 
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, 
The switch is controlled by a supercohducting Nb solenoid 

. 54 
compensated ,to cancel the dipolar term in the stray field. This 

solenoid is mounted in the vacuum space along with the calorimeter 

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

4. The Sample Solenoid 

3 . 
As in the He-cpoled apparatus, experiments performed in magnetic 

fields utilize a superconducting solenoid operated in the persistent 

mode. 
. . 55 

The solenoid was wound on an epoxy-fiberglass former. The 

organically insulated, 0.009 inch diameter.solenoid wire56 contains 

400 twisted 10 micron diameter filaments of NbTi alloy embedded in 

Cu.' The 0.011 inch diameter wire used in the solenoid's persis tent-

mode switch contains 22 twisted strands of NbTi alloy embedded in a 

57 low thermal conductivity Cw~i alloy. The joint between the solenoid 

wire and the persistent-mode switch wire was made by In soldering 

6 inch lengths of. the wires, and by pressure-welding the exposed 

58 NbTi filaments to the strands. Spot-welding was not attempted' 

because of the fragility of the filaments. The solenoid was characterized 

. by low ~emnant fields, fast charge rates, and ,a homogeneity of a few 

tenths of a percent over the volume -of a sample. At 4.2- K the solenoid 

consistently quenched at 15.8. kOe, and in supetfluid 4He at 21.6 kOe 

(at a current of 54 Amps). The solenoid was charged and discharged 

via two electrical leads of insulated no. 18 -gauge Cu w_ire, utilizing. 

efficient 4lie gas-cooling provided by the boil-of·f of the 1 K 4He bath. 

;rhe calibration and field p,rofile of this solenoid also is based on 

calculations. 



-22-

5. Thermometry 

The Ge resistance thermometer (Ge2345) was calibrated on the 

laboratory scale T as described in the previous section. In this 
n 

case the 'calibration was extended using CMN magnetic thermometry 

down to 0.055 K, and Pt-resistance thermometry up-to 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 De. 

Based on the magnetor,esistance of similar Ge thermometers, this field 

does not significantly affect the zero-field calibration. 

6. The Heat Capacity of Pure Copper 

The functioning of the apparatus was tested by measuring the 

heat capacity of a vacuum-melted, 6-9's pure American Smelting and 

Refining Company (ASARCO) Cu sample. This same sample had been 

measured previously several times in the 3He-cooled apparatus described 

earlier. On the laboratory temperature scale Tn the leading terms 

- 2 of the Cu heat capacity are characterized by Yo = 0.695 mJ/K mole 

and by a Debye temperature, 8 , of 348.7 K. In the temperature region 
o 

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 

few tenths of a percent. 

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, 

... \ 
I 

"t 
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the empty Ag calori1l!eter is simply characterized by CM'r = YoT + B3T3 ; 

- 'Y , and B3 were determined experimentally in 0, 2 and 20 kOe. The heat o ' 
. , 

capacity of this calorimeter is 'magnetic-field independent to 

approximately 0.1 K to within ± 2% in these fields. This field-

independence is attributable to the small nuclear magnetic moments 

of Ag, and to the use of the non-magnetic epo},.)'. A low-temperature, 

field':"'independent heat capacity 'anomaly, however ,appears in this 

calorimeter and in another Ag calorime,terusedby Triplett. 43 This 

anomaly contributes approximately 1% at 0.3% and approxima~ely 4% 

at 0.1 K to ~T. It is possible that this anomaly is ,a property of 

th,e Ag. Heat capacity measurements for Ag appear in the literatureS9 

only for temperatures above 0.4 K, but it is well-known that 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 

the sample heat capacity always dominates CTotal' making it unpecessary 

to precisely characterize ~T. 

The heat capacity of theAg adapter is represented by 

CAg = (YoT + B3T3 + BSTS) ·X, using the leadin.g t,erms in Eq.(6); the 

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

The heat capacity of the varnish was represented by Phillips' 

, 51 ' 
,determination of CGE7031 = 3 S 

(B3T + BST )·Y, because the expression 

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

temperature extrapolation. A discontinuity generally less than 0.03% 
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below 1 K results from applying the different characterizations of 

CGE7031 to the data in the two 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 

the low-temperature heat capacity of many amorphous substances has 

60-63 been experimentally detected. Th f 'h h ,64 e nature 0 t e amorp ,ous state 

h h 1 . d i f iI' h' 'd 65 or per aps t e attlce ynam cs 0 mater a s rlC ln VOl s· account 

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

cas'e, ,it is est:i,mated from the previous reports that any linear heat 
~ 

capacity coefficient would be of the'order of 1]JJ/K
2
g--a value too 

small to be important in the data analysis,. 

~i , 
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IV. RESULTS AND DATA ANALYSIS 

A. Summary of the (La, Ce )A12 Measurements 

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

samples: 

Experiment Sample (at.% Ce) 

1 0.0 

2 0.0 

3 0;0 

4 0.193 

5 0.193 

60.193 

7 - 0.193 

8 0.193 

9 0.193 

10 0.64 

11 0.64 

12 0.64 

13 0.64 

14 0.64 

15 0.64 

16 0.64 

17 0.64 

18 0.906 

19 0.906 

200.906 

21 0.906 

22 0.906 

23 0.906 

24 0.906 

25 0.906 

26 0.906 

Field (kOe) 

o 
1 

,3 

o 
o 
2 

20 

20 

38 

o 
o 
0.5 

0.5 

2 

20 

20 ' 

38 

o 
-0 

0.5 

0.5 

2 

2 

20 

20 

38 

Temperature Interval (K) 

0.4-22 

0.4-18 

0.4-7 

0.1-1.4 

0.09-0.4 

0.4-22 

0.4-21 

0.065-0.4 

0.3-21 

0.065..;,0.4 

0.3-21 

0.1-0.5 

-0.36-7 

0.06-2 

0.08-1 

0.5-13 

0.4-;a 

0.07-0.6 

0.3-.23 

0.1-0.6 

0.3-13 

0.07-0.6 

0.4-13 

,0.07-0.6 

0.5-13 

0.4-20 
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The high temperature data for all four samples in zero field are 

, 3 
shown in Fig. I as ctr vs T. Above 14 K the differences between the 

heat capacities of the various samples are small (less than 2.5%) 

and proportional to T3. 
, 

These differences do not show a systematic 

trend with Ce concentration, hence they do not represent a variation 

in C with alloying. They are probably due to an incorrect characteriza-

tion of the heat capacity of the varnish used to bon'd a sample to the 

Ag calorimeter adapter. In the 14 to 20 K region the heat capacity 

of the GE7031 varnish has a T3 dependence' to within ± 20%, and the 

varnish compris~s approximately 1% of the total measured heat capacity. 

Since in this same temperature interval the sample comprises approximate-

ly 20% of the total measured heat capacity, scaling the varnish 

contribution for each alloy < 30% brings the alloy data into coincidence 

with the LaA12 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 determinations of the heat capacity 

of the GE7031 varnish reported in the literature. The irrepr?ducibility 

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

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

3 ' ' 3 
in the He-cooled calorimeter have been adjusted to bring their CiT 

curves of Fig. I into coincidence with that of the LaA1
2

• This 

adjustment obscures any real differences in C
L

' ,the lattice heat 

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

all, must be small. No adjustments have been applied to the LaAl
2 

data. 

I 

, ·1 
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B. LaA1
2 

The next step of the data analysis fs to characterize the host 

-
heat capacity in order to define the~excess, or impurity spin contribu-

tion to the hE;at ,capacity of the alloys. Twenty-seven data points of 

the nominally pure LaA1
2 

in zero field have been least-squares fitted 

between 4 and 22 K to the expression: 

C host -y T + 
n 

4 

L 
i=l 

B T2i+l 
2i+l 

where Ch is in mJ/K mole laAl
2

, and ost 

Yn = 9.6517349 

B3 = 7.99946 x 10-2 

B5 = 6.38357 x 10-4 

B7, = 3.114'39 x 10-8 

and B9 = -1.1086 x 10-9 

(8) 

,The subscript in y denotes that it is the normal~state y-value.· The 
n '\ 

four-term sunnnation'represents the lattice heat capacity, C
L

. The 

r.m.s. deviation of the fit is ,0.6%. A plot of the fractional differences 

to the fit as a function of temperature yields a tair1y random scattering 

of po~rtts about zero. There is not enough definition in the systematic 

variations of the residuals to construct a li.-table, in order to further 

improve the characterization of Chos t ' The B
3
-term (per mole of LaA1 2) 

corresponds to a Debye characteristic temperature, (1 , of 290 K. 'The' 
o 
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lead~n~ terms, Y
n 

and B
3

, obtained graphically f;om ciT vs T2 plots 

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

field (above T ), and in 1 and 3KOe inappropriate temperature ranges. 
c 

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

1 1 d C . 1 to H2/T' 2 f h 1 h i cacu ate term, N' proport1ona or t e nuc ear eat capac ty 

of the hos t in the .applied field. Implicit in this approach is the 

assumption that Knight shift corrections are small. It seems 

reasonable to assume that Knight shifts averaged over the volume of 

the sample are ~ 1% based on studies of other dilute alloy systems. 

The LaA1
2 

data below 4 K appear in Fig. 2 plotted as CElT vS T, 

where CE ' the electronic heat capacity is C-C
L 

-CN" The straight 

horizontal line represents the Y -value determined from the fit. 
n 

In zero field in the vicinity of T the heat capacity points have a , c 

width, Tf-Ti , of approximately T/30. Ther'e is only one point' for 

which T. < T < T
f

• This point is used to define T = 3.307 K from 
1 c c 

the equation: 

T 

= {c C
E 

(T)dT + JT S 

i 

CEn(T)dT (9) 

where CE is the value of the electronic heat capacity of the point, 

CEn is ~henormal-state,electronic heat capacity YnT, and CEs ' the 

superconducting state heat capacity, is equal to aTS near T , with 
c 

ex. and S determined from a line drawn through a log CEs v.s 

The jump in CE at Tc is 95% of a BCS heat capacity jump66 

log T plot. 

of 1.43 Y T . 
n c 

\ -
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Both the normal state and the superconducting state show evidence 

of impurity effects. It is known that the La starting material 

contained on the order of ~OO ppm Ce impurity. The rise in ciT below 

1 K in the 3 kOe experiment and the deviations from the BCS reference 

67 curve in the zero-field experiment, both shown in Fig. 2, will be 

related to the presence of Ce in Section V, after the results of the 

alloy exper<iments have been presented. Smoothly extrapolating CEs/T 

to zero (or near zero) at T = 0 K enables the entropy to be determined , -
at T and compared with the normal-state electronic entropy, y T • c, n c 

If this method of extrapolation is correct the superconduc,ting-state 

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

heat at T .' The superconducting-state entropy atT , 
c c 

" (10) 

is apprOximately 5% lower than SE = Y T. Hence CEs/T cannot be n ,n c 

extrapolated to T = 0 K in the usual manner. This prbperty of the 

superconducting state is related to the presence of Ce impurities ,and 

it will be discussed further in Section V. 

C. Normal-State Alloy Data 

1. High Fields 

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

normal state ,were calculated per mole of Ce from: 

(11) 



"'::30-

where c is the molefraction of Ce substitutionally replac'ing La. 

6C/c vs T (on a logarithmic scale) .is plotted for the 0.906 at.% Ce 

sample in Fig. 3. Smooth curves a and b were drawn to represent the 

38 and 20 kOe data respectively. (Curve~ was drawn systematically 

above tqe data between. about 2 and 3 K and below the data between about 

3 and 7 K', in order to provide a reasonable high-temperature extra-

polation of the data without underestimating the entropy associated 
I 

with the impurity spin ordering in 20 kOe.) The full length of the 

vertical bars appearing at the higher temperatures represent the affect 

of a 1% error in the total measured heat capacity. Curves a and b 

of Fig. 3 are reproduced in Fig. 4.which illustrates the data for the 

0.64 at.% Ce sample. In each of these fields the a,greement between 

the data for the two alloys is excellent. Extrapolating the high-

temperature sides of the curves to zero smoothly, enables the impurity 

spin entropies to be determined by graphical integration. 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. 

It also confirms that Eq. (11) Gorrectly separates out the impurity-

spin heat capacity contribution from C.Since the lattice contributions 

were effectively equalized, this indicates that the y-values of the 

alloys are not enhanced above y , the host y-value. 
n 

The high-field 6C/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 

when using for its concentration the La Jolla value, 0.185 at.% Ce, 
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based on the amounts of starting materials used in the alloy's 

preparation.' The concentration of the' dilute sample was then reassigned 

'the value 0.193 at.% Ce to bring the high-field data of all three 

alloys into coincidence within experimental error. This is illustrated 

in Fig. 5 by the good agreement between the 38 and 20 kOe data with 

curves a and E. of Figs. 3 and, 4. Taking into account the Ce impuri ty 

in the La starting material, estilnated by the suppli,er to be on the 

order of 100 ppm or 0.01 at.% Ce, the concentration determined by 

sC'aling the high-field heat capacity data agrees remarkably. well with 

the concentration determined from the actual amount of Ce used in 

preparing the alloy. Furthermore, recognition of the additional 

0.01 at.% Ce in the more' concentrated samples could ftlccount for the 
/ 

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

2. Low Fields 

Figure 3 also illustrates the excess heat capacity per mole of 

Ce for the 0.906 at.% Ce alloy in 0, O.Sand 2 kOe. The broad heat 

cap'acity anomaly characteristic of dilute ma'gnetic alloys is apparent. 

For all three fields 6C/c peaks at approximately 0.14 K, although in 

'2'kOe the field has enhanced the peak height significantly. Curve 
, 

.£ of Fig. ,3 represents the 2 k::>e data. To facilitate comparison 

of the 2 kDe experiments, curve c of Fig. 3 is reproduced in Figs. 4 

and 5. To a good approximation 6C/c is independent of Ce concentration, 

showing that these alloys are exhibi~ing single-impurity behavi0'r. 

Tl;1e 6C/e comparison is made in 2 kOe in,order to suppress,~uperconducti-

vity and therefore to facilitate an unambiguous host heat capacity 
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characterization. Fortunately 2 kOe does not alter the temperature 

at which 6C/c peaks in zero-field, as was shown in Fig. 3., 

Curve i of Fig. 3 fits the experimental data for the system CuCr 

9 43' 
in the spin-compensated state. ' This curve is shifted in tempera-

ture to coincide,with the (La,Ce)A1
2 

6C/c peak, and it is scaled 

down in height by a factor of 2 since CuCr is a spin 3/2 system 

(R1n2 = 1/2 Rln4). Curve i originally derives from ca1c~lations by 

Bloomfield and Hamann of the heat capacity of dilute magnetic alloys 

10 
which exhibit a Kondo effect. The agreement between the ~ero-field 

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

existence of a Kondo effect in the (La,Ce)A1
2 

,system. 

D. Superconducting-State Alloy Data 

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

state between T and T 
C1 C2 

these transitions are T 
C1 

The mutual-inductance determinations of 

1.1±O.15 K and T = O.25±0.10 K, where 
C2 

the widths are taken to be the 10 .to 90% spreads of the normalized 

transition signal. The zero-field data appears in Fig. 4, but Eq. (11), 
'\ 

the definition of 6C/c, is no longer valid since Ch cannot be ost 

represented by Eq. (8) below T . The zero-field data does however 
Cl 

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 detectable. In the vicinity of T 
C2 

the data are smooth with no evidence of eve'n a smeared-out anoml'lly. 

1 

-I 

_I 
1 

1 
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In 0.5 kOe the smeared-out, zero-field jump in the heat capacity 

,at Tc is suppressed. Below T ,the 0.5 kOe data are systemat,ically 
c

l 1 
above 'the zero-field data. This behavior is expected since the field 

1) suppresses superconductivity, and 2) 'enhances the excess heat 

-

capacity of the Ce impurity in this temperature region. Both effe<::ts 

are small 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 T. < T < Tf is s~atisfied j 

1 C 
, 

for only one point. Using this one poipt and Eq. (9), T= 2.83,K 
C' 

is obtained. Again CEs (T) near Tc was obtai~~d from a log CE's vs 

log T plot. In using this empirical charact'erization of Tit should , c 

be appreciated that the superconducting state should actually be 

, characterized ,by a distribu,tion of Tc -values ,produced by the Ce 

concentration inhomogeneity wi thin ,the alloy. Although a reasonable '---

distribution of T -values can'be chosen, no quantitatively reliable 
c 

, 
representation of CEs(T) exists for this particular alloy system. 

In Fig. 6, the horizontal line represents ,the yn",,"value of Eq. (8). 

The dashed curve above this line rep!esents the combined contributions 

I 
of the normal-state electronic plus impurity-spin heat capacity divided 

by temperature. The impurity-spin contribution was obtained by 

scaling the zero~field ~C for the 0.906 at.% Ce alloy to the concentra-
. 

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

spin contribution alone. The experimen~al data in Fig. 6 contains the 

c()mbined contributions of the superconducting-state electronic plus 
, 

impuiity-spirt heat capacity. Comparing the dot-dashed curve to the 

experimental data, it is clear that below 0.55 K the combined 
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superconducting-state heat capacity of the conduction-electronic and 

impurity-spin system is less than the normal-state heat capacity ---- / 

of the impurity-spin system alone. Hence the characteristic ordering 

temperature of the impurity-spin system is substantially depressed 

in the superconducting host for this alloy. 

The difference between the normal-state entropy and the 

superconducting-state entropy can be determined between the lowest 

temperature (T£), 0.08 K, for which there are experimental data, and 

T. Between 0 K and T the difference in the conduction-electronic 
c - c-

entropy between the normal and superconducting state must be,zero, 
, 

and between.T n and T the normal-state conduction-electronic entropy 
)(, 'c 

must be 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 T£ and Tc the combined normal-state 

conduction-electronic and impurity-spin entropy is greater than the 

combined superconducting-state conduction-electronic and impurity-spin 

entropy. This difference between the two entropy determinations, 

approxi~tely 4.2 mJ/K mole, provides an indication of the extent to 

which the formation of the spin-compensated state has been suppressed 

in the superconducting host compared to the normal host for this alloy. 

Estimates of TK in the superconducting (and normal) host'will be 

discussed in Section V. 

" 

, .. : 

- I 

,-' 

i, 

• i 
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v. DISCUSSION 

A. ,iaA1
2 

1. Normal-State Data Comparisons, 

The normal-state electronic heat capacity coefficient of the 
-

2 . 2 
"pure" LaA1

2 
of 9.65 mJ/K mole agrees with the value 9.55 mJ/K mole 

33 determined earlier by Luengo et al. for this same sample. The 

"-

approximately 1 % difference in the two y-value determinations 

probabiy represent slight differences in the temperature scales of 
( 

the two laboratories and small systematic errors in the data analyses--

similar differences are typical for inter-laboratory comparisons of 

calorimetric standards. 3 

The agreement between the Debye characteristic temperature (8 ) 
o 

determinations, however, is hot satisfactory. The e found in this 
o 

study is 290 K. 'Luengo et al. obtained a 8o-value of 376 K by assuming 

CL is equal to B3T3 throughout the range of their measurements, which 

extend to 4.2 K. There are numerous problems associated with attemp~s 

to characterize 8 uniquely. In the low temperature limit xhe 
o 

temperature dependence of,the .heat capacity of a normal metal can be 

represented by a linear plus a cubic term, for CE and C
L 

respectively, 

assuming th~t magnetic and nuclear contributions are negligible. 

However, for a metal with a large electronic heat capacity, ,as in 

this case, the lattice contribution becomes a small fraction o·f the 

sample heat capacity at low temperatures and hence cannot be precisely 

determined. In these cases small systematic errors also can strongly 
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'affect C
L 

and hence 8
0

• At higher temperatures where C
L 

becomes 

significant compared to C
E

, C
L 

does not necessarily have a simple 

cubic temperature dependence. The method of least-squares fitting 

higher temperature data to a power series expansion of C
L 

to obtain 

8
0 

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 CL of LaA1
2 

at 4 K was approximately 13% of the heat 

capacity of the sample, or approximately 4% of the total heat capacity 

3' , 
measured; and the B3T term was approximately 88% of CL . Hungsberg 

and Gschneidner 68 
measured the heat capacity of LaA1 2 

of similar 
/ 

purity to that of this study, based on their T value of 3. 29±0. 03 K. 
c 

Above T they ob tained (per mole of LaA1
2

) a y of 11 " mJ /K2 mole 
c . n 

and 8 of 244 K. They indicated that using f T
5 term in a,ddi tion to 

0 

the T3 term to represent CL increased 8 on the order of 10%. Hence 
0 

their data can be interpreted to yield a 8 consistent with that of 
o 

this study; however the y -values differ systematically. Machado da 
n 

69 Silva et al. measured the heat capacity of LaA1
2 

between 0.2 and 4 K. 

They obtained a T of 2.75 K, and in the normal state y was 12.1 in 
c , . n 

mJ units and 8 was 195 K (per mole LaA1
2
). Clearly the low value 

0 

ef T indicates that impurity effects are significant in this sample, 
c 

hence the determination of the nermal-state preperties are in doubt. 

In cases such as that fer LaAl
2 

an independent determinatien ef 80. 

from elastic-censtants measurements often is quite useful. Until 

such data become available, given the excellent agreement between 

. 'i 
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the two independent CE determinations of the sample used in this 

thesis research, the good precision of the data, and the extended 
\ 

temperature range of the measurements, the 290 K value of e probably 
o 

represents the best value to date. 

2. Nor~al-State Evidence for Ce Impurities 

At the lowest temperatures in Fig., 2 the shape of the 1, kOe 
, ,. 

heat capacity data syggests that in this field there might be a 

broadened, partial superconducting transition. In 3 kOe at the lowest 

temperatures there is an anomalous ,increase in CElT that appears not 

to be associated with superconductivity. Comparing the -3. kOe heat 

capacity in excess of y T at 0.5 K in Fig. 2 to the 2 kOe 6c/c for 
n 

the alloys, a concentration of approximately 160 ppm Ce impurity is 

required to explain the anomaly. This is in reasonable 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 compared ,with the 

BCS representation of CEs ' It is plausible that at T the reduction - , c 
I 

in the heat capacity jump compared to the BCS jump can be explained 

, 70 
qualitativ~ly within the theory of dirty superconductors. Non-magnetic 

impurities (Le.,' dirt) act as potential-scattering centers which ,alter 

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 

: 71 
BCS-like model proposed by Markowitz and KadaI}off the effects of the 
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elimination of anisotropy upon the heat capacity jump have been 

72 calculated by Clemm and expressed in terms of the mean squared 

2 
anisotropy (a ), an angular average of a function which describes 

the anisotropy of the superconducting energy gap. The reduction in 

the heat capacity jump at T relative to the RCS jump is consistent 
. c 

with an (a2 ) -value of 0.02, which is a typical value for a weak-

coupled superconductor. However, at the lower temperatures to wnich 

. 2 
the experimental data extend no reasonable ( a ,) -value can explain 

the deviation of CE from the (isotropic) RCS curve. Therefore it s . 

is concluded' that the shape ·of the LaA1
2 

superconducting-state heat 

capacity cannot entirely be explained within a RCS framework. 

It appears' that magnetic scattering processes are necessary to 

explain the shape ofCEs • Taking this point of view and assuming Ce 

impurities are solely responsible ~or the reduction in the heat 

capacity jump at T , it would require 290 ppm Ce to produce the total 
c 

effect. (This estimate is based on the experimental determinations 

* of the initial (dT Idc) of - 2.56 K per at.% Ce, and c of 2.2, 
c 

appearing in Refs. 32 and 33, respectively.) It is gratifying that 

this independent estimate of the Ce impurity concentration of the 

LaA12 sample is of the same order of magnitude as' the previous 

estimates. This new estimate differs,however, by factors of roughly 

2 and 3 from that based on the 3 kOe normal-state data, and that of 

the La supplier, respectively. The behavior of C
Es 

near Tc can be 

reasonably described assuming approximately 160 ppmCe impurity and a 
. 2 

gap anisotropy, (a ), of approximately 0.01. 

i 
[ 
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In Section IVB an approximately 5% entropy discrepancy in the 

L~12 sample. between SE' (T') and SE (T ) was taken to indicate that 
s c n ,c 

CE/T cannot be extrapolated to zero (or near zero) in the usual 

manner. It has since been demonstrated in the alloys that a Kondo 

-
effect is responsible for the Ce impurity spin ordering that quite 

dramatically affects the superconducting properties of the system. 

It also has been demonstrated, using a variety of approaches, that 

there is clearly a small concentration ofCe impurity in the nominally 

pure LaAl
2 

sample. The apparent entropy discrepancy can be removed 

(as it must according t:o th,e third law of thermodynamics) if CE/T 

increases below the experimental temperature region explored. Such 

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

indicates that there are states located deep within the ~nergy gap 

of the pure 'super,conductor. The existence of quasibound states 

within the superconducting energy gap has been predicted theoretically 

b b' f 0 d 'd 0 0 73 f' d' hObO 0 Y a num er 0 '1.n epen ent 1.nves t1.ga tors or supercon uc tors ex 1. '1. t 1.ng 

a Kondo effeCt with TK,'" TC. Physically these-states may be viewed 
" 0 

as broken Cooper-pair states, trapped around Ce impurities, which 0 

provide theantiferromagnetic spin-pairing by which the impurities 

order and are spin-compensated. This behavior provides yet another 

dramatic demonstration of the Kondo effect in superconductors. 

'I 
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B. Normal-State Alloy Data. 

1. Data Comparisons 

Luengo et al. measured the heat capacity of the 0.193 at.% Ce 

alloy and that of two other alloys not studied here. 33 They concluded 

2 from their (C-CL)/Tvs T plots that there is a strong enhancement of 

Yn for these alloys which scales with Ce concentration, in addition 

to the low-temperature anomaly associated with t~e formation of the 

spin-compensated state. Although in the current study, plots of 

2 . . 
C/T vs T for the alloys over limited temperature ranges appear to 

yield enhancements in the linear heat capacity contribution, the 

effect depends on the temperature range under consideration since the 

-

plots exhibit significant curvature at all temperatures. (Low-

. 2 ' 
temperature plots of CIT vs T reliably define CE and CL only when 

there are no magnetic and nuclear contributions to the heat capacity.) 

The excellent agreement of the experimentally determined excess 

entropies in high fields with that expected for an effective spin 

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

experimental uncertainty, to that of LaA1
2

• Furthermore, without 

assuming enhancements of the y-values of the alloys, the 0 and 0.5 kOe 

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

quantitatively consistent with the single-impurity 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 (T). (Even'above approximately 20 T , or 3 K, the systematic 
p p 

deviations of the low-field,L'lC/c data of Fig., 3 and Fig. 4 compared 

to the curves labelled '~, are always less than 1% of the total heat 

capacity measured and within the presumed accuracy of the measurements.) 

Hence it is clear that the apparent y-value enhancements reported 

by Luengo et al. actually represent the high-temperature contribution 

of the broad heat capacity anomaly associated with the formation of 

-
the spin-compensated state. I Figure 6 illustrates that (above T ) it 

c 

is quite possible to mistake the impurity-spin heat capacity contribu-

tions for an enhanced y-value. 

The Ceconcentrat'ion independence of the 2 kOe' L'lC/c data of the' 

0.64 and 0.193 at.% Ce alloys compared to the corresponding data for 

the 0.906 at.~ Ce alloy (via the,curves labelled £ in Fig. 4 and 

'Fig. 5) provided the evidence that these alloys are characterized by 

single-impurity behavior. However, the L'lC/c data of the alloys in 

2 kOe do exhibit slight systematic shape differences whose possible 

origin will now be speculated upon. Although the temperature of the 

2 kOe excess heat capacity peak, T (2 kOe) , remains constant for the 
p 

three alloys, the height and sharpness of the peaks increase as the' 

I 
Ce concentration decreases. Bloomfield and Hamann found that for a 

given TK~value, large ,increases in the Fermi t~perature, T
F

, produced 

slight increases in their calculation of L'lC/c in the vicinity of T . 
P 

(For example, a factor 6f five increase in TF increased their L'lC/c 

peak height 'approximately 3%.) Assuming the validity of this aspect 

of their calculation (which'is not phYSically obvious), the magnitude 
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of the variation in TF with alloying necessary to explain the ,experi

mental shape differences in 2 kOe precludes this from being a 

reasonable explanation. It does appear possible however, that internal 

strains, produced by alloying, can create a distribution of characteris-

tic ordering temperatures--due to the pressure sensitivity of the 

magnetic properties of Ce--which tend to smear the impurity spin-

ordering anomaly as the Ceconcentration is increased. This hypothesis 

has not been quantitatively tested. Another possible explanation is 

that slight impurity-impurity ,interaction contributions to ~C/c might 

superimpose on the dominant single-impurity behavior of the alloys. 

While 'this possibility cannot be ruled out, the low value of the 

magnetic-ordering temperature, TM, for pure CeAl
2

.of approximately 

3.4 K suggests that for theCe 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 impurity-

impurity interactions might compete with the single impurity spin-

ordering process. 

2. On the Definition of TK 

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

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

The physical properties of systems exhibi-ting 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-

i 

- i 

: 
i 

" 
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electron spin density in'the vicinity of the impurity becomes significant. 

This in turn depends on the physical property under consideration, 

and on the assumptions of the theoretical model used in its evaluation. 

(In this spirit, the conven'tion'al definition of TK appearing in Eq. (1) 

, 
uses, rather than an equality sign, a symbol denoting that TK "is of 

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

i h · . i i 75) w tout 1ts'ser10US cr t cs, 

In the (La,Ce)Al2 alloys studied, the temperature of the peak in 

the excess heat capacity anomaly associated with the Kondo effect in 

zero field, T (0), is 0~14 K. Bloomfield and HamannlO indicate that , p 

Tp(O) occurs at TK/3; hence TK is 0.42 K. The calorimetrically 

determined TK shou!d ,be the same' as that obtained from resistivity 

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

, ' 77 78 
has been experimentally verifi~d in the system CuCr.' Recent 

\ 

resistivity measurements on a 0.63 at.% Ce (La,Ce)A1
2 

alloy, however, 

have been interpreted as being consistent with aTK of approximately 

1 0 K h d . h H ' i" . 79 H ( • w en compare W1t amann s res St1V1ty expreSS1on. owever, 

taking proper acco,unt of the host and imp,urity potential-scattering 

contributions to the resistivity, and then fitting the data above TK 

to Hamann's expression might reduce th~ niscrepancy with the, 

calorimetrically determined, TK-value, assuming that impurity-impurity 

interaction effects are not important in tpis sample. 

Riblet arid Winzer, and Maple et al. hav~ estimated TK for the 

, s~stem (!-a}Ce)A12 based on an exp:te~si~n for the initial depression 

ofT' obtained using the temperature-dependent pair-breaking parameter 
c 
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of the MHZ theory. 3l,32,2l Tho TOO 089 K 0 1 0 1S K 1S. , uS1ng ~n e ectron1C 

density of ,states v~lue of 2.05 states of one spin direction per eV, 

per La atom, obtained from the y -value of this study and by Luengo 
n 

et ale and using the initial dT Idc obtained by Maple et al. 32 ,33 
-- 'C --

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

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

Although below 0.26 K pair-breaking interactions were tending ~o 

saturate in strength, by O.l~ K a still did not exhibit a maximum. 

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

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

perfectly cOl1sistent with the 0.089 K estimate of TKalso made within 

the context of the MHZ'theory. 

3. High Field Behavior 'and the g-factor 

In the presence of an externally applied magnetic field, impurity 

spin ordering in a dilute magnetic alloy will be modified. As the 

~ 

external, field strength increases the impurity spili.s will tend to 

couple non-cooperatively to the external field, hence zero-field 

spin-ordering processes will tend to be suppressed. In a large field 

(i.e. g~BH > kBTK or kBTM, where H is the strength of th~ externally. 

applied field, ~B is the Bohr magneton~ and g is the spectroscopic 

splitting-fact·or) g~BH 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 interest with higher-lying levels. Hence in large magnetic fields 

it should be possible to estimate the g-factor from the temperature 

of the peak in the spin-ordering heat capacity anomaly. 

For the (La,Ce)A1
2 

alloys under consideration, the 20 kOe and 

38 kOe data appear to be suitable for this type of analysis: From 

Figs. 3-5 it is clear that the 20 and 38 kOe fields have quite 

dramatically perturbed the formation of the spin compensated state.-

Using the TK-value of 0.42 K and temporarily assuming a free-spin 

g-factor of 2, g~BH/kBTK is approximately 6 and 12 in 20 kOeand 

38'kOe, respectively. It is further corroborated that these fields 

are strong enough essentially to determine the level splittings of 

the impurity spin system, by the observation that from the experimental 

value of the temperature of the 20 kOe 6c/c peak of 0.63 K, the 

38 kOe 6C/c peak temperature of 1.2 K is correctly predicted: 

T(38 kOe) = (38/20) (0.63). = 1. 2 K. P . 
, 80 

For a spin 1/2 Schottky system 

the level splitting g~BH is equal to 2.40 kBTp; henceg is equal to 

1.1. Using high-:field CtiCr (TK = 2.1 K)excess heat capacity data 

and the appropriate level-splitting relation for a spin 3/2 Schott-ky 

system, a g-factor of-2.0 is obtained. 78 'This lends support to the 
, 

approach taken here for obtaining g-values, since the g-factor for 

Cr in dilute CuCr is known8l to be 2.0. In both CuCr and (La,Ce)A1
2 

the 38 kOe excess heat capacity anomalies are broader than, and their 

peak heights are lower than that, for the appropriate Schottky anomal:!,es 

(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 (La,Ce)A1
2 

of 1.1 is approximately 80% 

of the rg/ = (5/3) gJ = 10/7 theoretically obtained for the ground

.state doublet of cubic Ce metal, where gJ is the Land~ g-factor for 

the 4f'(2F5/2) Ce+3 ground term.
28 

The differences are presumably 

d h d ' i 'I 'di ' 82 ue to t e 1SS ml ar lmme ate enVlronments. Using the g-factor 

for (La,Ce)A12 , the effective moment, ~eff,in the limit T + 0 K 

(g/S(s+:1) ~B) of 0.95 ~B is consistent with ~he value 0.87 ~B (accurate 

to approximately 2%) obtained from extrapolations from above 1 K of 

the magnetic susceptibility of samples of comparable C~ concentrations 

to those studied h 26,27 ere. Hence the apparent loss of approximately 

30% of' ~eff as T + o deduced from the susceptibility measurements above 

1 K and conjectured as being evidence of a Kondo effect seems largely 

attributable to the use of an incorrect g-factor. 
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C. Superconducting-State Alloy Behavior 

1. The 0.193 at.%Ce Alloy 

In S~ction IV~D it was demonstrated that for the 0.193 at.% Ce 

alloy in zero field, impurity spin ordering occurs at lower temperatures 

in the superconducting state than in the normal state. The total , 

entropy difference between the superconducting state and the normal 

. state, evaluated between T~, the lowest temperature for which there 

is experimental data, and T , is dominated by the impurity spin , c 

contributions and provides a measure of the temperature-depression 

. IT The total entropy difference, (S -S) c 
, n, s T 

is positive and approximately 38% of £ 

of impurity spin ordering. 

divided by Ce concentration 

R£rt2. In the normal state in this temperature inte~val approximately 

57% of the R~n2 entropy oithe impurity spin system is removed (based 

on graphical integration of curve ~ of Figs. 3-5). If the difference 

. between SEn(T£) and SEs(T~) is neglected-, this indicates that in the 

temperature interval bet~een T£ and Tc 'only approximately one-third ·of 

the impuri~y-spin .entropy is removed when the host is supetconducting 

compared to when it is normal. ' Assuming the shape of the heat capacity 

anomaly as!'i0ciated with the formation 'of the spin-compensated state 

is preserved in the superconducting host, this suppression of spin 

ordering corresponds to a reduction in TK by a factor of approximately 

6. Taking into account that 

T 
c 

. (SE -SE ) 
n s T 

, ~ 

= 
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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 a~loy. Referring to Fig. 6, it is 

reasonable to assume,that CEs dominates C-C
L 

,near Tc' and that at 

lower'temperatures the impur1ty spin contribution becomes increasingly 

important. Assuming that CEs/T is zero at 0 K and increases smoothly 

with temperature with positive curvature,'at least below 1 K, and 

asymptotically approaches (C-CL)/T'~s Tc i~ approached, it was found, 

by graphical integration, that SE (T ) < SE (T). This suggests that 
's c n c 

the above representation of CEs is unrealistic arid that there are 

. significant.contributions to C
Es 

at low temperatures which have not 

been taken into consideration. For exampl~, CEs could be linear in 

the low temperature limit, with CE /T + Y as T + 0, as might be 
s s 

2 
expected for a gapless superconductor. From the y -value of 1.9 mJ/K 

~. s 

mole estimated by Luengo et al. for this alloy using an unusual 
, 

graphical decomposition of (C-CL)/T (see Ref. 33 for details), a 

reasonable representation of C
E 

/T can be constructed, by a similar s . 

procedure to that outlined above for the y = 0 case, for which the 
s 

entropy cons~raint SE (T ) = SE (T ) is satisfied. sen c 
Hence, within 

2 . . 
this framework, a y of 1. 9mJ /K mole appe'ars to be plausible. s ' , 

Further attempts were made to separate C
Es 

from the impurity 

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

assuming 1) C
E 

+ y T as 
s s 

T + 0, and 2) the impurity-spin heat 

capacity contribution retains its normal-state temperature dependence 

i 
- ! 

- , 
, 
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of approximately T-O• 6. ,For a represeIltat1ive fit below 1 K to the 

equation: 

c-c 
L 

(12) 

where' the SsT~ term was retained to help represent CEs at the higher 

temperatures, the approximate values' of the coefficients are 

S = 0.37, Y = 1.2, and'S = 3.7 in mJ units. The r.m.s. deviation ss 

from the fit was less than 2%, however, the fractional devi·a t lC)llS to 

the fit showed some systematic behavior. In other fits with varied 

temperature ranges; and for which an additional term was included to 

help represent CEs at the higher temperatures, the S- and Ys-coefficients 

remained'essentially constant. Plotting the ST-O. 6 impurity .... spin 

heat capacity contribution as 6C/c vs T and shifting the temperature, 

scale to fit curve ~ of, Figs. 3-5, a reduction in Tiz of approximately 

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

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

SE (T ) is still less than SE (T ). s c n c 
It is plausible that the entropy 

constraint at T is not satisfied because y was underestimated. 
c , s 

c 

In the next attempt to separate CEs from the impurity-spin heat. 

capacity, a Ys~v~lue was specifically chosen to help ensure that the 
I 

conduction-electronic entropy constraint at T is satified. In order , c 

to facilitate this, the impurity-spin heat capacity ,contribution was 

allowed to deviate from its normal-state temperature dependence. In 

this case: 

C-C = ST-m + y T + S Tn 
L s n 

(13) 
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and' the first term on the right is assumed to be the impurity spin 

contri~ution. The parameters Sand m were graphically evaluated from 

the intercept and slope, respectively, of a straight line through 

" 
a low-temperature log (C-CL-ysT) vs log T plot, and the parameters 

. -m 
Sn and n were evaluated similarly from a log (C-c-y T-ST ) vs log T 

L s 
" 2 

plot. A representative analysis gave, for a choice of y = 2.3 mJ/K 
s 

mole, \ the following approximate parametric values: S = 0.21, m = 0:84, 

Sn = 2.8, and n = 4.2. For this particular case SE (T ) was within 
s c 

1.5% of SE (T). For choices of y as large as 2.3 mJ/K2 mole, 
n c s 

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

parameter m was very sensitive to small variation~ in y (i.e. increasing 
s 

Ys to 2.4~ increased m to 0.97). Hence, this decomposition provides 

somewhat ambiguous quantitative information. Clearly, however, within 

this framework, m is much less than 2. 

For this alloy, the appearance of significant contributions to 

CEs at low temperatures cannot be explained by the BCS and AG theories. 

The AG theory predicts y > 0 at very high impurity concentrations, 
s ' 

however for low concentrations y will be zero and conduction-electron 
s 

states will not be present at low temperature near the Fermi energy. 

Of those attempts, presented above, to separate C
Es 

from the impurity 

spin heat capacity contribution which were plausible, a y > 0 was 
s 

assumed to exist. However, due to the lack of theoretical expressions 

necessary to help guide the analyses of the heat capacity into meaning-

ful component contributions, none of the above decompositions can be 

claimed to have characterized the temperature~dependences of the 

:," 
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of the superconducting-st~te heat capacity of either the conduction-

e1ectron system~or the impurity-sp.in system. For instance, if as in 

the theory of MHZ for J < 0 and TK - Te ' impurity bands grow from 
o 

within the energy gap of the pure superconductor, then it appears 

that CEs/T may be increasing or decreasing at low temperature and CEs 

may not be characterized-by a linear temperature dependence. Similarly, 

I ' , 

it was necessary to invoke an unusual low-temperature heat capacity 

behavior for the LaA1
2 

which actually contains 0.01-0.02 at.% Ce, 

in order to satisfy the conduction-electronic entropy constraint at 

T . 
c 

The reduction of TK in' a superconducting host relative to a 

normal host (for TK < TCo) at low impurity concentrations may 'indicate 

/ 

that conduction-electron states are not as readily available for 

spin-compensation in the superconductor. Physically this seems 

reasonable since at-1~w impurity concentrations the conduction-electron 

states are primarily participating in the Cooper pairing. The y -value, 
s 

might be expected to provide an indication of the availability of 

conduction-electron states for spin compensation. However, if a 

ys-value of 2.3 or 1.9 mJ/K2 mole is taken as a measure of N(E
F

) 

in the superconducting state~ and if an equality of the form of Eq. (1) 

is assumed, fo~ the approximately one order of magnitude that TK is 

reduced in the ~ransition to the superconducting stat~, N(EF) ITI is 

reduced by a factor of only 1.2, although N(E
F
)is reduced by a factor 

of 4 or 5. (This comparison is based on an assumed TF of the order 

of 5x104 K, but it is not sensitive to the value ofT
F
). Using this 
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approach a y -value of approximately 8 mJ/K
2 

mole would be necessary 
s r 

to account for the estimated reduction in TK. 

LaCe is another superconductor whose properties are thought to 

be influenced by a Kondo effect. Detailed comparisons between the 

(La,Ce)AI
2 

and LaCe systems are precluded, however, since experiments 

on the latter are usually performed on mixed phase samples, 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 excitations at low temperatures have been inferred from 

both heat capacity and tunneling experiments. Hence, in the dilute limit 

there is general agreeme'nt in the superconducting behavior of thes~ 

closely related systems. 

2. The 0.64 at.% Ce Alloy 

The critical concentration of Ce thai destroys superconductivity 

at all accessible temperatures in homogeneous (La,Ce)AI2 alloys is 

approximately 0.7 at.% Ceo Superconductivity has been detected in 

this alloy system above this critical-concentration-value, however 

mutual-inductance measurements indicate that for such cases the 

superconducting·transitions are not fully diamagrietic. The super-

conductivity of such alloys is attributable to concentration 

inhomogeneities which locally reduce the Ce concentration below the 

critical value. Once such a sample has been property annealed 

superconductivity disappears. 

.• i 
! 
i. 
I 

i 

, 

- I 
! 
! 
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The 0.64 at.% Ce alloy closely approaches the critical-concentration-

value. The superconducting properties of this alloy would be expected 

to be' char~cterized by gapless behavior at all temperatures according 

to the AG theory, for which y would be 2 o. A comparison of the 0 
s 

and 0.5 kOeheat capacity data (see Fig. 4) indicates that the 

superconducting-state heat capacity is quite similar to that of the 

normal state. Thus the supercopducting-state can,be qualitatively 

characterized as being representative of an extreme gapless limit, 

for which y would be < y. Figure 4 also indicates that there is s _ - n 

no feature in the zero-field heat capacity in the vicinity of TC ' 
2 

the temperature that characterizes the inductively-detected, broad 

transition back into the normal state upon cooling. However, the 

o and 0.5 kOe /:"C/c data merge as TC is approached from higher, tempera-
2 

tures ~ (At the' lowest temperatures a small, field enhancement effect 

is observed in 0.5 kbe as in Fig. 3 for the 0.906 at.% Ce alloy.) 

Perhaps the\sampl~ re-enters the normal state on cooling in the 

vicinity of T with CE /T increasing to the value y. Then all three 
,C

2 
s _ ' n 

of the samples that exhibit superconductivity may have the anomalous 

property that: CEs/T increases at low tempera~ure. In the MHZ theory

this would, be due to the existence of quasibound states deep in the 

energy gap of the pure superconductor. 

For_ the 0.193 at. % Ce alloy spin-ordering was, depressed in 

temperature for the superconducting host relative to the normal host. 

For the 0.64 at. % Ce alloy any reduction- in TK at the transition to 

the superconducting-state would probably lie within the experimental 

error limits to which it could be estimated. 

\, 
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FIGURE CAPTIONS 

Fig. 1. 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. 

Fig. 2. The electronic heat cap?city of LaAl
2

. The horizontal line 

. 2 . 
represents Yn = 9.65 mJ/K mole; The curve represents a 

BCS superconducting-state electronic heat capacity for 

T = 3.307 K and Y = 9.65. c n . 

Fig. 3. The excess heat capacity of the 0.906 at.% Ce (La,Ce)Al2 

sample per mole of Ceo Curves~, ~ anq ~ represent the 

38,20 and 2 kOe data. Curve~, shifted in temperature,and 

scaled to give an entropy of R 2n 4.fits the spin~compensated 

state heat capacity anomoly 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. 

Fig. 4. The excess heat capacity of the 0.64 "at.% Ce (La,Ce)A1
2 

sample 

per mole of Ceo Curves a through ~ are reproduced from Fig. 3. 

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

total heat capacity measured. The vertical arrows indicate 

the positions of the magnetically detectedT
C 

and TC . ' 
1 2 
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Fig. 5. The excess heat capacity of the 0.193 at.% Ce (La,Ce)AI2 sample 

per mole of Ceo Curves ~ through 1 are reproduced from Fig. 3. 

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

total heat capacity measured •. 

Fig. 6. The zero-:fieldheat capacity of the 0.193 at.% Ce, (La,Ce)AI2 

sample with the lattice contribution subtracted. The 

horizontal bars on the da'ta points near T = 2.83 K indicate . c 

the width of the measured data points. The horizontal line 

rep res en. ts y . n 9.65 mJ/K2 mole. The dot-dashed curve 

represents the smoothed, ,zero-field, excess heat capacity 

of the 0.906 at.% Ce sample scaled in concentration to 

0.193 at.% Ceo The dashed curve is the sum of the dot-dashed I 

curve plus the horizont.aJ, line and it represents a combined 

zero;-field, normal-state condu,ction-electronic and impuri ty-

spin heat capacity. 

L 
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PART TWO: a-U 

I. INTRODUCTION 

This study was undertaken to clarify the calorimetric properties of 

a-U below 1 K,.-in order to help reveal the nature of the superconductivity 

of uranium metal. Magnetic measurements.have consistently shown the 

occurrence of supe~conductivity in a-U at zero pressure, with T ranging 
c 

. 1 2 
from about 0.2 K for single crystals,' to above 1 K in some high-purity 

·3' polycrystals. Calorimetric studies to date, however, have failed to 

substantiate the existenee of superconductivity in a-U at zero pressure. 

At 10 :kbar, however, there is agreement between calorimetric and magnetic 
, . 4 

At that pressure a-U is a bulk superconductor with a T 
c 

measurements. 

of approximately 2 K. Hence, a-U is the most strongly pressure-enhanced 

superconductor known. Furthermore it has the la.rgest deviation from the 

5 '. 2 
BCS isotope effect with T proportional to approximately M at 11 kbar. 

c 
, ·6' 

When cooled slowly, a-U increases in volume below 43 K. The most 

outstanding features accompanying this 43 K volume-minimum are sharp 

minima in th~ elaitic moduli.
7

,8 The most pronounced anomaly occurs in 

. the Cllst~ffness modulus, in the [100] crystal direction, along which the 

second-nearest-neighbor bond is aligned. X-ray and neutron-diffraction 

studies9 ,lO 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 a lattice parameter 

increases ,markedly below 43 K, the b parameter increases less se;>" and the 

c parameter decreases below 43 K 

• 



-69-

at a more rapid rate than 'at higher temperatures. Magnetic suscept.ibility 

measurements on four high-purity single crystals indicated that there. 

is a lar,ge anisotropic paramagnetic compo'nent present at all tempera-' 

tures, that X decreases 5% between room temperature and 4.2 K, and 

that below 40: K there are no incr,eases in X along any of the principal 

11 crystallographic axes', although there are slope changes. There is 

a 'rapid drop in t~e Hall coefficient12 between 40 K and 20 K. Expansion 

measurements indicate that rapid quenching can suppress or partially 

h'-- 1 . 1 .. . . 13,14 d' h suppress t e ow temperature vb ume 1ncrease. Depen 1ng on t e 

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

than at 43 K. Hysteretic behavior of the electrical resistivity and 

'of the thermopower was found to depend upon the rate of cooling below 

43 K d h h i d . bid 15,16 an upon w ~t er stat c or ynam1c measurements' were e ng rna e. 

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

17 measurements indicateq,that a 5.5 at.% Pu alloy was denser at 4.2 K 

than at 43 K. Np additions could also suppress the volume minimum, 

however for these alloys two crystallo'graphically-distinct phas,es 

. 17 
formed at low temperatures, perhaps due to impurity problems. . Based· 

on the linear temperature-depression of the elastic-modulus anomalies 

with increasing pressure, followed up to 4 kbar, it: was estimateq that 

18 at approximately l2kbar the anomalies would be suppressed. At this 

\ 
pressure the' volume minimum wou,ld also be suppressed, and the super-

, 19 
conducting transition temperature reaches its maximum value. First-

order phase changes have been reported in single crystals at tempera-

tures below 43 K. Most notably, strain-gage thermal-expansion 
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measurements 20 indicate abrupt discontinuities at 23 K and 37 K, 

however, it is not clear that these transitions are equilibrium 

properties of a-U. Anomalous behavior above 43 K includes an 

o 1 20% 0 0 h °bol o 21 Ii approx1mate y 0 1ncrease 1n t e compress1 1 1ty upon coo ng ~ 

.from approximately 80 K to 40 K. There is also a small bump in the 

ultrasonic attenuation21 and a thermopower anomaly16 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 Ia is the 

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

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

. 3 
superconducting transition has been extensively investigated magnetically . 

. Sample Ia became Sample Ib after swaging. Pola:dzed-light micrographs 

were used to characterize the grain structure of these samples. 

Samples IIa and lIb are two pieces cut from a large strain-annealed 

polycrystal designated UIO in the literature"and studied extensively 

. 19 22 at low temperat~res, and as a function of pressure, both magnet1cally , 

d 1 .' . 11 4,23 an ca or1metr1ca y. Sample III is a large grain-coarsened single 

24 crystal. The superconducting transitions of similar single-crystals 

1 2 
have been studied magnetically at zero pressure and up to 8 kbar. ' 

234 235 All three of the samples are partially depleted of U and U. 

Reducing the 234U-content reduces the self-heating level since it 

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

Reducing the 235U content reduces the nuclear quadrupole heat capacity. 

to 
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II 1. EXPERIMENTAL TECHNIQUE 

Heat capacities were measured between 0.1 K and 2 K in an 

adiabatic demagnetization cryostat by the heat pulse method using a 

previously calibrated Ge thermometer (Ge 644 calibrated on the 

laboratory scale To). Thermal contact between the chrome alum cooling 

salt and the calorimeter was made with a Pb heat switch in para~lel 

with a Cu shunt. The Cu shunt was designed to conduct away the, 

alpha-decay generated heat from the sample at a temperature between 

0.2 and 0.3 K. At lower temperatures the calorimeter was always on 

warming drifts, since the self-heating is constant. and the thermal 

conductivity of the Cu shunt decreases with temperature. At higher 

temperatures the calorimeter would exhibit cooling,drifts. When 

these cooling drifts became too steep the temperature of the cooling 

salt could be increased to minimize the heat flow'to and from the 

ca~orimeter. The caiorimeter consisted predominantly of a heavy Cu 

wire soldered at one end to the Pb switch and attached at the other 

to part of a sample. The thermometer was attached to another section 

of the sample with its four electrical leads fastened directly to the 

sample. The 4 kst, 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. All attachments w~re 

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 

.. 
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sample heat capacities. The empty calorimeter was calibrated in a 

separate run and its heat capacity assumed to be magnetic-field 

independent. The calorimeter was generally a small fraction ',of the 

total heat c~pacity measured, except in the 1. 8 g single-crystal 

experiments, for which i~ was approximately 40% of the total heat 

capacity between 0.25 and I K. Since the Ge thermometer was attached 

directly to the sample to;avoid locating it along a temperature 

gradient caused by a-U self-heating effects, it experienced the full 

magnetic field applied to the sample. It was, however, checked in 

an independent experiment that, for the present purposes, the 

thermometer retained its zero-field calibration in the low fields 

used in these experimehts. This was' accomplished by monitoring the 

slow warming drift of the calorimeter and cooling salt system with 

the Pb switch in the normal, or closed, position as magnetic fields 

were alternately turned on and off. Below 700 Oe there was no 

significant affect. Since all experiments were conducted at or below 

500 Oe, the zero-field calibration could be used confidently. 

Magnetic measurements to. ,detect "-superconductivity 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 samples 

appeared to exhibit superconducting transitions. Magnetic fields 

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

were least-squares fitted to the expression: 

C (1) 

where f is the molefraction of 235U in the sample, A is the coefficient 

of the nuclear quadrupolar heat capacity, SN' of pure 235u, yT is the 

3 normal-state electronic heat capacity, CEn , and ~he B3T term, which 

. is approximately 3-4% of C at, 1 K for all samples, is attributed with 

no significance since the heat capacity of the GE7031 varnish was 

. . 
not corrected for. The heat capacities below approximately 0.27 K 

for. Sample IIa in 500, De and for Sample III in 200 De are plotted 

2 3 in Fig. 1 as CT vs T. The straight lines in Fig. 1 represent the 

first two terms on the right in Eq~ (1) as (C
N 

+ C
En

)T2 vs T3. The 

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

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

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

of 10.8 mJK/mole 235u, obtained from the other three determinations, 

was used to represent CN' 3 For these two samples, CEn and B3T were 

characterized by least-squares fitting normal-stateC~CN data in the 

0.6-1.5 K interval for Sample la, and in the 0.7-2 K interval for 

Sample "lb. The y-values for all five samples are tabulated in the 

• I 
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third column of Table III. ' 

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

3 
as CElT vs T, where C = C - C - B3T. In zero field the sample 

E/ N 

clearly exhibits bulk superconductivity. The calorimetric transition 
, 

begins below 0.4 K, and iS,broadened, presumably due to strains caused 

by the anisotropic thermal expansion below 43 K. Figure 3 shows the 

electronic heat capacity for this same sample after cold-working. 

There is'a considerably broadened superconducting transition beginning 

above approximately 1 K. In sod Oe some superconductivity persists 

" below 0.7 K. Cold-w~rking has increased the y-value from 9.59 to 

9.86 in mJ units. (The y-value for Sample Ib was determined using 

data between 0.7 K and 2 K.) Samples llaand lIb are smaller grained 

than Sample la, and differ from each other in that the former was heavily 

electro-etched and the latter was -measured in a tarnished form. They 

both have similar onset Tc-values of approximately O.7-K. The CEs 

of the tarnished sample, lIb, is"however, 'slightly systematically 

enhanced in temperature compared to C
Es 

of Sample II~, as is'the 

y-value and the nuclear A-values. The additional surface straifr and 

impurities associated wit~ the tarnishing probably account for all 

of these slight enhancem~nts. Since these results indicate that CEs 

and y depend on.the metalll,lrgical state, which determines the degree 
, 

I 

6f strain within a sample, the heat capacity of a si~gle crystal was 

measured. The y-value of the single crystal of 9.14 mJ/K2 mole is 

lower than that of any of the/polycrystals under consideration. The 

electronic heat capacity in 0 and 200 Oe appears in Fig. 5. Above 
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-0.25 K the single crystal exhibits normal behavior. Below this 

temperature it appears that the zero-field data systematic increases 

as temperature is reduced, while the in-field data randomly scatter 

about the y-value. (The large scatter'at the lowest temperatures is 

predominantly due to the removal of the CN~term, which becomes more 

than aO% of the normal-state heat capadty at 0.1 K.) It is plausible 

that below 0.25 K in zero-field, Sample III begins to enter the 

superconducting state. On a subsequent cooldown, as, shown in Fig. 6, 

a superconducting transition was observed magnetically between 

approximately 0.2 and 0.45 K for this sample. The transition signal 

corresponded to complete flux exclusion by aPIJroximately 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 

/ 
235 --

An average value of 10.8 mJ K mole U was· obtained for the 

235 
coefficient of the nuclear quadrupolar heat capacity of pure U, based 

on three separate measurements of two istopically distinct samples. This 

value agrees with the value 10.9±0.7 mJ K/mole 235U calorimetrically 

- , 25 235 
obtained by Dempesy et al. below 0.75 K for pure U. The 4.2 K 

26 238 Mossbauer spectrum of the U 44.7 keV transition from the first· 

excited state (2+) to the ground state (0+) in O'.-Uyields a quadrupolar 

2 coupling constant, e qQ, of -2750±300 MHz. (No magnetic hyperfine fields 

greater than 300 kOe were detected.) Sinc,e. the electric-field gradients 

experiericed by 235U and 238U in O'.-U will be the same, using this value 

2 of e qQ and the A-value determined calorimetrically,. assuming magnetic 

dipolar ,and imp~rity contributions are unimportant, a value of 1.6 is 

obtained for the ratio, Q235/ Q238' for the nuclear electric-quadrupole-_ 

moments of the 235U ground state and of the 238U first excited state. 

2. The Electrortic 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 exhibit larger'y-values of similar 
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magnitude to each ,other. This systematic variation is due to an increase 

in the degree of strain as'the grain size is decreased, and it correlates 

I 4 with the observation that y increased under pres'sure in one study from 

10.3 to 12.2 in mJ units between 0 and 10 kbar. Hence, in making 
I ~ 

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 crys'tal coincides with the value 9.'14±O.29 mJ/K2 mole recently 

determined for a pseudo single~crystal (approximately 100 mismatch 

between grains).23 The y-value of 9.86 mJ/K2 mole for Sample Ib, the 

unannealed, swaged ~ample agrees with the value 9.88±0.05 mJ/K2 mole 

determined for another swaged sample that had been annealed in the 

a-phase, and hence was uniformly smaIl grained. 27 The y-values of 

9.82 and 9.90 in mJ units found for Samples IIa and lIb, respectively, 

2 the pieces of UlO, agree with the recently determined y=lO.00±0.37 mJ/K 

mole for another piece23 of UlO, and agree somewhat less well with the 

4 value 10.3 obtained for the entire 74g UlO sample. This latter 

disagreement of 4 and 5% with the earlier determination, of y is 

surprising since the temperature scale of the same laboratory was 

used in both experiments). 
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B. Superconducting-State Data 

There are three published,a-U heat capacity studies that extend 

below 1 K. One of these studies termin~tes at 0.65 K, hence it is likely 

that'superconducting temperatures essent,ially were not reached. 28 Tn 

another study from approximately 0.4 K to 0.75 K it was impossible to tell 

235 whether or not the pure U was superconducting, since eN thoroughly, 

dominated the heat capacity.25 In this same study, natural U (0.7% 235U) 

was examined between 0.17 K and 0.75 K, and it was concluded that, 

superconductivity was absent. However, the coefficient of the T-2 term 

, ,235 '~ 
in the heat capacity ,was twice thatrexpectedfrom tl1e U content of the 

,sample. Perhaps a broad superconducting transition was mistaken as an 

enhancfd nuclear heat capacity. However t,he 600 Oe heat capacity data 

was indistinguishable from·the zero-field results. Also, a very large 

2 y-value of l2.l±0.3 mJ/K mole was obtained. This presumably reflects 

systematic errorS associated with the continuous heating technique 

employed to hand;I.e high aC,tivity samples, and ,with the temperature scale, 

which was based on an extrapolation of a carbon thermometer from' above 

1 K. Ho et al.examined four samples, and found an anomalous increase in 

, 4 
CElT below 0.7 K in each case. These anomalies were not attributed to 

superconductivity'since one of the samples was found to be essentially 

field-independent in 2 kOe in a 3He-coofed calorimeter, and in 2 and 

5' kOe in an adiabatic' demagnetization apparatus. Sample IIa and lIb 

are' parts of the 'same sample studied in Ref. 4 at zero pre'ssure and 

10 kbar~ It does not appear likely that the results of the earlier 

study can be reconciled with those of the current study based on models 
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assuming suppression, or partial suppression, of the 43 K volume-minimum 

in one case and not the other. Rapid liquid-helium quenches are necessary 

to suppress the volume minimum. In neither study did cooling proceed via 

direct contact with liquid-helium. There does not appear to be a 

satisfactory explanation of the lack of agreement between the two studies. 

The shape of the superconducting-state heat capacity anomaly provides 

l' 
information on whether there is any Sf-localization as has been proposed 

to occur at the 43 K anomaly, and to be responsible for the low-pressure 

depression in Tc relative to~the 10 kbar maxi~um of approximately 2 K. 

Considering Sample la, the maximum difference between C
En 

and CEs at the 

broadened transition occurs at approximately 0.24 K. ,This temperature 

corresponds to a T that is 12% of its 2 K value. In the BCS theory this 
c 

would correspond to a heat capacity jump only 12% of its T =2K value of 
c 

1. 43 yT , and in the AG theory to 3% o,f its 2 K value. 29 Experimentally 
c 

the jump at 0.24 K is 6.5% of its 10 kbar value. (This is clearly a lower 

limit since the jump is smeared.) Hence the depression in T is not 
c 

governed by the AG theory--pair-breaking mechanisms and local moments do 

not play a role in the properties of a-U. This conclusion is consistent 

i h h diff' i d . i - ib·l· 1 10,11 w t t e neutron ract on an magnet c suscept 1 1ty resu ts. 

The superconducting transitions shown in Fig. 2-4 are broad, and 

it is not clear that they will be complete by 0 K. Broadened 

BCS heat capacity curves were used to represent the data in order to 

determine if a non-zero (CE/T)-value wo~ld persist to 0 K, corresponding 

to a fraction of the sample remaining in the normal state. Assuming 

that strain produces a distribution, f(T ), of T -values, at temperature T, 
c c 

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

I 
! ' 
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fraction of the material in the superconducting state, and the fraction 

in the norinal state: 

CE (T)=f
oo 

f (T, )CE (T , T)dT +fT f (T )CE (T)dT (2) 
T c s cc 0 c n c 

Bucher, et al. used a similar· approach to characterize the broadened 

30 superconducting transitions of some titanium alloys. Values of 

CE .(T ,T) can be obtained from published' tables of the thermodynamic 
. s c 

3la 
functions of BCS superconductors. Using a normalized Gaussian 

distribution where the mean T is T , and the half-width of the transition c c . 

is OTc ' CE(T) can be obtained by numet~7al integratiort of the '~ight-hand 

side of Eq. 2. Curves corresponding to the calculated CE(T)/T-values 

for values of T and oT which fit the data reasonably well are plot~ed 
c c 

in Figs.2 through 4, and the corresponding T and oT values appear in c, . c 

Table III. The calculated curves are plotted together in Fig. 7 as 

CE/yT vs. T. From the T=OK intercepts the molefraction of sample in the 

-
superconducting state at, T=O K, nEs ' was obtained in' each case, and 

collected in Table III. 

Sampl~ Ia appears to be ~otally superconducting by 0 K. For 
r 

Samples Ih and II this appears not to be the case, however, these 

nEs' -vaiues were sensitive to small variations in T and oT , as was 
, c c, 

not the case for Sample Ia. For Sample ,II, n
E 

is close enough to 1 , s 

that'it is quite plausible that n~s is equal to 1. For Sample Ib the 

situation is ambiguous, since the data can be fit to a distribution 

function with T =0 K and oT =0.42 K,for which nE =0.9 when f(T ) 
c c s ,c 

is normalized by the factor 1.B. This gives an indication of the 

limited sensitivity of the approach., 

) 
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Low-temperature resistivity investigations of the multiplicity of 

a~phases in uranium below 43 K indicate that within 30 to 45 minutes 

after intermediate-metastable a-phases are quenched-in, uranium 

16 transforms to its single equilibrium phase. For all samples in this 

study the temperature was less than 4.2 K for several hours before 

heat capacity data were obtained. Obviously then these samples were 

in their single equilibrium phase were the measurements. were made. 

Ho et al. concluded that the pressure dependence of T cannot be -- c 
4 fully accounted for by the pressure dependence of the electronic 

density-of-states as reflected in the y-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-enhancement in T . 
c 

Uranium metal belongs to the group of actinides, Th to Am, whose 

properties are intermediate between those of the corresponding rare

earth and 5d-transition metals. 3lb The Sf-electrons of U are less 

localized than'are the 4f-electrons of the rare~earth metals, but they 

are more localized than are the 5d-electrons of the third transition 
\. 

series. The Sf-electrons, therefore, are expected to contrib~te 

correspondingly less to the cohesive energy of the metal and to the 

determination of long-range order than the 5d-electrons. The narrow 

Sf-bands in U metal broaden due to hybridization with ~-, ~-, and 

d-electron states. Pressure further broadens these Sf-like hybrid 

- i 
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bands enhancing f-contribution to cohesion and reducing Coulombic 

repulsion, the source of pair-weakening. It has been documented that 

. 32 \ 
pair-weakening effects can depress T as dramat;ically as local moments. 

c. 
. 5 

The large deviation from the BCS isotope effect for a-U at 

,II kbar indicates that at this pressure Coulombic repulsion is still 

quite important. However at higher pressures T decreases. Maple found 
c 

, 33 
that at approximately 90'kbar, T· is approximately 0.4 K. The behavior , . . c , 

of the densi~ty of states is not known above 10 kbar. However, it has 

been conjectured tha~ for a-U the el,ectron-phonon interaction strength 

itself may be pressure sensitJve, based on the pressure sensitivity of ,the 

phonon spectrum of dhcp La found in recent super conducting tunneling 
{ 

experiments. 34 Further experi~ental work is necessary to test this. 

-
The role of f-electrons in superconductivity has been the 

subject of considerable interest and ~ebate.35 This also ~pplies to the 

nature of the i-character itself, as reflected, for in~tance, in the 

complex crystal structures found in the earlier 5f-electron elements. 

Complex structures appear when ~here are two or more electronic 

configurations of comparable' stability' available. 36 Crystallographically 

inequivale~t sites can then assume differenf configurations, have varied 

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

p~oposed this to describe the a-, and S-Mn'structures. 37 y-U, stable 
, 

below the liquid 'phase, is bcc, and hence, is characterized by a single 

electronic configuration. Based on studies of stabilized y-u alloys 

containing approx~mately 20 at. % Mo and Nb, a norma~ BCS isotope effect 

was fCiund, and a hypothetical T -value for pure U c \ y- was estimated to be 

.1 
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2.1 K.38 The isotope-effect result may mean that the electronic 

configuratiop of y-U contains no significant f-contributions or that 

the f electrons behave like the other itinerant electrons. The T -value 
c 

corresponds approximately to the maximum T of a-U. In S-U, a. complex . c 

structure,' there are large size differences on inequivalent sites. 

(Intermeta11ics crystallize in the S-U-structure only when there are 

large atomic-size differences.) The superconducting transitions of 

1.75 at.% Pt- and Cr- stabilized S-U are .sharp, BCS-~ike, and occur 

at 0.85 K and 0-.75 K, respectively. 39 As in a-U, pair-weakening 

effects due to narrow f-1ike hybridized bands are expected in S-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 

Sample % 235U at. 0 % 234u at.o Weight Physical Form 

Large-grained 

Ia 9.599g polycrystal; 
( 1/8 inch 

diameter 
0.16 0.001 

, Striated, cold 
( worked structure; Ib 8.023g 1/16 inch 

diameter 

Strain-annealed 

IIa l1.568g polycrystal; 
heavily electro-
etched 

0.23 -
Strain-annealed 

lIb \ 

l1.048g polycrystal; 
unetched. 

III 0.4043 0.00266 1. 848g Grain-coarsened 
single crystal 

a) See Ref. 3 
b) See Ref. 22· 
c) This work 

Magnetic 
TraIl-sition 

0.3-0.45Ka 

0.9-1.4 Ka 

0.6-0.9 K b 

0.2-0.4SK c 

". ' 
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Table II • Summary of a-U Heat Capacity Measurements. 

.. 

Sample Field (De) Temperature Interval (K) 

Ia 0 0.15 .,.. 2.1 

fa 50 0.16- 1.1 

19 100 0.15 - 1.0 

Ib 0 0.21 2.:1 

Ib 500 0.3i 2.0 

IIa 0 0.17 -- 1.8 

, IIa. 500 0.18 2.2 

" lIb 0 0.18 - 0.9 

IIb 500 0.22 - 2.1 

III 0 0.13 - 1.3 

III 200 0.10 2.2 
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Table III. Calorimetrically determined properties of a-U. 

(mJ-K/mole 23?U) 2 Onset -
oT Sample A y (mJ/K mole) 

T (K) 
T (K) (K) 

c c 
c 

Ia - - 9.59 0.4 0.27 0.05 

Ib , - - 9.86 > 1.0 0.20 0.35 

IIa 10.3 9.82 
0.7' 0.27 0.20 

lIb 10.7 9.90 

III 11.4 9.14 (0.25) - -

~s 

1.0 

0.7 

0.9 

-

i 
. I 

, 
~ I 

! 
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FIGURE CAPTIONS 

Fig. 1. The heat capacity of Sample III in 200 Oe and Sample IIa in 

2 3 500 Oe plotted as CT vs T. The straJght lines represent the 

least-squares fitted valu~s of the, nuclear and electronic heat 

f 
'3 3 

capacity contributions plotted as A + yT vs T . 

Fig. 2. The electronic heat capacity, of Sample Ia. The hori2;onta1 line 
./ 

represents the y-va1ue. The curve represents a BCS 'heat 

. capacity anomaly broadened by a Gaussian distribution of 

transition temperatures, with I = 0.27 K ,and OT = 0.05 K. 
'. . ' c ' c 

Fig. 3. The electronic heat ca:pacity of Sample lb. The horizontal line 

represents the y-va1ue. The curve represents a BCSheat 

capacity anomaly broadened by a Gaussian distribution of 

transition temperatures, with Ic = 0.2 K and OTc = 0.35 K. 

Fig. 4. The electronic heat capacity of Sample IIa and Sample IIb. 

The hor'izonta1 line repr,esents the y-va1ue of Sample IIa. 

The curve represents a BCS heat capacity anomaly broadened 

;by a Gaussian distribution of transition temperatures, with 

T= 0.27 K and OT = 0.2 K. 
,c c 

Fig~ 5., The electronic heat capacity of Sample III. The horizontal 

line'represents the y-va1ue. 

Fig. 6. The superconducting transition of Sample III detected 

magnetically. 

Fig. 7. The calculated electronic heat capacities appearing in Figs. i 

through 4 plotted as ,CE/yT vs T. TheT = 0 K intercepts 

indicate that nEs is 1,0.9 and 0.7 for Samples/la, IIa and 

Ib, respectively. 
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PART THREE: SmS 

An unusual class of materials that contain rare earth ions with 

nonintegral valence and "soft" magnetic moments has recently been 

1 recognized. Samarium sulfide exhibits the properties characteristic 

of these materials at pressures above 6.S kbar but not at lower 

pressures and is, therefore, a particularly interesting system for 

f h . d 2 urt er stu y. The first order metal-insulator transition at 6.S khar 

and 298 K in SmS is marked by an 8% decrease in volume with no change 

3 in crystal structure. There is a factor of 10 increase in optical 

4 reflectivity at 0.8~ but only a factor of five decrease in resistivity 

at the transition. In addition, the resistivity was found to increase 
. S 

with decreasing temperature in the metallic phase. At 10 and 20 kbar 

the resistivity is approximately 200 ~ncm at room temperature, however, 

at 3 K the resistivity is approximately 1200 and 700 ~ncm, respectively.S 

The change in resistivityS at the transi~ion is 104 greater at 4.2 

than at 473 K. At the transition at room temperature the magnetic 

susceptibility decreases by 60%, and no evidence for magnetic ordering 

waS found down to 1 K.2 It has been proposed that there is a partial 

electronic rearrangement at the transition from an insulating phase 

in which Sm+2 ions are in the non-magnetic 7F ground state of the 4/6 
o 

configuration to a metallic phase in which, in time average, 0.7 

2 electrons are transferred to a conduction band. To account for 

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

2 virtual bound states tied to the Fermi energy. These effects are also 
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6 7 observed' in 5mB
6

• In fact, the features of the heat capacity and 

resistivity are similar in the two materials which supports the 

2 
suggestion that a common model must be used to explain the unusual 

properties. 

3 The heat capacity measurements were made in a He cryostat by 

, . 

a heat pulse method using germanium thermometers which give a precision 

from experiment to experiment of approximately 0.1%. For the measure-

ments in the 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 estimated that as much as 80 to 90% of the load could be 

8 retained by the locking nut at room temperature. The thermal expansions 

of the cell materials suggest there should be no £urther pressure loss 

on cooling. The same cell was used to study the heat capacity of V
2
0

3 
9 at high pressure. In order to achieve higher pressures than in 

earlier ceriumlO and uraniumll experiments, the body of the cell was 

made of hardened Berylco 25 and the mushroom-shaped piston was made 

12 13 of tungsten carbide.' The cell was prestretched to 28 kbar using 

a tungsten carbide end plug and a soft copper sample and then the 

inside diameter 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 empty cell was determined at 1 and at 

25 kbar by measuring the heat capacity of the cell filled with pure 

diamond powder, which has a negligible heat capacity compared with 

that of the cell. 14 The heat capacity of the cell is shown as the 

deviation from 

A + o ~ 
i=-l 

A T2i+1 
2i+1 

(1) 

in Fig. 2. The coefficientsl5 in Eq. (1) were obtained by a least 

squares fit to the 1 kbar data, and the heat capacity of the cell 

could be represented by Eq. (1) and tables that correspond to the 

appropriate curve in Fig. 2. A 4.12g sample of SmS, which comprised 

1.58% of the total weight of the cell and sample, was compressed and 

the transition monitored by the advance of the piston. After applying 

20 kbar load load to the cell, the locking nut was tightened, and 

an estimated 15 kbar pressure was retained on the. sample. For the 

calculation of the heat capacity of the metallic SmS, the heat capacity 

of the cell as calculated from EQ. (1) was corrected by a factor found 

by interpolation in the 25 kbar table. (The weak pressure-sensitivity 

of the cell heat capacity could cause systematic errors in the high-

pressure SmS results of less'than 1%.) 

The results of the heat capacity measurements of SmS at zero 

pressure and at approximately 15 kbar from 0.3 to 20 K are shown in 

Fig. 3. The large heat capacity of the metallic phase relative to 

the insulating phase is evident. 2 A plot of CiT vs T shows that the 

limiting coefficient of the linear term in the heat capacity of the 



-102-

2 metallic phase is y ~ 145 mJ/mole K. (Use of the symbol y 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 robm-temperature heat 

capacity.) A small anomaly that occurs near 3 K at zero pressure and 

at 15 kbar is probably associated with impurities. (Such effects 

have frequently been observed in rare earths and their compounds.) 

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 anomaly 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 nuclear 

hyperfine field due to the polarization of an impurity singlet electronic 

ground state in the exte~al field. Spark~source mass-spectroscopic 

analysis indicated that the SmS contained approximately 100 ppm T m 

. and 100 ppm Er. Thulium usually has a singlet ground state. The 

o kOe anomaly obscures any linear term in the zero-pressure heat 

capacity. But an upper limit of approximately 7 mJ/mole K2 can be 

assigned for the value of y in the insulating phase, based on a least-

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

(2) 

. : 
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j 

The lattice parameters of metallic SmS and 5mB
6 

suggest that 

the relative c;ntributions of the 4j5 and 4/6 configurations are in 

1 2 16' 
the ratio 7:3.' (The isomer shift and energy of the LIII X-ray 

, 17 
absorption edge have also been measured for'SmB

6
, and indicate the 

same ratio.) The lowest term for the 4j5 configuration is 6H5/2 and 

in an octahedral field this term spiits into a f7 doublet and af8 

quartet level. lnelas,tic neutron scattering experiments on PrS show 

that the f7 doublet lies lowest, and a f7-f8 separation of 165 K is 

obtained for Sm,S by scaling the PrS results as the fifth power of the 

18 lattice parameter. The Rtn2 entropy of the f7 Kramer's doublet 

must disappear as T ~ 0, and this usually occurs through magnetic 

19 20 CeB
6 

and, CePb
3

• Integration of CiT 

" 
ordering as in, for e~ample, 

for both the metallic and 'insulating phases of SinS as a function of 

temperature shows that the entropy change at the transition, 

~S = S '1 '- Si I' , increases smoothly from 0 at 0 K to 0.54 R meta nsu ator 

at 20 K. This is close to 0.7 Rtn2 which suggests that the f7 doublet 

in metallic SmS loses its entropy gradually, and in a temperature 

interval in which susceptibility measurements show no indication of 

magneticorde~ing • 

" , 5 
Using the slope of ,the phase bo~ndary - dT/dP - -200 K/kbar,' 

the entropy change at 298 K is calculated from the Clapeyron equation 

to be (0.15 ± O.l)R, substantially smaller than ~S20. The initial 

rapid increase in ~Sis balanced at higher temperatures by other 

factors such as p~pulation of higher energy levels in the 4j5 and 

41 multiplets and different Debye temperatures. Plausible values 

/ 
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, 18 
would be 165 K for the r7~r8 splitting, 415 K for 

splitting2l of the 4f6 configuration, y = 8 mJ/mole 

7 - 7 
the Fo- Fl 

2 K for the 

conductior:electrons, 266 K for the Debye temperature at zero pressure 

based on the B3 coefficient- in Eq. (2), and a Gruneisen parameter 

of 1.5. Such a model would give ~S298 = 0.2 R~which is similar to 

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

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 calculation of the high-

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

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

ch~nges the calculated ~S298 by 0.1 R, which comparable to the 

uncertainties in the experimental ~S298 and in the other-terms in the 

calculated ~S298.) 

The unusual properties exhibited by metallic SmS and 5mB
6

, and 

which would have to be expl~ined by a successful microscopic theory, 

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

magnetic susceptibility at low temper?tures, ,2) the apparent intermediate 

electronic' configuration of 0.7 I and 0.3 f6 derived from volume 

considerations, 3) the large linear term in the heat capacit~ and 

the continuous demagnetization of the 4f electrons, and 4) the large 

2 
rise in resistivity below 50 K. 'It has been suggested 'that a-Ce 

also belongs in this group of materials, and CeSn
3 

and CeBe
13 

are 

possible additional exarnples--both have the r7 crystal field ground 

state, large linear terms in the low-temperature heat capacity, and 

! I 

, 
..... ) 

.. 
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susceptibilities that saturate at low temperatures with no indication 

of a divergence or magnetic ordering.
20 
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FIGURE CAPTIONS 

Fig. 1. Schematic drawing of the high-pressure heat-capacity cell 

and related parts. 

Fig. 2. The heat capacity of the empty cell at 1 and 25 kbar plotted 

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

the 1 kbar data. 

Fig. 3. The heat capacity of smS at approximately 15 kbar (triangles), 

and at zero pressure (circles). 

Fig. 4. The heat capacity of the zero-pressure SmS sample in 0 'and 

38kOe. 

Fig. 5. Estimates of the entropy-change contributions at the t'ransition, 

and the experimental entropy changes. The curves labelled 

lattice and d-band' electron represen't estimates' of the lattice 

,andconduction-elec~ronic contributions to ~S. The curves 

labelled f5 add f6 represent Sand -S, respectively, associated 

with the population of higher energy levels in the 4f5 and 

6 . ) 4f multiplets. The curve labelled total represents the sum 
, 
r 

of the above four contributions, where the last two ate 

weighted by the factor 0.7. The curve labelled experiment 

is the experimental determination of ~S up, to 20 K between 

the metallic phase at approximately 15 kbar and the insulating 

phase at zero pressure. The point at room temperature was 

calculated from the Claperon equation. 

- 1 
I 
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