]

FC N E A BibJioteca

ARCHIYO PUBLICACIONES

ne' alo

o412 4x

Lue
AlE.
Of L



o1.1.

Instituto de Fisica '"Jose A. Balseiro"
Universidad Nacional de Cuyo

L4
. .’ . . .
Comision Nacional de Energia Atémica

2pe
Calores Especificos de Superconductores con

, .
Impurezas Magneticas

Tesis presentada ante la Universidad Nacional de Cuyo para

optar al titulo de Doctor en Fisica

777. Zz/zm}g, 777;)%,:‘,& C‘b"&”) 74 /u'da"/jbo

Dr. M, Brian Maple Carlos A, Luenglo

4
Asesor Cientifico

San Carlos de Bariloche (R.N.)

Argentina - 1972



A los que siempre me acompanan
Mis padres
Mis hermanos

Mis amigos

e
[N



11

TABLE OF CONTENTS

Page
Listof Tables . ... ... .00t eenon. e e e e \%
List of Figures . . « v v ot v e v o v oo v o 0 o n a0 oo oo e vi
Acknowledgments . . ... . 0ttt it e e e viii
Vita, Publications and Fields of Study . ......... x
Abstract - Resumen . ... .. ...ttt veeeesn e xii
Specific Heats of Superconductors with Magnetic
Impurities
A, Introduction . .. .. ..¢ .0ttt iteeeeneeon 1
B. Results
1. The ThU System: A Superconductor
with Localized Spin Fluctuations .. ....... 18
2. The (La, Ce)AlZ System: A Kondo
Superconductor ... .. ... .00 0000 e .. 25
3. The (La, Gd)AlZ System: An Abrikosov-
and Gor'kov Superconductor  .......... 39
C. Diséussion .......................... 43
References . ... ... .ttt i i it it vnnnenneos 67
The Calorimeters
A, Introduction .,............ C e e e e 72
B. Technical Description . ... ... 0.0 e v e 73
C. Semi-adiabatic Calorimetry .......... e e e 17
D. Mechanical Heat Switches . .. .....¢.0c.... 78

iii



E. Measuring SpecificHeats ..................
F. DiSCUSSION . 4 v v ¢ o o ¢ s o o o o s s o s s s s s s s 0 0o+
References ....... e s e e e e s e e e e e s e s e e s e

iv



Table

Part I

II

III

Part 1I

LIST OF TABLES

Specific Heat Data for ThU Alloys ...........

Specific Heat Data for (La, Ce)Al_ Alloys ......

2

Specific Heat Data for (La, Gd)Al2 Alloys ......

Specific Heat Data from Calibration Experiments. .

Page

20

30

44

92



LIST OF FIGURES

Figures - Part I

1

10

11

12

13

14

Superconducting transition temperature versus
impurity concentration for the systems:

(a) (La, Ce)Al,, (b) (La,Gd)AL,, () ThU .......

AC/AC, versus Tc/Tco ..................

C,/T versus T? for ThU alloys in the normal
State . . i L e e e e e e e e e e e s e e e s e e e e e e e

C, versus T for ThU alloys in the superconduct-
ing state . . . i i i it i e e e e e et e e e e e e

CV versus T for (La, Ce)Al2 alloys in the
normal and superconducting states . ..........

Cs/y T. versus TC/T for (La, Ce)Al, alloys in
the supercaonducting state . . .. .............

C,/T versus T2 for (La, Ce)Al, alloys in the
normal state . . ... ... 0 0 i e e

8C versus In T. Impurity magnetic contribution to
the normal state specific heat for (La, Ce)Al2 alloys.

C, versus T for (La, Gd)Al, alloys in the normal

and superconducting states . . . . ... ... 0000 ..,

Cg/y T, versus T_/T for (La, Gd)Al, alloys in
the superconducting state .. ...............

C,/T versus TZ for (La, Gd)Al, alloys in the
normal state . ... .00 L e e e e e

8C versus In T. Impurity magnetic contribution to
the normal state specific heat for (L_a,Gd)Alzalloys .

AC/AC, versus T./T., for (La,Ce)Aly,
(La, Gd)Al2 and ThU alloys ... .. ...

8C versus In T. Magnetic field dependence of the
impurity magnetic contribution to the normal state
specific heat for (La, Gd)Al‘2 alloys ...........

vi

Page



Figures - Part II

1

Schematic diagrams of adiabatic and semi-
adiabatic calorimeters . ... .. .00

Schematic diagram - Calorimeter I ...........
Schematic diagram - Calorimeter II . .........
Schematic diagram - Calorimeter III .. ........
Example of specific heat determination ........

Thermal conductance versus temperature for
the thermal switch contacts ... .............

Deviations from least square fitting versus
temperature for various thermometers and

interpolation formulas .. ... .. ...

Resistance versus temperature for the
thermometers . .. .0ttt v v et vt oot

vii

Page

94

96



ACKNOWLEDGMENTS

I am deeply indebted to M. Brian Maple for his guidance and
continuous encouragement during the hardest stages of this research.

I am also very grateful to Al Sweedler for introducing me to
the problem of magnetic impurities and for valuable discussions con-
cerning my experiments, and to Daniel Thoulouze for teaching me
the techniques of specific heat measurements.

During the years I spent at the Centro Atomico Bariloche
(CAB) I enjoyed the friendship, collaboration and invaluable support
of: Blas Alascio, Julidn Sereni, Coco Cotignola, Marcel Locatelli,
Paco de la Cruz, Maria Elena de la Cruz, Oscar J. Bressan,
Alberto Ridner, Raul Rapp, Heriberto Tutzauer and Ricardo Scotti,

A good part of this work was done at the University of
California, San Diego (UCSD). I wish to express my gratitude to
Professor Bernd T. Matthias; he generously supported my work and
provided a stimulating atmosphere in his laboratory. There, I have
enjoyed the sympathy, advice and many times, the important collab-
oration of: John Huber, Dieter Wohlleben, Ana Celia Mota,
R. Viswanathan, John Engelhardt, Fred Smith, Lance DelLong and
William Fertig. I thank Ben Ricks and Nancy McLaughlin who pro-

vided important technical and secretarial assistance.

viii



My visits to the Facultad de Ciencias in Santiago de Chile
were invaluable to my professional and personal development. Along
with Al Sweedler; Miguel Kiwi, Miguel Roth and Sergio Ortega have
earned my gratitude both as physicists and friends.

I am thankful for the interest and advice of Professors Leo
M. Falicov and Martin J. Zuckermann; they were especially encour-
aging to me during the early stages of this work,

The sharp criticism and strong support of Professor Enrique
Gaviola have decisively influenced my formation as a physicist since
my first year as an undergraduate. To him my deep appreciation.

Finally, I thank the John Simon Guggenheim Memorial Founda-
tion, the Consejo Naci'onal de Investigaciones Cientificas y Tecnicas,
and the Comision Nacional de Energ{a Atémica (CNEA) for different
fellowships.,

This research was partly conducted at the CAB and at the
Physics Department of UCSD; I acknowledge the financial assistance
of the CNEA and the Air Force Office of Scientific Research, Air
Force Systems Command, USAF, under AFOSR Contract # AFOSR/F-~

44620-72-C-0017.



VITA

August 12, 1943 - Born - Buenos Aires, Argentina

1962-1964 School of Engineering, University of Buenos Aires
1964-1967 Institute of Physics '"José A, Balseiro"
Bariloche, Argentina
1967 Licenciado en Fisica
1968-1971 Research Assistant, Centro Atédmico Bariloche,

Bariloche, Argentina

1968-1971 Instructor in Physics, Institute '"Tosé A, Balseiro"

1972 Research Visiting Fellow, Physics Department,
University of California, San Diego, La Jolla,
California

1964-1967 Argentine Atomic Energy Commission (CNEA)
Scholarship

1968-1970 CNEA Research Fellowship

1971 Argentire National Research Council Fellowship

1971-1972 John Simon Guggenheim Memorial Foundation
Fellowship

PUBLICATIONS

"Thermal and Electrical Conductivities of Very High Purity Indium, "
M. E, de la Cruz, F, de la Cruz, J. M. Cotignola,
O. J. Bressan and C. A. Luengo, Phys. Rev. 176, 871
(1968)

"Low Temperature Specific Heats of 8’ and £ Phases in Equi-
atomic AgZn, " J. Abriata, O, J. Bressan, C. A. Luengo,
and D. Thoulouze, Phys. Rev. 2, 1464 (1970)

""On the Evidence for Electron-Electron Scattering in the Electrical
* Resistivity of Indium, ' O. J. Bressan, A, J, Ridner,
C. A. Luengo, and Blas Alascio, Solid State Commun, 8,
2129 (1970)



"I,ow Temperature Specific Heat of ThU, " C. A, Luengo, J. M.
Cotignola, J. G. Sereni, A, R. Sweedler, M. B. Maple,
and J. G. Huber, Solid State Commun. 10, 459 (1972)

'"Heat Capacity of ThU at Low Temperature, ' C. A, Luengo, J. M.
Cotignola, A, R, Sweedler, and M. B. Maple, Proceedings
13th Int. Conf. on Low Temp. Phys. (1972), to be pub-
lished

"Specific Heat of the Superconducting-Kondo System (La, Ce)Al,, "
C. A. Luengo, M. B. Maple, and W. Fertig, Solid State
Commun. (forthcoming)

"The Specific Heat of the (La, C—d)AlZ System in the Superconducting
and Normal States, '' C. A, Luengo and M. B. Maple, to
be published

FIELDS OF STUDY
Major Field: Physics

Studies in Low Temperature Solid State Physics

Centro Atédmico Bariloche - Comisién Nacional de
Energia Atdémica - Argentina- and Physics
Department, University of California, San Diego,
California, U. S, A,

xi



RESUMEN

Se ha medido el calor espec{fico en los estados normal y

superconductor de los sistemas ThU, (La, C‘rd)Al2 y (La, Ce)Alz,

donde U, Gd y Ce son impurezas representativas de diferentes casos
de magnetismo. A partir de los resultados de los experimentos se

ha establecido la existencia de una relacidn directa entre la discon-
tinuidad del calor especi'fico AC a la temperature critica Tc y la
curva de Tc versus c'oncentracic;n n de impurezas para los diferentes
comportamientos magnéticos de los sistemas mencionados.

En el sistema ThU, AC(TC) depende linealmente de Tc de
acuerdo a la ley de estados correspondientes de Bardeen, Cooper y
Schrieffer (BCS); AC/ACO = TC/TCO; donde ACO y Tco son AC y
Tc para la matriz de Th. Esta dependencia corresponde con el
comportamiento exponencial de la curva de Tc vs. n, que
caracteriza a los sistemas débilmente magnéticos.

En (La, Gd)Al los resultados experimentales indican que

2 4
AC (Tc) y TC estan relacionadas por la dependencia funcional pre-

dicha por la teoria de Abrikosov-Gor'kov (AG) para impurezas

magnéticas, en estrecha vinculacidn con las mediciones de T vs. n
———— ettt C

x1ii



que también han indicado un buen acuerdo con los respectivos cdlculos
dentro del marco postulado por AG.

En (La, Ce)Al2 se observa que AC (Tc) se desvia fuertemente
de las predicciones tedricas de BCS y AG, lo que corresponde con las
recientes determinaciones de la curva de Tc vs. n que presenta
peculiares desviaciones de la teori'a de AG debido al efecto Kondo.

El calor espec{fico en el estado normal de los tres sistemas
aumenta visiblemente, ain con pequenas fracciones de impurezas.

En ThU, la variacion del coeficiente v del calor especfﬁco
electrdnico puede expresarse como d Y/dn = 2.7 mj/mole°K2 at. %
U para bajas concentraciones de U.

En (La, Ce)Al, la contribucién magnética de las impurezas a

2
la capacidad calorifica en el estado normal crece como (-ln T) entre
0.5 y 2.5°K e indica la presencia de un médximo que deberia ocurrir
a temperaturas del orden de 0. 1°K que es la temperatura de Kondo
de este sistema. Esta anomalia no es visiblemente afectada por
campos magnéticos menores que ~ 1. 7 kgauss; en contraste, la

capacidad calorifica de las aleaciones de (La, Gd)Al depende fuerte-

2’
mente del campo externo aplicado sobre la muestra. Para campos
pequenos varia como (-ln T) entre 0.5 vy~ 3°K.

s 3 . 3
El calor especifico electrdénico es también extremadamente

sensible a pequenas concentraciones de Ce y Gd; Ay = 0. 37 joule/

x1ii



mole GdoK2 para (La, Ce)Al2 y (La, Gd)Al2 respectivamente, - También
en estos dos sistemas los efectos de impurezas son visibles en el
calor espec{fico del estado superconductor hasta temperaturas mucho
menores que TC .

Los experimentos se hicieron en calorimetros semi-
adiabaticos de simple diseno. Se presentan y describen brevemente

’
sus principales caracteristicas.
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ABSTRACT

The heat capacities of ThU, (La, Gd)Al2 and (La, Ce)Al2 alloys
were measured in the superconducting and normal states.

A phenomenological correspondence is established between the
behavior of the specific heat jump AC at the superconducting critical
temperature TC and the previously known, detailed dependence of
Tc on impurity concentration n for the aforementioned magnetically
distinct matrix-impurity systems. For the ThU system the reduced
s‘peciﬁc heat jump AC/ACO is related to the reduced critical tem-
perature TC/TC0 (z_\.C0 and TCo are AC and Tc of the matrix) by
the BCS law of corresponding states AC/ACo = Tc/Tco . This cor-
relates with the nearly exponential Tc vs. n curve which is charac-
teristic of such weakly magnetic systems. For the (La, Crd)Al2 system
the Abrikosov-Gor'kov (AG) expression for the reduced specific heat
jump as a function of the reduced critical temperature is followed
very closely, in agreement with the AG behavior of the TC vs. n
curve, For the superconducting-Kondo system (La, Ce)Al2 there is
a very strong depression of the specific heat jump with decreasing

Tc , much faster than predicted by either AG or BCS. This is

XV



related to the recently reported re-entrant Tc vs. n curve, a strik-
ing deviation from AG behavior.

The normal state specific heat of all three systems is strongly
affected by the impurities. A very large enhancement of the elec-
tronic specific heat coefficient y is observed for the ThU system
with dv/dn = 2. 7 mj /mole°K2 at.% U at low U concentrations. In the
(La, Ce)Al2 alloys, a Kondo effect occurs in the impurity contribution
to the specific heat which varies as (-ln T) between 0,5 and ~ 2.5°K
and presumably exhibits a peak near the Kondo temperature
TK~ 0.1°K. This exchange scattering anomaly is not visibly
affected by an externally applied magnetic field below ~ 1,7 kgaus-s.
In contrast to the (La, Ce)AlZ system, the (La, Gd)Al2 heat capacity
shows an upturn at low temperatures which is strongly dependent
upon external magnetic field. In low fields, it varies as (-ln T)
between 0.5 and ~ 3°K. Surprisingly, both the (La, Ce)Al2 and
(La, Gd)Al2 systems show a very strong enhancement of y with
Ay = 0,37 joule/mole Ce°K2 and Ay = 0,57 joule/mole Gd°K2
respectively., Large impurity effects are also observed for both
systems in the superconducting state down to temperatures far
below Tc .

The experiments were made in He3 semi-adiabatic calorime-

ters of varying simple design. Their main features are presented

and discussed in some detail.
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I. SPECIFIC HEATS OF SUPERCONDUCTORS WITH
MAGNETIC IMPURITIES

A, INTRODUCTION

This thesis reports a study of the effect of different magnetic
impurities on the superconducting and normal state heat capacities of
certain nonmagnetic metals. Experiments and theories have shown
that the superconducting ground state is modified by the interactions
that determine the magnetic behavior of impurities in metals. We
have chosen three matrix-impurity systems in which previous experi-
ments on normal and superconducting properties have suggested that
different scattering pr-ocesses are responsible for the magnetic be-
havior of the impurities. The nearly nonmagnetic spin fluctuation
limit is exemplified by the ThU system; the magnetic limit with posi-
tive conduction electron-impurity sp;in exchange coupling by the
(La, Crd)Al2 system; and the fnagnetic limit with negative exchange
coupling (and in turn the Kondo effect) by the (La, C-e)Al2 system.
The aim of this work is to show that these various magnetic behav-
iors are also differentiable calorimetrically. We give below a brief
description of some aspects of magnetism in dilute alloys, in particu-
lar in relation to superconductivity, which forms a background for
understanding the motivation and interpretation of the specific heat

experiments discussed in this thesis.



The first successful theoretical approaches to the problem of
dilute alloys were made by Friedel1 and somewhat later by
Anderson. 2 The main achievement of their early work was the intro-
duction of the concept of a virtual bound state and the establishment
of a criterion for when a impurity is expected to carry a magnetic
moment in a metallic host. In terms of the Friedel-Anderson model,

the magnetic behavior of a single impurity in a metallic host is de-

termined by two competing mechanisms: The intra-atomic Coulomb
repulsion U between electrons with opposite spin direction in the
outermost partially filled localized electron shell, and the mixing

interaction Vs between the free electron states (denoted by s) and

1
the localized orbital (d.enoted by 1). The width of the virtual bound
state localized at the impurity site is given by A= (V;) N(EF),
where N(EF) is the host density of states at the Fermi level. Due to
the Coulomb splitting of the spin-up and spin-down states, a magnetic
moment of 1 | B (for a singly occupied, nondegenerate orbital state)
is localized at the impurity when one of these states lies below the
Fermi level. The Coulomb splitting is self-consistently weakened by

broadening of the virtual bound state due to the mixing interaction

Vsl . For large hybridization (large A) the magnetic state collapses

into a nonmagnetic ground state with the spin-up and spin-down local

states degenerate in energy. The model predicts a sharp boundary

between magnetism (TA/U < 1) and nonmagnetism (TA/U > 1),



known as the Hartree-Fock (hereafter HF) instability,

However, it was soon realized that the Friedel-Anderson
model overestimates the tendency towards magnetism and that a much
more smooth transition occurs between the two regimes. Further
extensions of the model have introduced the concept of "localized spin
fluctuations' (hereafter LSF) as an attempt to describe this smooth
magnetic-nonmagnetic transition in terms of a characteristic fre-

quency of a time dependent local magnetization. As calculated by

Rivier and Zuckerman

9 1-UN(EL)

T = (1)
sf Ter(EF) g

where Nl(EF) is the density of localized states at the Fermi level.
This quantity becomes unphysical at the HF instability U N1 (EF) = 1’*
but now the static, zero temperature Friedel-Anderson picture of the
magnetic moment has been transformed into a dynamical model in
which the impurity approaches the magnetic regime as the local
magnetization is longer lived. The LSF picture has provided a useful
way of interpreting the physical properties of dilute alloys in the non-
magnetic HF limit (UNI(EF) < 1), and we shall come back to this later
when discussing the ThU system,

Beyond the HF divergence (in the magnetic limit), another

model is useful in describing our magnetic systems. In this model,

*
No predictions beyond the HF instability are available from the LSF
model.



a localized spin §, is assumed to exist at the impurity site, coupled

to the electron spin density s at the impurity site via the Hamiltonian

H=-2J 5§ (2)

is the exchange interaction parameter. Using this inter-

where J
sl

action for the case of an antiferromagnetic coupling parameter

(J , <0) Kondo4 was able to explain the resistivity minimum phe-

’

sl

nomenon which had been observed in many dilute alloys of transition
metal impurities in noble metal hosts. His calculation of the scatter-

ing cross section in the second Born approximation for Jsl < 0 shows

a logarithmic divergence which appears in the magnetic contribution

A p to the resistivity; i.e.,

Ap=np_[l+47 NE)In (T/T)] (3)

1

Here n is the magnetic impurity concentration and pm is the spin
dependent part of the resistivity in the first Born approximation.

Expression (3) is only valid for temperatures T > TK , where

T ,~ T_ exp [1/.]'S

K F N(EF)]; T., is known as the Kondo tem-

1 K

perature and T_ 1is the Fermi temperature. Further extensions of

¥
the theory to low temperatures have removed the divergence at TK ,

and some have suggested the existence of a "spin compensated staLte"5

below TK of nonmagnetic nature, and manifested, for example, as a

saturationof Ap for T << T However, the theoretical situation

K"

is not completely clear in the nonmagnetic limit. 6 Recent



experiments on the heat capacity of CuCr alloys (TK = 2. 11°K)7 have
shown that the most recent extension of the s-1 model to low tempera-
tures seems to give the correct answer down to T ~ 0.1 TK , but
there are departures which become more significant as the tempera-
ture is decreased below this value.

We have remarked that the LSF and s-1 pictures of the single
impurity problem have complementary regions in which they are in-
valid. One is confronted with the following question: Is the LSF
picture the low temperature limit of the s-1 model and conversely?
This fundamental question is not answered yet, but there is some
theoretical evidence fo'r the equivalence of both rnodels8 and some
experiments where it has been shown that by changing pressure  or
alloying, 10 it is possible to go smoothly from the magnetic to the
nonmagnetic regime. Therefore, to characterize the magnetic be-
havior of dilute alloys we shall use a phenomenological parameter
To . For those systems where the Kondo picture is a good descrip-

tion, we will regard TO as T_, ; if not, we will relate To to the LSF

K

model in the nonmagnetic limit.

In going from high temperatures through To the entropy per

impurity atom is expected to be reduced by the degeneracy entropy

AS = kB_ In (2S+ 1) (4)

if the impurity is nonmagnetic at low temperature. As a direct




consequence, the heat capacity per impurity atom is expected to go
through a maximum at temperatures of the order of To and the area
below such a maximum should be a measure of AS as expressed by
Eq. (4). This phenomenon has already been observed in 9_1(:1'7 alloys.
Recent experiments on the (La, Ce)Al2 H system have revealed a
minimum in the resistivity with Ap linear in In T and a low tem-
perature departure from a Curie-Weiss law which have suggested that
this system is magnetic at low temperatures with Jsl < 0. We there-
fore made heat capacity measurements to search for the exchange
scattering anomaly in the normal state. However, the observation of
this truly single impurity effect is fairly difficult due to the extended
range of the anomaly and the problems involved in the separation of
the impurity contribution from the total heat capacity. High impurity
concentrations which would make the effect more visible are undesir-
able, since, if the average distance between impurity atoms decreases,
new contributions due to the correlations between impurities become
more important. We consider briefly the origin of interactions be-
tween impurities in order to emphasize differences in the contributions

to the heat capacity due to correlation effects as contrasted to the

"true'' one impurity effect.



Effects Due to Interactions between Impurities

The onset of magnetic order can be visualized if we note that
each impurity, via interaction (2), induces an oscillatory spin polar-

ization in the electron gas which depends on distance r as

» cos (2 kF r)

(pt - pi)r) = JSIS — kF >> 1 (5)
(kF r)

where kF is the Fermi momentum of the conduction electrons. It

has been shown that when another impurity is within the range of this

perturbation, the electrons interact again with this impurity spin via

Hamiltonian (2). As a result, an effective coupling, known as the

13, . . . . .
RKKY = interaction, appears between pairs of impurity spins.
Several calculations, performed in the mean field approxima-

14,15,16

n

tio have shown that the RKKY magnetic contribution to the

heat capacity has a broad maximum at a temperature TM which
more recent calculations have shown to depend linearly on impurity
] 17 -, . 18 19
concentration, Heat capacity experiments on CuMn, AuFe,
17 20
YGd, and (La, Gd)3A1 alloys  have shown the presence of the
ordering maximum at TM and have confirmed its linear concentra-
. . 1 .
tion dependence. Recent experiments on PtCo2 alloys in an extended
range of compositions and temperatures have shown a concentration
independent maximum in the dilute limit and a strong shift in this

maximum to higher temperatures when the concentration is increased

above 0,3 atomic percent Co..



Superconductivity and Magnetic Impurities

The superconducting critical temperature of metals has been
shown earlier to be strongly depressed by small amounts of magnetic

22,23 Somewhat later it was realized that the detailed

impurities.,
dependence of Tc on impurity concentration gives valuable informa-
tion about the magnetic nature of the impurities. For the three mag-
netic impurity regimes considered here, three distinct types of TC
vs. n curves, discussed below, have been established.

When dissolved in La.Al2 , Gd impurities are known to retain
their free-ion Hund's rule ground state configuration; i.e., a well-
defined moment of 7 Ug is localized at the impurity site. 24 This
case is appropriate to ;che theory of Abrikosov and Gor'kov (AG)25
who have calculated the influence of Hamailtonian (2) on the BCS
superconducting ground state. Their theory includes the following
assumptions: 1) The impurity spins are non-interacting and randomly
distributed; and 2) the exchange scattering may be adequately repre-
sented in the first Born approximation (to order Js?).
According to the AG calculation, the superconducting critical

temperature is depressed as a universal function of impurity concen-

tration n given by

T T
ln <TC>= q;(%) ¢<12+ 0.140 T‘;° nn > (6)




where T o is the transition temperature of the host, | is the di-
c

gamma function and n_. is an adjustable parameter which gives the
critical concentration at which superconductivity is completely éup-
pressed (TC = 0). Expression (6) may also be generalized to other
pair breaking situations by replacing n/nCr by cr./ct.cr where a is

the pairbreaking parameter and acr is the value of @ at which

Tc = 0. The generalized form of expression (6) can then be written
T T
c 1 ) 1 co a
= y(=)-4(=+0. 140 =2
1n<T > ‘”(2 ¢<2+ R S > (7)
co c cr

The AG prediction for Tc vs. n is shown in Fig. 1(a) with the data

of the (La, Gd)Al system. In this instance the agreement between

2
experiment and theory is excellent. Similar results have been found
. 27 . 20
in the ThGd system, and more recently in the (La, Gd)3A1 system.
However, it should be noted that strong departures from the AG be-
havior due to magnetic ordering have been reported in the related

22 23 .
systems LaGd ~ and (La, Gd)3In. In these systems the magnetic
ordering temperature depends linearly on Gd concentration and inter-
sects the Tc vs. n plot at a relatively high value of Tc/Tco . In the
(La, Gd)Al2 system, the susceptibility shows a Curie-Weiss tempera-
ture dependence24 and the Curie-Weiss temperature 6 decreases
rapidly with decreasing concentration. For n=0.83 a/o Gd(n/n =

cr

1.41), 6 = 0.07°K, which is much lower than the low temperature

limit of the present experiments. Therefore one would not expect




10

ordering effects in the specific heat data on (La, Gd)Al2 alloys re-
ported in this thesis.

The interaction (2) breaks time reversal invariance. As a
consequence, the lifetime of the '"Cooper pairs' in a superconductor
with magnetic impurities is no longer infinite. The inverse of the
lifetime (or pair breaking parameter a) is given in the AG theory

by the expression
2
an) = nNE_)JT . SES+1) (8)
F' sl

Here a(n), calculated in the first Born approximation, depends

linearly on concentration, but it should be noted, is independent of

temperature.

A different situation occurs for JS < 0; in this case the

1

scattering cross section has to be calculated to higher order than
Jsi which leads to the Kondo effect. The introduction of the Kondo
29

8
effect into the A. G. theory2 ’ can be described in terms of a pair

breaking parameter, now dependent on temperature as well as con-

centration and given, according to Muller-Hartmann and Zittartz

MHZ), 28 by

n TTZS(S‘l'].)
2 N(EL) an(T/TO) + w28+ 1)

a (n, T/To) (9)

This expression for the pairbreaking parameter has a maximum at



11

T/To = 1 and when replacec’l in the AG expression (7) for the critical
temperature predicts a variety of behaviors according to the ratio
TO/Tco and the value of S. For the strong magnetic limit

(TO/TCO << 1), a second transition back into the normal state is pre-

e

dicted by simultaneously solving expressions (7) and (9). " Further

experiments on (La, Ce)AI2 30, 31 alloys have confirmed these pre-
dictions in a narrow range of compositions as shown in Fig. 1(b).
Assuming S = 1/2, the fitting to the theory gives To = 0.12°K.

On the other hand, the temperature dependent pair breaking
picture seems to fail in the nonmagnetic limit To >> Tco as sug-
gested previOusly32 and confirmed in this work by specific heat
measurements on '}‘EU'alloys. In the ThU system, measurements of
the normal state electrical resistivity, thermoelectric power, and
magnetic suscep’cibility33 have indicated a characteristic temperature
To ~ 100°K. The TC vs, n curve (Fig. 1(c)) shows an almost ex-
ponential behavior, similar to that observed in the i‘\_lCr34 and él_Mn35
systems whose normal state physical properties have been interpreted
in the framework of the LLSF model. Furthermore, the TC vs. n

curves of these systems, and the ThU system as well, are described

very well by a modified exponential relation recently proposed by

"A third transition temperature at which the sample again enters the
superconducting state is also predicted by expressions (7) and (9) in
the limit T /T_, << 1, but it has not been observed experimentally.
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3
Kaiser 6 where the pair weakening effect on TC is due to the non-

magnetic resonant states associated with the impurities. These
physical properties suggest that there is a localized magnetization at

the U sites which fluctuates in time with a characteristic frequency

k
-1 B
- 10
Tsf h rI‘o (10)

and that at temperatures much lower than T0 the ThU system is
essentially nonmagnetic. However the low value of To places its
magnetic behavior relatively close to the HF instability and recently
some attempts have been made to fit the ThU Tc vs. n results to the
low temperature nonmagnetic limit of the Kondo-pair breaking pic-

28
ture. ’ 29

We have measured the heat capacity of this system since,
as discussed below, these measurements are particularly sensitive
to the magnetic character of the impurities.

The Specific Heat Jump at the Superconducting Transition
Temperature

The specific heat jump AC at Tc is another powerful method
for distinguishing the magnetic behavior of the impurities. For BCS

superconductors the relationship between AC and Tc is given by

AC = BYT (11)
c

where B is a universal constant of the order of 1.5 which has been

verified for many superconductors, and vy 1is the electronic specific
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heat coefficient. When the critical temperature of a superconductor
is changed by adding nonmagnetic solutes, the specific heat jump

should change in accordance with this relationship. If the density of
itinerant states at the Fermi level remains unchanged by the addition

of nonmagnetic impurities (certainly a valid assumption in the dilute

impurity limit), the BCS Law of Corresponding States can then be

expressed as

AC/AC =T /T (12)
o c " co

where AC and Tc are the specific heat jump and critical tempera-
ture for an alloy of copcentration n, while ACO and Tco are the
corresponding quantities for the matrix into which the impurities are
dissolved (Fig. 2).

However, in the case of magnetic impurities, AG showed that
the enefgy gap decreases faster tha.n TC with increasing impurity
concentration. The resultant marked deviation of AC/A Co from the
BCS Law of Corresponding States predicted by AG for magnetic im-
purities is also shown in Fig. 2. 38 Since this deviation from BCS
behavior is a direct consequence of the pair breaking character of
Hamiltonian (2), we expect even more pronounced effects in the case

of temperature dependent exchange scattering.
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FIGURE 1
Superconducting transition temperature versus impurity con-
centration for:
(@) (I__@.,Ce)Al2 (from Ref. 31)
(b) (I.a_a,Gd)Al2 (from Ref. 26)

(c) ThU (from Ref. 33)
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FIGURE 2
Reduced specific heat jump AC/A C0 vs, reduced critical tem-

perature T /T
c “co
-—-—--BSC Law of Corresponding States

———AG theory (from Ref. 38)
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B. RESULTS

1. The ThU System: A Superconductor with Localized Spin
Fluctuations '

Sample Preparation

Samples were prepared from 99.95% pure Alfa Inorganics-
Ventron Thorium and high purity Los Alamos uranium by arc melting
in an argon atmosphere. The samples were remelted several times
to increase homogeneity. Several facts indicated a homogeneous
distribution of impurities in the samples. The transition widths,
measured by an a.c. mutual inductance technique, were never greater
than 35 m°K in spite of the large size of the sé,mples (11 to 19 gms);
the bulk calorimetric temperatures agreed within 3% with the a.c.
critical temperatures, and the calorimetric transitions were sharply
péaked.

Two sets of experiments were made: First, pure thorium and

40, 41
* 7., The

dilute samples of 0. 075 and 0. 134 at.% U were measured
weight of these samples did not exceed 11 gms. Later, a more pre-
cise and more extensive set of experiments was made on bigger
samples (~18 gms) of compositions 0. 065, 0.110, 0.50, 1.00, and

42,43

2.10 at. % U. Finally, a new, larger sample of pure thorium was

also measured.

Specific Heat Results

For all the samples investigated, between 60 and 85 experi-

mental points were fitted to the usual relation
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3
CV-YT+BT

between 1,0 and 5. 0°K in the case of the alloys, and Between 1.4 and
4, 2°K in the case of the second thorium sample. An illustrative
CV/T Vs, T2 plot is shown in Fig. 3 for several of the samples in-
vestigated. The values obtained for the normal state parameters vy
and the Debye temperature GD are given in Tablfa I. Previous re-
sults for pure thorium are also included.

The values for the remeasured Th sample, considered more
reliable than the less sensitive preliminary values, are in reasonable
agreement with the he?.t capacity data of Gordon et al. 44 and the
critical field data of Decker and Finnemore. 45 The most significant
result of the measurements in the normal state is the very large rate
at which Yy increases with U concgntration: dy/dn = 2.7 mj/
m01e°K2 at.% U at low concentrations and becomes somewhat less at
higher concentrations (Fig. 3, inset), presumably due to interactions
between impurities. Similar saturation effects have been observed in
AuV. 46 The GD values in Table I indicate that there is no systema-

tic change in 0_  due to alloying.

D

Measurements were also extended into the superconducting

state for pure Th and the three most dilute ThU alloys. " The

*
Measurements become more difficult at the lowest temperature be-

cause of the radioactivity of the samples which give a heat input of
about 150 erg/min at 0. 7°K (determined from the recorded self heat-
ing rates for the largest samples).
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electronic specific heat below 2°K is shown in Fig. 4. The value

ACO/Y Tco =1.46 = 0.03 for the Th matrix agrees well with the
44, 45

s

7
theoretical BCS value of 1. 433 and previously reported values.
Furthermore, the specific heat jumps for the alloys followed closely

the BCS Law of Corresponding States as illustrated in Fig. 13.

TABLE I

Specific Heat Data for ThU Alloys

Y Ay /n AC

n _—_——mj 6D mj /mole°K2 Tc mj
at.%U mole°K? °K at.% U °K mole °K

0" 4.08£0.03 160.4%0.5 8.6+ 0.2
0 4.2840.05 164.10.5 1.360£0.005  8.50x 0. 2
0.065 4.45£0.03 161.9£0.3 2.6 0.860£0.005 5.3 % 0.3
0.075" 4.45£0.08 161.3%1.0 2.3 0.785 5.3+ 0.5
0.110 4.58+0.03 161.7+0.3 2.7 0.550£0.005 3.3 % 0.3
0.134" 4.72+0.04 163.740.7 3.3
0.50 5.2840.05 162.1+0.5 2.0
1.00 5.93£0.04 161.9+0.4 1,67
2.10 7.70£0.06 161.4+0.4 1.62

0" 4.31£0.05 163 £ 0.7 1.374 8.4

£

First set of samples. 40
ek

From Ref. 44,
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FIGURE 3
C/T vs. T2 in the normal state for several ThU alloys.
Inset: Electronic specific heat coefficient as a function of U
impurity concentration.
A - TFirst set of samples
® - Second set of samples

O - From Reference 44,
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FIGURE 4

Electronic specific heat below 2°K for pure Th and two ThU

alloys.
A - Normal state specific heat of pure Th. Below TC ,

a magnetic field of about 800 gauss was used to

quench superconductivity.
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2. The (La, Ce)Al2 System: A Kondo Superconductor

Sample Preparation

The samples were prepared in two steps. First, LaCe alloys
were made by arc-melting appropriate amounts of La and Ce (both
obtained from Johnson-Matthey; nominal purity for La, 99. 99%, 41
and for Ce, 99.99%) together in an argon atmosphere. The calcu-
lated weight of 99. 999% pure Al (Semi-Alloys, Inc.) was added to
each LaCe alloy to form the corresponding (La, Ce)AlZ compound.
During fabrication the alloys were remelted many times to achieve
a homogeneous distribution of the impurities. The arc-melted ingots,
wrapped successively in foils of Ta, Zr, and Ta, were then
annealed for 16 hours at 800°C in a helium atmosphere. This pro-
cedure has previously been found to sharpen considerably the super-
conducting transitions.

Each sample weighted betwéen 5 and 6 gms and had a heat
capacity at 1°K equivalent to that of ~25 gms of pure copper at the
same temperature. The nominal compositions (0.185, 0.401, and
0.527 at.% Ce substitution in La) agreed closely with those deduced
from the calorimetric critical temperatures and the Tc vs., Ce con-
centration curve previously obta.ined49 from the inductively meas-
ured Tc's of much smaller samples. The widths of the calorimetric
transitions (Table II) indicated a fairly homogeneous distribution of

the impurities; however, the transitions became wider with increasing
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the Ce concentration. The critical temperatures were also measured
with an a.c. technique but superconducting surface effects were found
to give critical temperatures up to 3% higher than the bulk transitions
measured by specific heat. The single peaked, relatively sharp
calorimetric superconducting transitions reflected the excellent
quality of the samples and correlated with x-ray and microprobe
analysis made on smaller samples, which ind‘icated the presence of

a single metallographic phase.

Specific Heat Results

Specific heat measurements were made in both the normal and
the superconducting states for all the samples. To quench super-
conductivity, magnetic fields of 850 and 1700 gauss were applied with
a,. superconducting solenoid. The normal state specific heat was
found to be independent of the magnetic field in this range within the
precision of the measurements. As the magnetoresistance of the
germanium thermometer resulted in calibration shifts of less than
1 m°K/KG at 4. 2°K and 0.3 m°K/KG at 0.5°K, no corrections were
made to the zero field calibration.

The specific heat Cv vs, temperature T of LaAlZ and the
three (La, Ce)Al2 alloys between 0.5 and 4. 2°K is shown in Fig. 5. 50
In order to eliminate the lattice specific heat a 8 T3 term, corre-

sponding to a Debye temperature GD of 376 + 3°K, has been sub-

tracted from the data. A very strong low temperature anomaly in the
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heat capacity which increases with the impurity concentration is
clearly visible for normal and superconducting state alike. A first
glance at Fig. 5 shows that the specific heat jumps are strongly de-

pressed from that of pure LaAl In fact, when the reduced specific

>
heat jumps AC/A C0 are plotted as a function of the reduced critical
temperature Tc/Tco , strong departures from the BCS Law of
Corresponding States are observed (Fig. 13).

In Fig. 6, the specific heat in the superconducting state is
shown in a semilogarithmic Cs/YTc Vs, Tc/T plot for the LaAl2
matrix and all the alloys measured. The value of CS/YTC at T= Tc
for LaAl2 is 2.39. The close agreement with the BCS value of 2.43
is consistent with the exponential behavior observed for T < Tc
The low temperature departure from the theoretical prediction
(Fig. 6) is similar to those observed for the alloys and it is attributed
to the presence of Ce impurities in the La starting material.

For the alloys studied here, Cs goes to zero as a function of
temperature much more slowly than exponentially. Cs/T vs. TZ

plots show that CS may be reasonably well represented at low tem-

peratures by the relation

_ n 3
cs = or.s/T + YST+ BST (13)

where n~ 2.8, Although this decomposition is rather arbitrary, we

have nevertheless estimated Ys values (tabulated in Table II) from
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our data below 1. 2°K. The Y s so deduced varies with impurity

concentration as

YS/YN =-0.22+ 2.08n (14)

where n, the Ce concentration, is expressed in at.%. This suggests
that there may be a critical Ce concentration (~ 0.1 at.%) below which

Yy = 0. Expression (14) also implies that Ys at ~ 0.6 at. % Ce,

s "N

which is near the concentration (0.67 at.% Ce) of the turning point of
the re-entrant TC vs. n curve (Fig. 1), above which the samples are
normal down to 6 m°K. It is tempting to relate the appearance of the
Y ST term in the superconducting state with the vanishing of the
energy gap as previously done by Culbert and Edelstein51 with regard
tq their specific heat study on LaCe alloys in the superconducting
state. The (J.S/Tn term is due to the presence of Ce impurities
whose influence persists even in thg superconducting state, indicating
that the upturn observed in the normal state is really a intrinsic
property of the system and not due to the externally applied magnetic
field used to quench the superconductivity. Values of AC, TC and

the transition width ATC for LaAl_ and the three (La, Ce)Al2 alloys

2
are collected in Table II.

Marked effects in the specific heat of (La, Ce)Al2 are not
restricted to the superconducting state. Those encountered in the

normal state take the form of a large enhancement of the normal state

electronic specific heat coefficient Yy increasing at the rate
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(0.37 +£0, 02) joule/mole Ce°K2, and an exchange scattering anomaly
which becomes appreciable below 2.5°K, varying as 6C =a-bln T,

+0, 0
)joule/mole Ce°K and b = (0. 58_0 Oz

+0. 05

with a = (0.54 0. 01

)joule/
mole Ce°K (0.5 < T < 2.5°K), Both contributions scale with Ce con-

*
centration within experimental error indicating that the observed

anomalies are single impurity effects.

The contributions mentioned above become strongly visible in
the CV/T vs. T2 plots shown in Fig. 7 (again the B T3 term has
been removed). In these plots, an enhancement of the electronic
specific heat coefficient Y @Pppearsasa vertical displacement of
the linear part of the curves at the higher temperatures. The upturn
at low temperatures ai)pears to be the high temperature portion of an
exchange scattering anomaly which should have a maximum near the
(La, Ce)AlZ Kondo temperature (TK ~ 0,1°K). Unfortunately, the
expected maximum falls in a temperature range below the lower
limit of 0.5°K accessible in the present experiments. To find the
form of the anomaly above 0.5°K, a Y. T term has been subtracted

N

from the specific heat of each alloy where the average value of YN

has been determined from the data between 2.7 and 4, 2°K. The

resultant excess specific heat 8 C (per mole Ce) due to exchange

ale

"The small increase of CV/T at low temperature observed for the
LaAl; matrix is most likely due to Ce impurities in the La starting
material.
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Specific heat of LaAl

FIGURE 5

> and three (La, C-e)Al2 alloys in the normal

and superconducting states (the lattice contribution has been

removed).

H = 0 gauss

LaAlZ H = 1700 gauss;

0.185 a/o Ce H = 1700 gauss;
H = 850 gauss;

0.401 a/o Ce H = 1700 gauss;

0.527 a/o Ce H = 825 gauss.
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FIGURE 6
CS/Y Tc vs. Tc/T in the superconducting state (the lattice

contribution has been removed).



A‘%B
“O
, 4%
100 — %),
- "':’o%
.‘&o
- Ao
o™ a
050 F as e, 0.527Y%0Ce
g, " ~
[ 5.
o [}
o o
- ¢, - 0.401%0Ce
\o 2 * L) o*

Cs/YTc

010 -

“_.i],CE)AlZ

T

0.05

llll

[

T/ T



35

FIGURE 7
CV/T Vs, T2 in the normal state (the lattice contribution has
been removed).

O - La,Al2

0.185 a/o Ce

>
1

@ - 0.401 a/o Ce

0.527 a/o Ce
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FIGURE 8
Excess heat capacity 8 C due to exchange scattering in the
normal state (the linear contribution to the total heat capacity
of each alloy has been removed, as well as the B T3 lattice
term).
A - 0.185a/o0 Ce
® - 0.401 a/o Ce

B - 0.527 a/o Ce
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scattering is plotted vs. In T in Fig. 8. Within the scatter of the
data, 8 C is proportional to Ce concentration and varies linearly
with In T between 0.5 and ~ 2.5°K.

Collected in Table II are the normal state parameters YN
and AYN/n where AYN =YN~ YN YNO being the electronic

(o]

specific heat coefficient of the LaAl2 matrix.

3. The (La, Gd)Al2 System: An Abrikosov-Gor'kov Super-
conductor

Sample Preparation

The sample preparation procedure was identical to that of the
(La, Ce)Al2 alloys described in section B. 2. Gadolinium (Researc-h
Chemicals, 99. 9% pure) was used as the impurity instead of cerium.52
Two samples weighing approximately 6 gms were prepared. The
nominal compositions were 0. 211 and 0. 416 at. % Gd substitution in
La. The calorimetric critical temperatures were somewhat lower
than those determined previously from a.c. inductance measure-
ments on much smaller, unannealed samples; the calorimetric tem-
perature of the more concentrated sample being lower by about 7%.
This reveals the influence of the annealing procedure, similar to that

53

found in the (La, Ce)Al, alloys.

2

Specific Heat Results

Measurements were made in both the normal and supercon-

ducting states on the two samples. To quench superconductivity, a
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magnetic field of 1700 gauss was applied to the more dilute sample.
The normal state meaéurements on the more concentrated sample
were performed in fields of 270, 1700, and 3400 gauss since a strong
magnetic field dependence of the specific heat was found.

The specific heat CV vs. temperature T of the two (I_;a.,(}d)Al2
alloys in both the normal and superconducting states is shown in
Fig. 9. >4 A BT3 term, corresponding to the same Debye tempera-
ture of the La.Al2 and (La, Ce)Al2 alloys, has been subtracted from the
raw data. The relatively small magnitude of the lattice contribution
makes any change in the Debye temperature due to alloying completely
unobservable within the precision of the experiments.

The effect of Gd impurities on the superconducting state, as
in the case of Ce impurities, is very strong. In Fig. 13, the reduced
specific heat jump is plotted as a function of the reduced critical
temperature for the two alloys. The experimental data show a re-
markable agreement with the AG theory for randomly oriented, un-
correlated magnetic impurities in superconductors. The observed
values of the critical temperatures TC , the specific heat jumps AC,
and the transition widths ATC , are collected in Table III.

A semilogarithmic plot of CS/Y TC vs. TC/T for the exper-

N
imental data below the superconducting critical temperature is shown

in Fig. 10. The deviations from the BCS exponential behavior are

even stronger than those due to Ce impurities; i.e., the heat capacity
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in the superconducting state is much larger for Gd alloys than for Ce
alloys (at the same temperature and similar concentrations). These
zero field measurements indicate that an exchange scattering anomaly
also exists in the Gd alloys and its magnitude is larger than that

found in the Ce alloys. However, this anomaly cannot be related to

the Kondo effect since Js is known to be positive for Gd impurities

1
(see section A).

We have plotted in Fig. 10 the theoretical AG predictions for
the heat capacity below TC . The deviations clearly visible at the
lowest temperatures are attributed to the onset of ordering effects
in the superconducting state. A small field of 270 gauss was enough
to destroy the superconducting state in the sample containing
0.416 a/o Gd. After removing the small lattice contribution from the
raw data, a CV/T vs, T2 plot (see Fig. 11) revealed that the normal
state specific heat can be separated into a linear contribution which
reflects a strong enhancement of the electronic term of the LaAl2 ‘

heat capacity (Ay = 0,565 joule/mole Gd°K2) and a low temperature

upturn similar to that observed in the (La, Ce)Al  alloys. In addition,

2
measurements on the same sample in fields of 1700 and 3400 gauss
revealed a very strong field dependence of the heat capacity below
~ 3.5°K,

The sample containing 0. 211 a/o Gd was measured in the

normal state only in a magnetic field of 1700 gauss. The coefficient



42

of the linear term was found to be strongly enhanced (Ay = 0.572
joule/mole Gd°K2; again, see Fig. 11) and close to the value obtained
for the 0.416 a/o Gd sample. This suggests that the impurity con-
tribution is linear in concentration. However, the strong field de-
pendence observed at low temperatures, even for this dilute sample,
obscures the concentration scaling at the lower temperatures meas-
ured here. This experimental uncertainty, as yet unresolved, pre-
vented us from making a definitive statement about the concentration
dependence of the magnetic contribution.

Further information is obtained from Fig, 12 where the low
temperature data have been plotted vs. In T for the 0.416 a/o Gd
sample. Here both the lattice and the electronic contribution to the
total heat capacity have been subtracted from the raw data. The
low field (270 gauss) behavior shows a linear dependence in (-ln T),
remarkably similar to that observed in the (La, Ce)Al2 alloys (pre-
sented too in Fig. 12 for comparison). The observed anomaly
changes with temperature as 6C =a-b1ln T between 0.5°K and
~ 3°K, where a = (1.95 £+ 0.02) joule/mole Gd°K and b = (1.74 %
0.02) joule/mole Gd°K. As the value of the external magnetic field
is raised, the heat capacity is seen to increase strongly. The

linear dependence in (-ln T) is distorted, and, in the highest field



(3400 gauss), a maximum in the low temperature anomaly is visible
in our range of temperatures. The magnetic entropy associated
with the excess heat capacity can be estimated in the case of the
high field data. If the data are extrapolated linearly to 0°K from
the lowest temperature measured here (~ 0.5°K), the entropy per

Gd atom associated with the anomaly is ~ 0. 77 k_, In 8, which is

B

close to the expected value of kB In 8, However, further experi-
ments at lower temperature or higher fields are needed before
definite conclusions can be drawn.

Collected in Table III are the normal state parameters YN

and AYN/n where AYN = Y being the electronic

YN YN 0 YN
o] (o]

specific heat coefficient of the LaAl2 matrix.

C. CONCLUSIONS
We remark here upon the correspondence we have found be-
tween the reduced specific heat jump AC/A C0 vs. the reduced

critical temperature Tc/Tco plots (see Fig. 13) and the detailed

43

behavior of the superconducting critical temperature Tc vs. impurity

concentration n.

The behavior observed for the (La, Gd)Al2 alloys agrees ex-
tremely well with the theoretical prediction of AG as does the pre-
viously measured TC vs. n curve of this system (Fig. 1(b)). The

present work gives further support to the idea that the Gd impurities
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FIGURE 9
Heat capacity of (La, Gd)AlZ alloys in the normal and super-
conducting states (the BT3 lattice term has been removed).
® ~ H =0 gauss
B —0.211 a/o Gd H= 1700 gauss
0.416 a/o Gd H = 275 gauss

_ LaLAl2 matrix
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FIGURE 10
CS/Y Tc vs. Tc/T in the superconducting state (the BT3

lattice contribution has been removed).



1.00

0.50

Cs/YTc

0.10

0.05

] I 1
A _
sﬁ
‘-
'k-*\. .. 0.416 9/0 Gd
r \\ - -
[ AGf =~
02119064 :
- " - —
N\
N
N
N
_ AN
(L_(_],Gd)AIZ N
N

48



49

FIGURE 11

CV/T vs. T2 in the normal state (the BT3

tion has been removed).

lattice contribu-
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FIGURE 12
Excess heat capacity 8 C due to exchange scattering in
the normal state (the electronic and the lattice contributions
have been removed). The behavior of (La, Ce)Al2 is shown

for comparison (dashed line).
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have ionic levels lying far below the Fermi level of the host, inter-
acting with the conduction electrons via the exchange Hamiltonian (2)
with a positive coupling constant Js1 . The data also suggest that
the AG assumption of non-interacting, randomly distributed impurity
spins is appropriate in describing the superconducting properties of
these alloys.

The (La, Ce)AlZ* data seen in Fig. 13 show strong departures
from the AG prediction. These departures of AC/A C0 vs. Tc/Tco
correlate with the striking re-entrant behavior observed for this
system in the TC vs. n curve (Fig. 1(a)) which results from the
temperature dependenqe of the pair breaking parameter. The log-
arithmically temperature dependent magnetic contribution to the
electrical resistivity for this system implies that the Ce impurity
spins couple antiferromagnetically with the conduction electron spins
giving rise to temperature dependent exchange scattering (Kondo
effect). As we have discussed in the Introduction, the AG theory has
been modified for the case of a negative coupling parameter Jsl ;
the pair breaking parameter o (independent of temperature in the
AG picture) becomes strongly temperature dependent with a maximum

at T = T0 . The magnitude of the depression of ’I_'C and its detailed

variation with impurity concentration depends on the ratio To/T o
c

*
Recent heat capacity measurements on the (La, Ce)AlZ system made

at the University of Cologne, Germany, are in general agreement with
our measurements (F. Steglich, private communication).
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(T is identified with T__ in the magnetic limit T << T ). These
o K o co

calculations of Tc vs. n predicted for the limit To << Tco a second

transition back into the normal state which has been observed in the

(La, Ce)Al2 system., MHZ55 calculated the specific heat within this

theoretical framework. Their result for the initial slope

d(Ac*) _ d(AC/ACo)
dtj B d(Tc/Tco)

t T /T =1
c=1 ¢ co

(see Fig. 13) as a function of T /T has a maximum for T ~ T
o “co o co

which is almost a factor of two greater than the slope given by the AG

theory. A self-consistent test is thereby obtained by fitting the

Tc vs. n results and our results for AC(TC) to the respective cal-

culations, the characteristic temperature being the adjustable

parameter. To ~ 0.1°K obtained from the initial slope of the

30, 31

’

Tc vs. n plot, is in reasonable agreement with T0 ~0.6°K
deduced from our specific heat data.

The temperature dependent pair breaking picture has been
pushed further to describe the observed TC vs. n behavior of the
ThU alloys as an example of the nonmagnetic limit of the theory
(TO >> TCO) where the predicted Tc vs. n curve is nearly exponential

in shape and single-valued. MHZ 28 and Ludwig and Zuckerma.nn2

(hereafter LLZ) were able to fit the TC data of Maple et al. 33 by
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&

assuming a localized spin S=1/2 ata U site and To/Tco = 32,

However, the reasonable fit of our specific heat results to the BCS

Law of Corresponding States (again, see Fig. 13) is incompatible

with the MHZ calculation since the BCS limit is not reached in the
: o > L

pair breaking picture even when To/Tco ® ([dacC )/dtc]t: -1

approaches the AG value in this limit). The ThU results are better

understood within the framework of pair weakening where the inter-

actions responsible for the depression of the critical temperature
TC do not destroy the time reversal invariance responsible for the
infinite lifetime of the Cooper pairs. The TC vs. n behavior can
be described very well by a modified exponential proposed by
Kaiser36 (Fig. 1(c)) to account for the effect of nonmagnetic resonant
states on the superconducting properties of the host. This theory
also predicts a BCS Law of Corresponding States as observed and
previously reported for the related systems é{MnS() and '_I;b_Ce57
which also exhibit modified exponential depressions of Tc with
impurity concentration.

We turn now to discuss features of our specific heat data

other than the jumps at Tc in zero field. The normal state heat

capacity measurements on the (La, Ce)Al2 and (La, Gd)Al2 alloys

*The assumption of S=1/2 for the low temperature nonmagnetic
limit (T, >> T.) is not consistent with the high temperature (T>T )
Curie-Weiss behavior observed in the susceptibility which gives an
effective moment of 3.43 g, close to the Hund's rule value of
3.58 4 B for two 5f electrons.
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have been made in magnetic fields to quench superconductivity. The

zero temperature upper critical field HcZ(O) reported for La.Al2

8,59

from a.c. mutual inductance measurements is ~ 2.5 kgauss,.
However, our measurements, performed in a field of 1. 7 kgauss,
failed to indicate bulk superconductivity down to 0.5°K (assuming a
parabolic relationship for HCZ(T) and the reported value HCZ(O) ~
2.5 kgauss a critical temperature of about 2.5°K is expected in a
1.7 kgauss field). We suggest that the reported values of the "upper
critical field' may be associated with Hc3' Our observation is con-
sistent with static magnetization vs. field measurements which give
an HCZ(O) value of about 1.5 kgauss. 66

The fact that tfle critical fields of the alloys with Gd and Ce
impurities are so drastically depressed relative to the critical field
of the LaAlz matrix made plausible the use of relatively low magnetic
fields to obtain the normal state data without introducing appreciable
contributions from the field-induced Zeeman splitting of the impurity
levels. Furthermore, the very low lattice contribution at liquid
helium temperatures has also contributed favorably to the accurate
determination of the magnitude and temperature dependence of the
impurity contribution to the specific heat.

More evidence of Kondo anomalies in the (La, Ce)Al, system

2

(besides those discussed in the preceding paragraphs and in the

Introduction) in the (La, Ce)Al2 system emerges from the normal
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state specific heat results. That the magnetic field does not visibly
affect the normal state heat capacity, and that the impurity contribu-
tion scales with concentration, supports the idea that the obsel;ved
behavior is mainly a single impurity effect. The low temperature
upturn of the heat capacity would appear to be the high temperature
tail of an exchange scattering anomaly which should have a maximum
near the characteristic temperature T0 = 0, 1°K, similar to that
observed in the CuCr a.lloys7 (To = 2.1°K), Additional experiments
at lower temperatures and stronger magnetic fields are desirable in
order to study the nature of this anomaly.

An unexpected, surprisingly similar logarithmic upturn in
the specific heat for T < 3.5°K was found in the (La, Gd)Al2 system

(Figs. 11, 12). Measurements in various fields reveal the presence

?

of a specific heat maximum which presumably occurs also in zero
field at temperatures considerably lower than our temperature limit

of 0.5°K. Kondo has calculated the entropy of an electron gas per-

turbed by the exchange scattering Hamiltonian (2) for Jsl > 0, 6

The calculated specific heat is a monotonically increasing function of

e

temperature for T < T Therefore the low temperature anomaly

F
in the (La, Gd)Alz system cannot be understood in this single-impurity

exchange scattering picture. A search in the literature revealed that

*
I am grateful to E. Galleani d'Agliano for drawing my attention to

this point,



in the related XGd17 and (La, Gd)3A120 systems, maxima in the low
temperature heat capacity have been observed and interpreted as
evidence of impurity ordering (see page 7 ). The interpretation is
more difficult in our experiments, since we have not determined the
concentration dependence of the maximum. However, further infor-
mation is gained since the heat capacity of these alloys is strongly

dependent on the external field (Figs. 11,12). Since the supercon-
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ducting data suggested the presence of jionic, non-interacting magnetic

moments, the magnetic field should have induced a Schottky anomaly

in the impurity heat capacity peaked at a temperature Tmax ~ L,LH/kB

where =7 Mg is the Gd moment. In Fig. 14 we present the im-
purity heat capacity for a sample containing 0.416 a/o Gd in fields
of 1.7 and 3.4 kgauss and, for comparison, the corresponding free-
ion Schottky peaks. The clear disagreement suggests that correla-
tions exist between Gd ions. The normal state results therefore

seem to be Schottky-like anomalies due to an effective molecular

field existing at the impurity sites. This effective field originates

with the other impurities and proceeds via the long range RKKY

oscillatory conduction electron spin polarization, resulting in a

statistical distribution of fields apparently peaked at a value of the
d 1 ~

order several hundred gauss (Heff kB Tmax/“ ).

It is worthwhile to consider the apparent contradiction be-

tween the superconducting results which indicate the absence of

’
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interactions and the normal state results which show a strong contri-
bution due to impurity spin interactions. Figure 9 shows that the
magnetic impurity contribution to the normal state heat capacity in
the more concentrated sample (0.416 a/o Gd) has a tail which extends
to temperatures higher than Tc and at Tc is approximately 25% of the
total heat capacity. The fact that the jump is not depressed more than
predicted by AG suggests that the specific heat jump is not sensitive
to the type of ordering effects encountered here, at least when Tc
is sufficiently greater than the temperature of the specific heat maxi-
mum ( < 0.5°K for the alloys measured here). These magnetic cor-
relations are also visible in the superconducting state heat capacity
(Fig. 11) and provide aﬁ experimental indication for the possible co-
existence of magnetic ordering and bulk superconductivity at lower
temperature. Further experiments in the dilute region will clarify
the concentrating scaling, while measurements at lower temperatures
and higher fields will provide information concerning the relationship
between Tmax and Tc at various Gd impurity concentrations.
Another peculiar phenomenon is the strong enhancement of the
electronic specific heat coefficient Y which has been observed in
both (La, Ce)Alz and (La, Gd)Alz alloys. Similar strong effects have
also been reported in the related systems YGd and LaGd. 17 We dis-
agree with the virtual bound state picture which was invoked in refer-

ence 17 since the hybridization is expected to be small in the ionic
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regime encountered for Gd impurities, and only moderately large
for Ce impurities in the strong magnetic limit To/Tco <<'1. Also,
rigid band effects are expected to be negligible in the dilute 1ir;1it and
are not in accord with the experimental result that the impurity con-
tribution seems to be independent of concentration [ Avy/n # f(n)].
It can be argued that our temperature range does not extend high
enough to differentiate between the linear behavior in T or a more
complicated dependence associated with the low temperature anomaly;
however in the earlier experiments on LaGd and YGd the temperature
ranges extended up to 8°K and 35°K, respectively, throughout which
a constant enhancement of Yy was observed. We believe that the
large enhancement of Y is more likely due to a strong polarization
of the conduction electrons induced by the impurity spins via the
exchange interaction (2) in the high temperature paramagnetic region.
The ThU results can best be understood within a frame of
reference which includes in one class the three closely related sys-
tems ThCe, AlMn and ThU, listed in order of their increasing tend-
ency towards magnetism. The susceptibility of '&Ce60 decreases
below 300°K, indicating the absence of magnetism at low tempera-
tures, while the susceptibility of é_l_Mn61 shows a temperature inde-
pendent but large enhancement. The susceptibility of I_}lU33 is
strongly enhanced relative to that of pure Th and shows a weak,

nearly Curie-Weiss dependence on temperature. The impurity
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contribution to the residual resistivity of these three systems is

described by the relation
2
Ap(T)= Ap(0)[1 - (T/T )]

which is characteristic of a scattering process between electrons and
localized magnetic moments which fluctuate in time with a character-
62

istic frequency

T-l"'k—BT
sf  h o

Intuitively we see that the lower To (the longer lived the local mo-
ments), the more magnetic the behavior attributed to the particular
impurity. Again, as in the magnetic limit, the characteristic tem-
peratures can be used to characterize the magnetic behavior; the

normal state resistivities give To > 1000 K for 'I‘hCe,63 ~ 530°K for

* 3
Mn62’ 34 and ~ 100°K for ThU. 3 As seen the residual resistivity

Al
correlates with the susceptibility in indicating that ThU is closer to
the magnetic regime. The detailed TC vs. n curves for these sys-
tems show further similarity. In each case, with increasing impurity

concentration, Tc falls off very fast as a modified exponential.

3
Again the strongest effect is found for ThU. > However, for all

"The value of T,~100°K for the ThU system is also evident from
the thermoelectric power which exhibits a maximum near 80°K.33
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three systems, the specific heat jump at Tc follows the BCS Law of
Corresponding States, * emphasizing their essentially nonmagnetic
character at superconducting temperatures. An enhancement of the
electronic specific heat coefficient, linear in concentration is ex-
pected in nonmagnetic systems. This impurity contribution is pro-
portional to the density of states at the Fermi level of the virtual

bound state localized at each impurity site. As first calculated by

Klein and Heeger,

— = — k NI(EF)

According to our results for the initial increase of v, Nf(EF) is

57 states/eV atom U f.or the ThU system. In AlMn the corresponding
value is Nd(EF) = 10 states/eV atom Mn. 65 The ratio Nf(EF)/

Nd (EF) = 5.7 is very similar to the inverse of the ratio between the
corresponding characteristic temperatures. This relation between
the specific heat and resistivity results can be understood in the
framework of rnodels62 which attribute the weakly magnetic nature
of these systems to localized spin fluctuations. In such models the
half-width of the impurity level is narrowed by the presence of spin
fluctuations to an effective value Ae . To and Nl(EF) are ex-

ff

-1 . .
pected to be of the order of Aeff/kB and Aeff’ respectively, which

accounts for the relation above.

£
Critical field data for the ThU system, recently reported, show
small departures from BCS behavior.
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FIGURE 13
Reduced specific heat jump AC/A Cco

temperature T /T
c’ “co
@ - ThU alloys
|- (La, Gd)Al2 alloys

® - (La, Ce)Al2 alloys

versus reduced critical
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TC/TCQ
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FIGURE 14
8 C versus In T. Magnetic field dependence of the magnetic

impurity contribution in (La, Gd)Al2 .
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II. THE CALORIMETERS

A, INTRODUCTION

The heat capacity experiments were made in three calorime-
ters successively built during this research. The basic design is an
unusual variation of the heat pulse technique widely used in adiabatic
calorimetry at low temperatures. The sample is usually isolated
from the heat sink with nylon threads in a vacuum container im-
mersed in the helium bath. This isolation system is efficient in pre-
venting conduction heat leaks to the surroundings. To cool the
sample, a mechanical heat switch is widely used in the He3 and He
temperature ranges. Since this suspension system is very sensitive
to vibrational heating, mechanical actions on the sample are undesir-
able. Consequently, most switches are jaw shaped acting on a metal-

’

lic contact thermally linked to the sample (Fig. 1,a). Alterna-

tively, the sample can be rigidly suspended by some insulating
material. This solution is relatively more insensitive to vibrations
and, because of the rigid suspension, the force needed for efficient
thermal contact can be directly applied to the sample with consequent
advantages in design and handling (Fig. 1,b). In addition, the tem-
perature of the sample can be easily controlled because of the rela-

tively high thermal conductance of the suspension system. Also, the

problems arising from misalignment of the contacts in the switch jaws

12
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can be eliminated, resulting in a minimization of the heat input when
opening the switch.
In the following we describe three semi-adiabatic calorimeters
. . 3 4
which are operated in the He™ and He = temperature ranges. We also

discuss in some detail the limitations of the semi-adiabatic method.

B. TECHNICAL DESCRIPTION

Calorimeter 1

The main features of this calorimeter, built in Bariloche,
include a mechanical heat switch operated by a bellows and a semi-
adiabatic method for thermal isolation of the sample. A diagram of
this calorimeter is shown in Fig. 2. Four nylon screws isolate the
sample and addenda (e) from the sample holder (c). Conduction heat
léaks through the screws are minimized by controlling the tempera-
ture of the sample holder so that it is close to that of the sample.
The sample is cooled by pumping both the He4 (@) and He3 (b) refrig-
erators. Thermal contact to the He3 reservoir is obtained with a
heat switch consisting of a 0. 002" copper foil (g) glued to the sample
with GE 7031 varnish, and pressed against the He3 thermal sink (h).
The force is applied with the bellows (j) which is actuated with liquid
He4 at high pressures. 3 Partial thermal isolation between the bel-
lows at superfluid He4 temperatures and the He3 thermal sink is

obtained with a piece of nylon (i) of high thermal impedance.
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In spite of successful measurements on the AgZn system,

some design changes were deemed necessary for the following

reasons:

a)

b)

c)

We were not able to cool the sample below 0, 7°K due to the
combined effect of the thermal resistance of the contact
and the heat conducted through it and the nylon piece (i).
Having to glue the addenda to the sample for each experi-
ment introduces a certain degree of uncertainty due either
to possible alterations of the resistor calibration or small
changes in the heat capacity of the addenda.

Good alignment of the copper foil in the thermal switch
was difficult to obtain; some experiments failed simply
because the foil touched either (h) or (i) in Fig. 2. Also,
suspension of the samples with screws (f) was impractical

for the new, irregularly shaped samples.

Calorimeter II

A diagram of Calorimeter II is shown in Fig. 3. The sample

(0) is contained in a gold plated copper cylinder about 7 cm3 in vol-

ume.

The lower end of the cylinder is a cap that, when screwed into

place, insures thermal contact between sample and addenda (P). A

0. 002" manganin heater (N) is wound and glued with GE 7031 to the

cylinder.

The germanium thermometer (K) is tightly pressed into a



gold plated copper capsule. Electrical leads are soft soldered to the
heater wires. Heater voltage leads are 0, 002" manganin wire and
current leads are of superconducting lead coated manganin wire. A
rigid 0, 005" walled nylon cylinder is used to suspend the sample in
this semi-adiabatic method. Heat leaks are minimized by controlling
the temperature of the heat sink (dashed area in Fig. 3). A mechani-
cal heat switch is used to cool the sample from 77°K to 0. 35°K. A
bellows (F), activated with He4 pressure up to 3 atmospheres, pushes
down on a nylon rod (G), the lower end of which is the contact (J)
thermally linked to the He3 heat sink. When the bellows is evacuated,
the copper-beryllium spring (L) opens the switch. During calibration
runs the switch is also'used to provide thermal contact between the
germanium thermometer and the magnetic thermometer. A He4 heat
exchanger is used to cool the calorimeter from 77°K to 4°K. > He4
gas precooled in the main bath is circulated through copper tubing
softsoldered to the heat sink (B), When the system is at 4°K, the
tubing is evacuated and further cooling is obtained by circulating the
He3 through the refrigerator, precooled in the He4 evaporator,
Finally, 0.35°K is reached by pumping the condensed He3. The 77°K
to 4°K cooling time is less than three hours, while from 4°K the low-
est temperature is reached in less than 30 minutes.

This calorimeter. continues to work quite satisfactorily in
Bariloche and its basic design was modified only slightly during con-

struction of a third calorimeter in La Jolla.

75
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Calorimeter III

In this case we wanted to make a single compact plug-in unit
to be used in a conventional multipurpose dewar with pumping sys-
tems for He3 and He4. The suspension of the sample is essentially
the same as previously described, except for the addenda whose heat
capacity was minimized.

A simple He3 heat exchanger combined with an air pressure
operated heat switch allows a sample to be cooled from 77°K to
0.5°K in 1.5 hours. A controlled flux of He3 gas is continuously
circulated through the pumping system, the condenser (h) (see Fig. 4),
the 1/64 1.D. copper-nickel capillary tube (j) and the He3 refrigeré.-
tor (1). When the sample (r) has been cooled down to 4°K the bath is
pumped until the He3 is condensed. The lowest temperature is
reached by closing a valve at the gas inlet. The heat exchanger can
also be operated with He4 down to 1.5°K.

The upper end of the gold-plated copper contact (o) is im-
mersed in the He3 reservoir (1) which is an extendable bellows. When
air is applied to the upper bellows (b), small longitudinal displace-
ments are transmitted by the 5/32" stainless steel tube to the thermal
contact (o) and the sample is then connected to the thermal sink. A
0.5 cm3 copper bulb, hard soldered to the He3 copper plate, is used
either with He3 or He4 to calibrate the carbon and germanium re-

sistors.,



C. SEMI-ADIABATIC CALORIMETRY

The successful operation of a semi-adiabatic calorimeter re-
quires that the temperature drift of the sample after the heating pulse
"I‘s be small. We discuss this condition later, but if it holds, it is
possible to extrapolate the temperature drift to the midpoint of the
heating interval and then make an accurate determination of the tem-

perature jump (see Fig. 5). Ts may be calculated to a good approxi-

mation by the expression
(1)

where Q is the heat flux through the nylon cylinder (Fig. 1,b) and C
is the effective heat capacity of the sample and its support, If Cs
and Cny are the heat capacities of the sample and nylon support,
respectively, then C = CS Cny/(Cs + Cny) as deduced from direct

analogy to an electrical circuit. Q. is calculated from
AT (2)

where AT is the temperature jump of the sample (initially in thermal
equilibrium with the heat sink) and R 1is the thermal resistance of the
nylon cylinder. The resistance of the metallic sample, being much
smaller, is neglected. Combining (1) and (2), the following expres-

sion is obtained

7
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v, equal to RC, is a thermal time constant which is strongly dependent
on temperature and can be evaluated from the thermal conductivity and

specific heat data for nylon, and from the heat capacity of the
sample. For one mole of copper, our calculated time constant changes
from 50 sec at 0.5°K to 2000 sec at 5°K. In units of the temperature
jump, the expected temperature drifts are 8% /min and 3%/min,
respectively., The measured drifts agree within 10% at high tempera-
tures, while they are three times lower than expected at 1°K, suggest-
ing that the thermal contact resistance of nylon-copper is very large,

and of the order of 30°K/y watt. The fact that the drifts are so small

insures the good quality of the specific heat measurements (Fig. 5).

D. MECHANICAL HEAT SWITCHES
The heat switches are a critical point in low temperature

calorimetry. The sample needs to be cooled down in a reasonable
amount of time to the lowest temperature and then must be isolated
from the cooling bath in order to make the measurements. In the
early heat capacity experiments, helium exchange gas was used to
cool the sample followed by extensive pumping to isolate it from the
bath, Somewhat later it was realized that this technique introduced

serious errors in the determination of small heat capacities due to the
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heat of adsorption of the exchange gas. Nowadays mechanical heat
switches are mostly used at He3 and He4 temperatures., The more
efficient the switch is, the faster the cooling, A few parameters can
be used to characterize the switches for comparison purposes. The
heat conductance of the contacts is important and also the heating gen-
erated in opening the switch at the lowest temperature. Typically,
loads as big as 1.5 kgm were applied directly onto the sample to make
the thermal contact as described in section 1I. B, However, up to

3.5 kgm loads were supported without damage to the nylon cylinder.

Different heat inputs were observed when opening the switches
at the lowest temperature. A maximum of 90 ergs was delivered to
the sample when the second switch (Fig. 3) was closed at nitrogen
temperatures, but if first operated at 4°K, 8 this quantity was reduced
to about 30 ergs. The third switch (Fig. 4) introduced heat inputs as
low as 7 ergs. These data were taken without attempting to optimize
the performance of the heat switches.

The choice of the contacts plays an important role in the per-
formance of the switc:h8 and some data is available on the thermal
conductance of different contacts, The switch used in calorimeter II
has brass-gold plated copper contacts while that used in calorimeter
III has gold-gold contacts. The thermal conductance x of the switches

%k
was calculated from the expression

*
The thermal conductance of the support, being much smaller (Fig. 6),
has been neglected,
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A heat flux Q was delivered through the contact by the heater located
on the sample. When the steady state was reached, the temperature
difference between sample and bath AT, was measured with a
Cryocal germanium resistor on the sample and a precalibrated Speer
carbon resistor located in the heat sink (Figs. 3,4). The temperature
was controlled by the regulator on the radiation shield. When the
thermal conductance of a contact was too small to be measured in the
above way, a dynamical method was employed. A heat pulse was de-
livered to the sample and the subsequent drift 'i‘s was recorded. The
thermal conductance was again determined from relation (4) but AT
was assumed to be the temperature jump in the sample (since the
temperature of the heat sink should not change under small heat in-

puts) and Q, the heat flux, was calculated using

Q=CTS (5)

where C is the known heat capacity of the sample and 'i‘s is the
initial drift after the heat pulse. As the thermal conductance has a
strong dependence on the force applied to the contacts, the results
shown in Fig. 6 were normalized to a 1 kgm load. The force was
estimated from the pressure applied to the driving bellows, The re-
sults for our Au-Au contacts are seen to be fairly similar to those

previously reported by Hill and Pickett8 for their switch, also with
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Au-Au contacts, Their estimated force however, is several kgm, and
the coincidence seems rather fortuitous since the value at 4°K in-

creases more than 10% when the force is only 2 kgm, The reader may
note that the thermal conductance for the brass-gold contact is between

5 and 10 times smaller for similar applied forces.

E, MEASURING SPECIFIC HEATS

The heat capacity experime-nts were performed with the heat
pulse technique. The temperature jump in the thermally isolated
sample was determined after the heat pulse was introduced. If the
mass of the sample is known, its heat capacity is calculated from the

expression

c, = m ! (aQ/AT) (6)

The joule heat input AQ 1is in turn given by

AQ = (IZR) At

where R is the resistance of the manganin heater, measured to better
than one part in one thousand and chosen to be about 100{2, I is the
heating current determined by measuring the potential drop across a
1000 ) standard resistor with a digital voltmeter and At is the heat-
ing interval measured with a digital clock simultaneously triggered
with the heating current by a double microswitch, for which simul-

taneity had been tested to be better than 1 millisec. The temperature
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jump varied from 40 to 100 m°K depending on the temperature. The
minimum heating rates changed from 4 erg/sec to 300 erg/sec in the
range of measurement. These rates were used when measuring the

heat capacity of the addenda, as small as 80 uj/°K at 0.5°K.

The most delicate problem in this type of measurement is the
thermometry, To make the temperature measurements, a 33 cps
Wheatstone bridge was balanced at the desired initial value of the
thermometer resistance; after heating the bridge was balanced again
(Fig. 5). The temperature drift of the sample introduces small cor-
rections 38R to the equilibrium value R, which are calculated from

the relation
8R = a(R) 8V

wfxere 8V is the change in the output voltage which corresponds to
small changes in the equilibrium resistance. The parameter a(R) is
determined for each value of the equilibrium resistance for known un-
balances, The temperature jump is related to the total change in
resistance AR in each specific heat point through the expression (see
Fig. 5).

- _ oT
AT = T(Rf) - T(Ri) = 3R AR (7)

The function T(R) has to be determined empirically by cali-
brating the resistance against the standard thermometers available in

different ranges of temperature. We describe below the techniques
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and procedures used during the calibration experiments,

Calorimeter 1

This calorimeter was used in the liquid He4 range from 1.4°K
to 4, 2°K, 4 For a thermometer an Allen Bradley 15Q, 1/10 watt car-
bon resistor was calibrated against the vapor pressure of He4 with
temperatures determined from the He4 1958 Temperature Scale,

The resistor was calibrated after each specific heat experiment, He4
exchange gas was admitted into the vacuum jacket; then the

main bath was progressively pumped down to 1.4°K. About 25 cali-
bration points were taken at intermediate temperatures, the pressure
of the bath being stabilized by controlling the pumping speed with a
modified Walker regulator, 10 The vapor pressure, measured with
mercury and oil manometers was that in the He4 evaporator (Fig., 1)
located close tothe sample, which, used in this way acts as a bulb to
avoid hydrostatic corrections. A leé.st squares analysis of the data
was made with the interpolation formula

+3

_— a (In R)’ (8)
_3 .

1
T
The maximum relative deviation from the calculated values was
-3 ] ) .
2% 10 (Fig. 7(a)). The limits in the sum above were changed to

obtain different expressions, the best fitting being obtained with this

formula,
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A 0. 8 mole copper sample was measured to check the calorime-
ter. The copper was supplied by the American Smelting and Refining
Co. (ASARCO) and measured "as received.' About 80 experimental

points were fitted to the usual formula
3
C,=yT +8T . (9)

The values of y and B as deduced from the least squares analysis

are shown in Table I. The measured Debye temperature agrees well
11

with the value accepted as standard = while the coefficient of the linear

term is about 5% larger,

Calorimeter II

The Allen Bradley 15Q carbon resistor was found to be a satis-
factory choice when working in the He4 range; however its resistance
is too high at low temperatures (approaching 400 kQ at 0.3°K, see
Fig. 8), so a less sensitive resistor was chosen to work between
0.35°K and 4. 0°K. A Speer 470Q, 1/2 watt, Grade 1002 carbon re-
sistor was calibrated in the He4 range as previously described. Below
1, 4°K, a Cerium Magnesium Nitrate (CMN) thermometer was used as
the standard, The paramagnetic susceptibility of the CMN, which is
known to obey a Curie law down to 0. 006 °K, 12 was measured as the
change in the mutual inductance of a compensated set of coils immersed
in the He4 bath, 13 This change in mutual inductance AM was related

to the temperature T, through the expression
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19.07 £ 0,
AM = 19:07 - 007 | hyek (10}

as deduced from the least squares analysis of the data between 1.4°K
and 2.5°K, AM was measured with a 17 cps inductance bridge
with a sensitivity of 4 x 10-4 at 1,0°K, and T determined from a pre-
calibrated germanium resistor, Expression (10) was then extrapo-
lated below 1. 4°K and the resistor was in turn calibrated against the
CMN.

A very simple interpolation function can be used with the Speer

470 carbon resistor

(In R - B)S

The constants in the expression above can be calculated from the ex-
perimental data with a desk calculator. The calibration points were
fitted with a maximum relative deviation of 2 x 10—3 (Fig. 7(b)). The
same copper sample was measured to test this calorimeter. In order
to remove possible anomalies due to trapped gases, 16 the sample was
annealed at 840°C for 100 hrs in a vacuum of 107> torr. About 50
specific heat points were taken between 0,4°K and 4. 0°K and fitted to
formula (9). The resulting values for the coefficients are presented
in Table I,

After these preliminary experiments were made, new german-

ium resistors of higher reproducibility and sensitivity 7 became
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18 . .
available in our laboratory. A Cryocal 250Q germanium resistor
was used in most of the experiments presented here. The same pro-

. . . . 4 3

cedure was used to calibrate this resistor in the He and He ranges.
A precalibrated Cryocal 1000Q resistor was used as a standard above
4,0°K., The two resistors were mounted on the addenda (Fig. 3) and
the manganin wires were thermally linked to the same point. It was
found that differential heat conduction through the resistor wires can
affect the thermal equilibrium of the sensing element of the resistor

. . 19
due to the finite thermal conductance to the surroundings, Two

different expressions were used to fit the data

n
) .
T = 20: a_ (In R)' (12)
n
and InT = z a (InR)’ (13)

0

A least squares analysis of the data made for n increasing from 5
to 12 showed that the same rms deviation can be obtained with one co-
efficient less when formula (13) is adopted. About 63 calibration points
were fitted to this expression with a maximum relative deviation of
2 x 10-3 (Fig. 7(c)). Only seven coefficients were needed in spite of
the wide range in resistance values (Fig. 8).

The comparison of the fitting of the calibration data for these

first three resistors (Fig. 7(a), (b), (c)) shows that maximum deviations
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occur in the vicinity of the lambda point, After attempting several
experimental procedures in order to optimize the thermal equilibrium
between the sample and the He4 evaporator where the vapor pressure
readings were made, it was concluded that a different experimental
arrangement was necessary to improve the equilibrium above 2. 17°K.
Also small systematic deviations can be observed when the magnetic
and the vapor pressure scales are superimposed; they are due to the
relatively larger uncertainty in measuring the magnetic temperatures,
These deviations were finally removed by extending the calibration of
the CMN to lower temperatures where the magnetic thermometer is

more sensitive,

Calorimeter III

Most of the thermometry in this calorimeter was based on the
vapor pressures of liquid He4 or He3 within a 0.5 cm3 bulb hard sold-
ered to a copper plate inside the vacuum jacket (Fig. 4). During
calibration runs the thermometers, Speer 470 carbon and Cryocal
25000 germanium resistors, were mounted on the copper plate,
Charges of He4 or He3, depending on the temperature range, were
condensed into the bulb, Between 2.0°K and 4.2°K, it was He4; from
2.0°K, down to0, 7°K, it was He3. Vapor pressure readings were
made with mercury and oil manometers and the corresponding tem-
peratures were determined from the He4 1958 and He3 1962 Tempera-

9,20

ture Scales, Below 1,4°K, the plate was, of course, thermally
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isolated from the He4 bath by a vacuum, but above 1, 4°K, exchange
gas was admitted into the jacket and the bath was allowed to warm very
slowly, Temperature equilibrium was established to better than.

1 m°K/min by a cartesian ma.nos'ca’c21 when actually making vapor
pressure readings., Between 0.7°K and 0.5 °K the temperatures were
determined by extrapolating the calibration function of the Speer 470Q
resistor 2 previously determined in the He3 range. For the new
Cryocal 250Q resistor about 55 calibration points were fitted to ex-
pression (13) between 0.5°K and 4. 2°K. Again the number of coeffi-
cients was seven but the fitting improved by a factor of two compared
with the previous data (Fig. 7(d)). It is important to notice that the

deviations characteristic of the lambda point have almost disappeared.

F; CONCLUSIONS

An unusual derivative of the heat pulse technique has been
developed and used to measure the small low temperature heat capaci-
ties of metallic samples. From a study of the performance of the
calorimeters built for the research presented in this thesis, the fol-
lowing conclusions can be made.

The use of He3 and He4 heat exchangers provided a reliable
method for fast cooling of the calorimeter itself which has the equiva-
lent heat capacity of several moles of pure copper (Figs. 2, 3, 4).
They also completely avoid the use of exchange gas below liquid nitro -

gen temperatures,
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Three different heat switches of increasing reliability and per-
formance were tested, The switch in calorimeter III, with its high
thermal conductance Au-Au contacts, is capable of rapidly cooling the
sample yet gives a very small heat input when opened even at the low-
est temperatures.

The semi-adiabatic method for thermal isolation of the sample
with a rigid nylon support was found to be very practical for measur-
ing samples of small heat capacities which are very sensitive to
vibrational heating in adiabatic containers, This method is relatively
insensitive to vibrations since the heating rate of the sample can be
made either negative or positive by controlling the temperature of the
sink to which the sample is weakly connected. Using the same proce-
dure, the temperature of the sample can be set to previously estab-
lished values, which is particularly useful in making determinations of
the specific heat in the vicinity of superconducting transition tempera-
tures. The successful operation of this method is due to the relatively
large time constant of the associated thermal circuit, which at low
temperatures is determined mainly by the large thermal resistance
between nylon and copper.

The combination of the three factors mentioned above leads to
an effective reduction in the size of the calorimeter. A final improve-
ment can be made by incorporating a continuously operating He4 evap-

23 .
orator, This could be done easily in Calorimeter III,



During the search for reliable thermometry several resistors
were tested as secondary thermometers. An Allen Bradley 15Q,

1/10 watt, carbon resistor proved to be a sensitive thermometer be-
tween 1.4°K and 4. 2°K, but its high resistance at low temperatures
made it unuseable below 1°K. A Speer 470Q, 1/2 watt, Grade 1002
carbon resistor was found to be an appropriate choice when working
from 4.2°K to 0.4°K due to the applicability of its simple interpolation
function suitable for use with desk calculators, However, its sensi-
tivity is relatively low, Finally, the more sensitive and more repro-
ducible germanium resistors were used in calorimeters Il and 111, A
Cryocal 250 resistor was used mostly in the experiments presented
here.

Considerable problems were found when calibrating the resist-
ors in calorimeters I and II due to the difficulty in obtaining a good
equilibrium between the thermometer and the He4 evaporator where
the vapor pressure was measured. Temperature gradients were
randomly observed above the lambda point due to oscillations in the
evaporator when used as a static container for the vapor pressure
measurements, These oscillations were only observed when using a
high sensitivity Texas Instrument manometer. Nearly ideal equilib-
rium conditions were eventually achieved with Calorimeter III in which
the helium bulb was placéd in the same copper plate as the resistors.

This greatly improved the calibration, and smooth fitting of the data

90
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was achieved with a relatively small number of coefficients in the inter-
pelation function,

Finally, the use of an a, c, Wheatstone bridge followed by a
recorder proved to be a sensitive and suitable method for the measure-
ment of the thermometer resistance. The nonlinearity effects charac-
teristic of the Wheatstone bridge were avoided by balancing the bridge
before and after the heat pulse, thereby recording the temperature

drifts in the linear region of the bridge.



TABLE I

Specific Heat Data from Calibration Experiments

Y 8
Calorimeter Sample mj /mole°K2 °K
0. 80 mole
I "As received" 0.74 + 0.02 343.5+ 3,0
from ASARCO
0. 80 mole
I High vacuum 0.697 + 0,003 340 + 2
annealed
5 moles
Reference 0. 694 345, 4

sa,mple1 1
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(a)
1)
2)
3)
4)

5)

FIGURE 1
Adiabatic sample suspension
Vacuum jacket
Thermal link for the contact
Sample
Mechanical heat switch

Nylon threads

Semi-adiabatic sample suspension
Vacuum jacket

Thermal link for the contact
Sample

Driving rod for the contact

Rigid nylon support
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b)
c)

d)

f)
g)
h)
i)
j)
k)

1)

FIGURE 2

Calorimeter 1

He4 refrigerator

He3 refrigerator

Temperature controlled shield
Carbon resistance thermometers
Sample

Nylon screws for sample thermal isolation
Copper foil for thermal contact
Thermal sink

Nylon rod

Bellows activated by He4 pressure
Rigid nylon cell

Thermal and mechanical link for the bellows
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A)
B)
C)
D)
E)
F)
G)
H)
I)
J)
K)
L)
M)
N)
O)
P)

Q)

FIGURE 3

Calorimeter 11

He4 refrigerator

4
He heat exchanger

4. . .
He high pressure line

3 -
He refrigerator
Thermal and mechanical link for the bellows
Heat switch bellows
Heat switch nylon driving rod
Copper cylindrical guide for G
Thin walled nylon thermal insulator
Thermal contact
Germanium thermometer
Copper-berillium spring
Shield heater
Sample heater
Sample
Gold plated copper addenda

CMN thermometer



98

777

00

/

/4

/I




99

a)

b)

c)
d)
e)
f)
g)
h)
i)
j)
k)
1)
m)
n)
o)
p)
q)

r)

FIGURE 4

Calorimeter III

High pressure air line
Heat switch bellows
Heat switch bellows
3 .
He™ pumping outlet
3 .
He return line
Manometers line
4
Upper flange for the He dewar
Thermal contact driving tube
3
He condenser
Vacuum jacket
Copper nickel capillary tube 1/64" 1. D.
Helium bulb for vapor pressure measurements
3 .
He refrigerator
Temperature controlled shield
Nylon insulator cylinder 0, 005' wall
Gold plated copper thermal contact
Germanium thermometer
Heater and gold plated copper addenda

Sample
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FIGURE 5
Typical heat capacity determination (the bridge was balanced

before and after the heating interval).
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FIGURE 6
Thermal conductance of several heat switches at low temperatures.
Solid circles - results for Au-Au contacts (this work);
continuous line - brass-gold contacts (this work);
dashed-dotted line - Au-Au contacts (Ref, 8);
dotted line - nylon sample support (calculated with data from

Refs, 6 and 7).
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FIGURE 7

Deviations from the least squares fitting for the calibration data,

obtained for different carbon and germanium resistance thermome-

ters,

a) Allen Bradley 15Q, 1/10 watt carbon resistance thermometer.
Calibrated between 1, 4 and 4. 2°K against the vapor pressure
of He4.

b) Speer 470Q, 1/2 watt c;rbon resistance thermometer , Grade
1002, Calibrated between 0,4 and 4.2°K against a CMN ther-
mometer and He4 vapor pressure,

c) Cryocal 2500 germanium resistance thermometer, Calibrated
the same way as b).

d) Cryocal 250 germanium resistance thermometer, Calibrated
between 0.5 and 4.2°K with a helium bulb against He3 and He4

vapor pressures,
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FIGURE 8

Resistance vs. temperature behavior of the thermometers used

in the calorimeters.
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