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RESUMEN

*
Se ha m edido el ca lo r  e sp e c i f ic o  en los estados norm al y 

superconductor de los sistem as ThU, (La, Gd)Al^ y (La, Ce)Al^, 

donde U, Gd y Ce son im purezas representativas de d iferentes casos  

de m agnetism o. A  partir  de los resultados de los experim entos se

ha estab lecido  la ex istencia  de una re la c ión  d irecta  entre la d iscon -
* /

tinuidad del ca lo r  e sp e c if ico  AC a la tem perature c r i t ica  T^ y la

curva de T^ versus  concentración  n de im purezas para los  d iferentes

com portam ientos m agnéticos  de los s is tem as m encionados.

En el s istem a ThU, AC(T^) depende linealmente de T^ de

acuerdo a la ley  de estados correspon dien tes  de Bardeen, C ooper  y

S ch rie ffer  (BCS); A C /A C  = T / T  ; donde AC y T son AC yo c co  o co

T^ para la m atriz  de Th. Esta dependencia corresp on d e  con  el 

com portam iento exponencial de la curva de T^ vs . n, que 

ca ra cte r iza  a los s istem as débilm ente m agn éticos .

En (La, Gd)Al^ , los resultados experim entales indican que 

AC (T^) y T^ están relacionadas por la dependencia funcional p r e -
A

dicha por la teoria  de A b r ik o so v -G o r 'k o v  (AG) para im purezas

m agnéticas , en estrecha  v inculación  con  las m edic iones  de T vs . n -------------------  c



que también han indicado un buen acuerdo con los resp ect ivos  cá lcu los  

dentro del m a rco  postulado por AG.

En (La, Ce)Al se observa  que AC (T ) se desvia  fuertem enteu C

de las p red icc ion es  teór ica s  de BCS y AG, lo que corresp on d e  con las

rec ien tes  determ inaciones de la curva  de T vs. n que presentac

pecu liares  d esv iac ion es  de la teor ia  de AG debido al e fecto  Kondo.

El ca lo r  e s p e c i f ic o  en el estado norm al de los  tres  sistem as 

aumenta v is ib lem ente, aún con  pequeñas fra cc io n e s  de im purezas.

A fEn ThU, la variación del coeficiente Y del calor especifico

* 2e le c trón ico  puede e x p resa rse  com o  d y /dn  = 2. 7 m j /m o le ° K  at. %

U para bajas concentraciones  de U.

En (La, C e)A l la contribución  m agnética  de las im purezas aM

ia capacidad ca lo r i f i ca  en el estado norm al c r e c e  com o  (-In T) entre

0 .5  y 2. 5 °K e indica la p resen c ia  de un m áxim o que debería  o c u r r ir  

a tem peraturas del orden de 0. 1 °K que es la tem peratura de Kondo 

de este sistem a. Esta anomalia no es v is ib lem en te  afectada por 

cam pos m agnéticos m en ores  que ~  1. 7 kgauss; en contraste , la 

capacidad ca lo r í f i ca  de las a leaciones de (La, GdJAl^, depende fu erte ­

mente del cam po externo aplicado sobre  la m uestra . P ara  cam pos 

pequeños varía  com o  (-In T) entre 0 .5  y ~  3°K.

E l ca lo r  e sp e c i f ico  e le c trón ico  es también extrem adam ente 

sensib le  a pequeñas concentraciones  de Ce y Gd; Ay = 0. 37 jo u l e /



2 *m ole  Gd°K para (La, CeJAl^ y (La, GdJAl^ respectivam ente . ■ También

en estos  dos s istem as los e fectos  de im purezas son v is ib les  en el 

ca lo r  e s p e c i f ic o  del estado superconductor hasta tem peraturas mucho

m enores  que T .c
*

Los experim entos se h ic ie ron  en ca lo r im e tro s  sem i-  

adiabáticos de sim ple diseño. Se presentan y d escr ib en  brevem ente  

sus principales  ca ra c te r ís t ica s .
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ABSTRA C T

The heat capacities  o f  ThU, (L a , Gd)Al^ and (La, CeJAl^ a lloys 

w ere  m easured  in the superconducting and norm al states.

A  phenom enological corresp on d en ce  is established between the 

behavior o f  the sp ec if ic  heat jum p AC at the superconducting c r i t ic a l  

tem perature Tc and the p rev iou s ly  known, detailed dependence o f 

T on im purity  concentration n for  the aforem entioned  m agnetically  

distinct m a tr ix -im p u rity  system s. F or  the ThU sy stem  the reduced 

sp ec if ic  heat jum p A C /A C ^  is related to the reduced c r i t ic a l  tem ­

perature T / T  (AC and T are  AC and T o f  the m atrix) by r  c CO O CO c

the BCS law of correspon din g  states A C /A C  = T / T  . This c o r -r  & o c CO

relates with the nearly  exponential T^ vs .  n curve  which is c h a r a c ­

ter ist ic  o f  such weakly m agnetic system s. F or  the (La, Gd)Al^ system  

the A b r ik o so v -G o r 'k o v  (AG) exp ress ion  for  the reduced  sp ec if ic  heat 

jump as a function o f  the reduced  c r i t ic a l  tem perature is follow ed 

v ery  c lo s e ly ,  in agreem ent with the AG behavior o f  the T^ vs . n 

curve . F or  the superconducting-K ondo system  (La, Ce)Al^ there is 

a v e ry  strong d epression  o f  the sp ec if ic  heat jump with d ecreasin g  

Tc , much faster  than predicted  by e ither AG o r  BCS. This is

xv



related to the recently  reported  re-entrant vs . n curve, a s tr ik ­

ing deviation f r o m  AG behavior.

The norm al state sp ec if ic  heat o f  all three system s is strongly  

a ffected  by the im purities. A  v e ry  large enhancement o f  the e l e c ­

tronic sp ec if ic  heat coe ff ic ien t  y is ob served  fo r  the ThU system
2

with dy /dn  = 2. 7 m j /m o le ° K  at. % U at low  U concentrations. In the 

(La, C e)Al a lloys , a Kondo effect  o ccu rs  in the im purity contributionC4

to the sp ec if ic  heat which v a r ies  as (-In T) between 0. 5 and ~  2. 5 °K 

and presum ably  exhibits a peak near the Kondo tem perature 

T ~  0. 1 °K. This exchange scattering anom aly is not v is ib ly  

affected by an externally  applied m agnetic f ie ld  below  ~  1. 7 kgauss.

In contrast to the (La, C e)A l system , the (La, Gd)Al heat capacity  

shows an upturn at low  tem peratures which is strongly  dependent 

upon external m agnetic field . In low fie lds , it v a r ies  as (-In T) 

between 0 .5  and ~  3°K. Surprisingly , both the (La, Ce)Al^ and

(La, Gd)Al^ system s show a v e ry  strong enhancement o f  y with

2 2 A y  = 0 .3 7  jo u le /m o le  Ce °K and A y  = 0. 5 7 jo u le /m o le  Gd°K

resp ective ly . Large  im purity  effects  are  a lso  ob serv ed  fo r  both

system s in the superconducting state down to tem peratures far

below  T . c
3

The experim ents w ere  made in He sem i-a d iab atic  c a lo r im e ­

ters o f  varying sim ple  design. Their  main features are  presented  

and d iscu ssed  in som e detail.

xv i



I. SPECIFIC HEATS OF SUPERCONDUCTORS WITH 
MAGNETIC IMPURITIES

A. INTRODUCTION

This thesis reports  a study of the e ffect  of d ifferent magnetic 

im purities on the superconducting and norm al state heat capacities  of 

certa in  nonmagnetic m eta ls . E xperim ents and theories  have shown 

that the superconducting ground state is m odified  by the interactions 

that determ ine the m agnetic behavior o f im purities in m eta ls . We 

have chosen  three m a tr ix -im p u rity  system s in which previous e x p e r i ­

ments on n orm al and superconducting properties  have suggested that 

d ifferent scattering p r o c e s s e s  are responsib le  fo r  the m agnetic b e ­

havior of the im purities. The nearly  nonmagnetic spin fluctuation 

lim it is exem plified  by the ThU system-, the m agnetic lim it with p o s i ­

tive conduction e lec tron -im p u r ity  spin exchange coupling by the 

(La. Gd)Al^ system ; and the m agnetic lim it  with negative exchange 

coupling (and in turn the Kondo e ffect )  by the (La, C e)Al system .

The aim  of this w ork  is to show that these various m agnetic behav­

io rs  are a lso  d ifferentiable  ca lo r im e tr ica l ly .  We give below a b r ie f  

d escr ip t ion  of som e aspects  o f  m agnetism  in dilute a lloys , in p articu ­

lar in relation to superconductivity , which fo rm s  a background for  

understanding the m otivation and interpretation of the sp ec if ic  heat 

experim ents  d iscu ssed  in this thesis .

1



2

The f i r s t  su ccess fu l  theoretica l approaches to the prob lem  of

dilute a lloys w ere  made by F riedel*  and somewhat later by 

2Anderson. The m ain achievem ent of their early  w ork  was the in tro ­

duction of the concept of a virtual bound state and the establishm ent 

of a c r ite r io n  fo r  when a impurity is expected  to ca r ry  a magnetic 

m om ent in a m eta ll ic  host. In term s of the F r ied e l-A n d erson  m odel, 

the m agnetic behavior o f  a single im purity in a m eta llic  host is d e ­

term ined by two com peting m ech an ism s: The in tra -a tom ic  Coulom b 

repulsion  U between e lectron s  with opposite spin d ire c t ion  in the 

outerm ost partially  f illed  lo ca lized  e le c tron  shell, and the m ixing

interaction  V , between the free  e le ctron  states (denoted by s) and si

the loca lized  orbita l (denoted by 1). The width of the virtual bound
2

state lo ca lized  at the im purity site is given by A = tt ( V ) N(E ),
S X X

where N(E ) is the host density of states at the F e r m i level. Due to JT

the Coulom b splitting of the spin-up and spin-dow n states, a m agnetic 

m om ent of 1 ( i g  (for a singly occupied , nondegenerate orbital state) 

is lo ca lized  at the im purity when one of these states l ies  below the 

F e rm i leve l. The Coulom b splitting is s e l f -con s is ten t ly  weakened by 

broadening o f  the virtual bound state due to the m ixing interaction  

V_, . F or  la rge  hybrid ization  (la rg e  A )  the m agnetic state co llap ses
S J-

into a nonmagnetic ground state with the spin-up and spin -dow n lo ca l  

states degenerate in energy. The m odel pred icts  a sharp boundary 

between m agnetism  (rrA /U  < 1) and nonm agnetism  (u A /U  > 1),



known as the H a rtre e -F o ck  (hereafter HF) instability.

H owever, it was soon rea lized  that the F r ie d e l-A n d e rso n  

m odel overestim ates  the tendency towards m agnetism  and that a much 

m ore  sm ooth transition  o ccu rs  between the two reg im es . Further 

extensions of the m odel have introduced the concept o f  " lo ca lized  spin 

fluctuations" (hereafter LSF) as an attempt to d e s c r ib e  this smooth 

m agnetic -nonm agnetic  transition in term s of a ch a ra cte r is t ic  f r e ­

quency of a tim e dependent loca l m agnetization . As ca lculated  by

3R iv ier  and Zuckerm an 

. 1

T Sf TtNjIEj,! ( )

w here N 1 (E ) is the density of lo ca lized  states at the F e rm i leve l.1 F
*

This quantity b e com es  unphysical at the HF instability U N1 (E ) = 1,1 X

but now the static, z e ro  tem perature F r ie d e l -A n d e rso n  picture of the 

m agnetic m om ent has been transform ed  into a dynam ical m odel in 

which the im purity approaches the m agnetic reg im e  as the loca l 

m agnetization is longer lived. The LSF picture has provided a useful 

way of interpreting the physica l p roperties  of dilute a lloys in the non­

magnetic HF lim it (UN^E^J < 1), and we shall com e back to this later 

when d iscussing  the ThU system .

Beyond the HF d ivergen ce  (in the m agnetic lim it), another 

m odel is useful in d escr ib in g  our m agnetic system s. In this m odel,
❖

No predictions beyond the HF instability are  available f r o m  the LSF 
m odel.



4

a loca lized  spin S is assum ed to ex ist  at the im purity site, coupled 

to the e le ctron  spin density s at the im purity site via the Hamiltonian

H = - 2 J . s • S (2)si *->

where J is the exchange interaction  param eter . Using this in ter- si

action fo r  the case  of an antiferrom agnetic  coupling param eter
4

(J < 0) Kondo was able to explain the res is t iv ity  m inim um  phe- sl

nom enon which had been observed  in many dilute a lloys  of transition 

m etal im purities in noble m etal hosts. His ca lcu lation  of the s ca t te r ­

ing c r o s s  sect ion  in the second Born approxim ation  fo r  J < 0 shows 

a logarithm ic  d ivergen ce  which appears in the m agnetic contribution 

A p  to the res is t iv ity ;  i . e .  ,

A  p = n p [1 + 4 J N(E ) In (T /T  )] (3)m  sl F F

Here n is the m agnetic im purity concentration  and p ^  is the spin

dependent part of the res is t iv ity  in the f i r s t  Born approxim ation .

E xp ress ion  (3) is only valid  for  tem peratures T > T , where

T ~  T exp [ 1 /J  , N (E _) 1 ; is known as the Kondo tem -K F sl F K

perature and T^, is the F e rm i tem perature . Further extensions of 

the theory  to low tem peratures have rem oved  the d ivergen ce  at ,
5

and som e have suggested the ex istence  of a "sp in  com pensated state"

below  T t  ̂ of nonmagnetic nature, and m anifested, for  exam ple, as a -K --------------------- -

saturation o f  A p  fo r  T «  T . H owever, the th eoretica l situation 

is not com plete ly  c le a r  in the nonmagnetic lim it.  ̂ Recent



experim ents on the heat capacity  of CuCr alloys (T = 2. 11°K) have 

shown that the m ost  recent extension o f the s-1 m odel to low tem p era ­

tures seem s to give the c o r r e c t  answ er down to T ~  0. 1 T , but 

there are departures which b ecom e  m ore  significant as the tem p era ­

ture is d ecrea sed  below  this value.

We have rem arked  that the LSF and s-1 p ictures of the single 

im purity p rob lem  have com plem entary  regions in which they are in ­

valid. One is confronted with the follow ing question: Is the LSF 

picture the low tem perature lim it of the s-1 m odel and co n v e rs e ly ?  

This fundamental question is not answered yet, but there is som e
g

theoretica l evidence fo r  the equivalence o f  both m odels  and som e

9experim ents w here it has been shown that by changing p ressu re  or  

alloying, it is p oss ib le  to go sm oothly f r o m  the m agnetic to the 

nonmagnetic reg im e . T h ere fo re , to ch a ra cte r ize  the m agnetic b e ­

havior of dilute a lloys we shall use a phenom enologica l param eter 

T . F or  those system s w here the Kondo p icture is a good d e s c r ip ­

tion, we w ill regard  T as T_. ; if not, we w ill  relate T to the LSF ’ o K o

m odel in the nonmagnetic lim it .

In going f r o m  high tem peratures  through T^ , the entropy per 

im purity atom  is expected  to be reduced by the d egen era cy  entropy

A S = k In (2 S + 1) (4)
Jd

i f  the im purity is nonmagnetic at low tem perature . As a d ire c t



consequence, the heat capacity  per im purity atom  is expected  to go

through a m axim um  at tem peratures o f  the o rd er  o f and the area

below such a m axim um  should be a m easure  o f  AS as ex p ressed  by

7
Eq. (4). This phenomenon has already been ob served  in CuCr a lloys. 

Recent experim ents on the (L¡a.,Ce)Al^ system  have revealed  a 

m inim um  in the res istiv ity  with A p  linear in In T and a low tem ­

perature departure fr o m  a C u r ie -W e iss  law which have suggested that 

this system  is m agnetic at low tem peratures  with J < 0. We th ere ­

fo re  made heat capacity m easurem ents to search  fo r  the exchange 

scattering anom aly in the norm al state. H owever, the observation  of 

this truly single im purity e f fe ct  is fa ir ly  d iff icu lt  due to the extended 

range of the anomaly and the p rob lem s involved in the separation  of 

the impurity contribution f r o m  the total heat capacity . High im purity 

concentrations which would make the e f fe ct  m o re  v isib le  are u n d es ir ­

able, s ince, if the average distance between im purity atoms d e c r e a s e s ,  

new contributions due to the co rre la t ion s  between im purities b ecom e  

m ore  important. We con s id er  b r ie f ly  the or ig in  of interactions b e ­

tween im purities in o rd er  to em phasize  d if fe ren ces  in the contributions 

to the heat capacity  due to co rre la t ion  e ffects  as contrasted  to the 

"tru e "  one im purity effect .
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E ffe c ts Due to Interactions between Im purities

The onset of m agnetic ord er  can be v isualized  if we note that

each im purity, via interaction  (2), induces an o s c i l la to ry  spin p o la r -
12

ization in the e le ctron  gas which depends on d istance r as

c o s (2 k r )
( p t -  p t ) ( r )=  J , S£ -------------r — ; k »  1 (5)

<kF r ) 3

w here k „  is the F e r m i  m om entum  of the conduction e le c tron s . It F

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

perturbation, the e lectron s  interact again with this im purity spin via

Hamiltonian (2). As a resu lt, an e ffect ive  coupling, known as the

13 , . , . . .RKKY interaction , appears between pairs  o f  im purity  spins.

Several ca lcu lations, p er form ed  in the m ean field  approx im a-

14 15 16tion ’ ’ have shown that the RKKY m agnetic contribution to the 

heat capacity  has a broad  m axim um  at a tem perature T which

m ore  recen t ca lcu lations have shown to depend lin early  on im purity

17 18 19concentration . Heat capacity  experim ents on CuMn, AuFe,

17 20YGd, and (La, Gd)^Al a lloys have shown the p resen ce  o f  the

ord erin g  m axim um  at T , ,  and have con firm ed  its linear con cen tra -M
21

tion dependence. Recent experim ents  on PtCo a lloys  in an extended 

range of com posit ions  and tem peratures have shown a concentration  

independent m axim um  in the dilute l im it  and a strong shift in this 

m axim um  to higher tem peratures  when the concentration  is in creased  

above 0. 3 atom ic p ercent Co.



Superconductivity and Magnetic Impurities

The superconducting c r i t ic a l  tem perature of m etals has been

shown e a r l ie r  to be strongly  d ep ressed  by sm all amounts of magnetic 

22 23im pu rities . ’ Somewhat later it was rea lized  that the detailed 

dependence o f  T on im purity  concentration  gives valuable in form a ­

tion about the m agnetic nature of the im pu rities . F or  the three m a g ­

netic im purity reg im es  con s idered  h ere , three d istinct types of T^ 

vs . n cu rves , d iscu ssed  below , have been established.

When d isso lved  in LaAl , Gd im purities are known to retainbi

their f r e e - io n  Hund's rule ground state configuration ; i . e .  , a w e ll -

24defined m om ent of 7 u is lo ca lized  at the im purity site. ThisJ3
25case  is appropriate to the theory of A br ik osov  and G or 'k ov  (AG)

who have calculated the influence of Hamiltonian (2) on the BCS

superconducting ground state. Their  theory  includes the follow ing

assum ptions: 1) The im purity spins are non-interacting  and random ly

distributed; and 2) the exchange scattering  m ay be adequately r e p re -
2

sented in the f i r s t  Born approxim ation (to o rd er  J )̂.

A ccord in g  to the AG calcu lation , the superconducting c r it ica l  

tem perature is d ep ressed  as a un iversa l function o f im purity con ce n ­

tration n given by
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■where T is the transition tem perature of the host, \J( is the d i-  co

gam m a function and n is an adjustable param eter which gives the 

c r i t ic a l  concentration  at which superconductivity is com p lete ly  sup­

p re sse d  (T = 0). E xp ress ion  (6) may also  be generalized  to other 

pair breaking situations by rep lacing  n /n  by a / a ^  where a is 

the pairbreaking param eter and a i s value of (X at which

T = 0. The generalized  fo r m  of ex p ress ion  (6) can then be written 
c

* ( ! ) - * ( l + 0 - 1 4 0  i r - )  (7)co  /  \ c c r  /

The AG pred iction  fo r  T c vs. n is shown in F ig . 1(a) with the data

26of the (La, Gd)Al^ system . In this instance the agreem ent between

experim ent and theory  is excellen t. Sim ilar resu lts  have been found

27 20in the ThGd system , and m ore  recently  in the (La,G d)^A l system .

H ow ever, it should be noted that strong departures fr o m  the AG b e ­

havior due to m agnetic ord erin g  have been reported  in the related

22 23system s LaGd and (La,Gd)^In. In these system s the m agnetic

ord erin g  tem perature depends linearly  on Gd concentration  and in te r ­

sects  the T vs . n plot at a re la tive ly  high value of T /T  . In the c c co

(La-jGdjAl^ system , the susceptib ility  shows a C u r ie -W e iss  tem p era -  

24ture dependence and the C u r ie -W e iss  tem perature 0 d e c re a s e s  

rapidly with d ecrea s in g  concentration. F o r  n = 0. 83 a /o  Gd(n /n  

1 .41 ), 8 = 0. 07°K, which is m uch low er than the low tem perature 

lim it  of the present experim en ts . T h ere fore  one would not expect

c r
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ordering  e ffects  in the sp ec if ic  heat data on (La, Gd)Al^ a lloys r e ­

ported in this thesis .

The interaction  (2) breaks time rev ersa l  invariance. As a 

consequence , the lifetim e of the "C oop er  p a ir s "  in a superconductor 

with m agnetic im purities is no longer infinite. The inverse  of the 

lifetim e (or pair breaking p aram eter  a )  is given in the AG theory 

by the exp ress ion

a (n) = n N(E ) J \ S(S+ 1) (8)F si

Here a(n ), calcu lated  in the f i r s t  B orn  approxim ation , depends 

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

tem p era tu re .

A d ifferent situation o ccu rs  fo r  J , < 0; in this ca se  thesi

scattering  c r o s s  section  has to be ca lculated  to higher ord er  than

2J , which leads to the Kondo e ffect . The introduction of the Kondo si
28 29e ffect  into the A. G. theory ’ can be d escr ib ed  in term s of a pair 

breaking param eter , now dependent on tem perature as w ell as c o n ­

centration and given, a ccord in g  to M uller-H artm ann and Zittartz 
2g

(MHZ), by

a (n, T / T  ) = ” -  — -------71 --------  (9)
( F } In (T /T  ) + rr S(S+ 1) o

This ex p ress ion  fo r  the pairbreaking param eter has a m axim um  at
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T / T  = 1  and when rep laced  in the AG ex p ress ion  (7) for  the c r it ica l  o

tem perature pred icts  a variety o f  behaviors  a ccord in g  to the ratio

T /T  and the value of S. F or  the strong m agnetic lim it o co

(T / T «  1), a second transition back into the norm al state is p re -  o co

dieted by sim ultaneously solving exp ress ion s  (7) and (9). Further

30 31experim ents on (La, C e)Al ’ a lloys have con firm ed  these p r e -
Ca

dictions in a narrow  range o f com posit ions  as shown in F ig . 1(b).

Assum ing S = 1 /2 ,  the fitting to the theory  gives — 0. 12°K.

On the other hand, the tem perature dependent pair breaking

picture seem s to fa il in the nonmagnetic l im it  T q »  T as sug- 

32gested p rev iously  and con firm ed  in this w ork by sp ec if ic  heat

m easurem ents on ThU a lloys . In the ThU system , m easurem ents of

the norm al state e le c t r ic a l  res istiv ity , th e rm o e le c tr ic  power, and

33m agnetic susceptib ility  have indicated a ch a ra cte r is t ic  tem perature

T ~  100°K. The T vs. n curve  (Fig. 1(c)) shows an a lm ost ex -o c
34 35ponential behavior , s im ila r  to that observed  in the A lCr and AIMn

system s whose norm al state physical p roperties  have been interpreted

in the fram ew ork  of the LSF m odel. F u rth erm ore , the T vs. nc

cu rves  of these system s, and the ThU system  as w ell , are d escr ib ed  

very  w ell by a m odified  exponential re lation  recently  p roposed  by

A third transition  tem perature at which the sam ple again enters the 
superconducting state is a lso  predicted  by ex p ress ion s  (7) and (9) in 
the lim it T 0 / T cq «  1, but it has not been observed  experim entally .
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K aiser where the pair weakening effect  on is due to the non­

magnetic resonant states associated  with the im purities . These 

physica l p roperties  suggest that there is a lo ca lized  m agnetization at 

the U sites which fluctuates in tim e with a ch a ra cte r is t ic  frequency

36

1 k RT - ;  = -T-— T (10)sf h o

and that at tem peratures  much low er than T^ , the ThU system  is

essentia lly  nonm agnetic. However the low value o f T q p laces  its

magnetic behavior re la tive ly  c lo s e  to the HF instability and recently

som e attempts have been made to fit the ThU T^ vs. n resu lts  to the

low tem perature nonmagnetic lim it of the K ondo-pair  breaking p ic -  
28 2 ^

ture. ’ We have m easured  the heat capacity  o f  this system  since , 

as d iscu ssed  below , these m easurem ents are p articu larly  sensitive 

to the m agnetic ch a ra cter  of the im purities .

The Specific  Heat Jump at the Superconducting Transition  
Tem perature

The sp e c i f ic  heat jump A C  at T^ is another powerful method

fo r  distinguishing the m agnetic behavior  of the im pu rities . F or  BCS

37superconductors  the relationship between A C  and T^ is  given by

A C  = P Y T (11)c

w here ¡3 is a un iversa l constant of the o rd er  of 1. 5 which has been 

verified  fo r  many supercon du ctors , and y is the e le ctron ic  sp ec if ic
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heat coe ff ic ien t .  When the c r it ica l  tem perature of a superconductor 

is changed by adding nonmagnetic solutes, the sp ec if ic  heat jump 

should change in a ccord a n ce  with this relationship. If the density of 

itinerant states at the F e r m i lev e l rem ains unchanged by the addition 

of nonmagnetic im purities (certainly  a valid assum ption in the dilute 

im purity  lim it), the BCS Law of C orresponding  States can then be 

ex p ressed  as

A C / A C  = T /  T (12)o c co

where A C  and T are the sp ec if ic  heat jump and c r it ica l  tem p era -c

ture fo r  an a lloy  o f  concentration  n, while A C  and T are the
3 O CO

corresp on d in g  quantities fo r  the m atrix  into which the im purities are

d isso lv ed  (Fig. 2).

H ow ever, in the ca se  of m agnetic im purities , AG showed that

the energy  gap d e c re a s e s  fa ster  than with increasing  im purity

concentration . The resultant m arked deviation of A C / A C  f r o m  theo

BCS Law of C orresponding  States pred icted  by  AG fo r  m agnetic im -

38purities  is a lso  shown in F ig . 2. Since this deviation f r o m  BCS 

behavior is  a d ire c t  consequence of the pair breaking ch ara cter  of 

Hamiltonian (2), we expect even m o re  pronounced e ffects  in the case  

o f  tem perature dependent exchange scattering.
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FIGURE 1

Superconducting transition tem perature versus  im purity c o n ­

centration fo r :

(a) (L a ,C e)A l^  (from  Ref. 31)

(b) (La ,G d)A l (from  R ef. 26)Cd

(c) ThU (from  Ref. 33)
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G d  C o n c e n t r a t i o n  ( % )
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FIGURE 2

Reduced sp ec if ic  heat jump A C / A C q vs. reduced c r it ica l  te m ­

perature T /T
C CO

----------- BSC Law of C orresponding  States

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

1. The ThU System : A Superconductor with L oca lized  Spin 
Fluctuations

Sample P reparation

Samples w ere  prepared  f r o m  99. 95% pure Alfa Inorganics- 

Ventron T horium  and high purity Los A lam os uranium  by a rc  m elting 

in an argon atm osphere . The sam ples w ere  rem elted  severa l tim es 

to in crease  hom ogeneity. Several facts  indicated a hom ogeneous 

d istribution  of im purities  in the sam ples . The transition  widths, 

m easured  by an a. c . mutual inductance technique, w ere  never greater 

than 35 m °K  in spite of the large size o f  the sam ples (11 to 19 gms.); 

the bulk ca lo r im e tr ic  tem peratures agreed  within 3% with the a . c .  

c r i t ic a l  tem peratures , and the ca lo r im e tr ic  transitions w ere  sharply 

peaked.

Two sets of experim ents w ere  m ade: F irs t ,  pure thorium  and

40 41dilute sam ples of 0. 075 and 0. 134 at. % U w ere  m easured  ’ . The 

weight of these sam ples did not exceed  11 gm s. L ater , a m ore  p r e ­

c ise  and m ore  extensive set o f  experim ents was made on b igger

sam ples (~  18 gm s) of com posit ions  0 .065 , 0 .110 , 0 .5 0 , 1 .00 , and 

42 432. 10 at. % U. ’ F inally, a new, la rger  sam ple of pure thorium  was 

a lso  m easured .

S pecific  Heat Results

F or  all the sam ples investigated, between 60 and 85 e x p e r i ­

m ental points w ere  fitted to the usual relation



C = y T + P T 3 v

between 1. 0 and 5. 0°K in the ca se  of the a lloys , and between 1. 4 and

4. 2°K  in the ca se  of the second thorium  sam ple. An illustrative
2

C / T vs. T plot is shown in F ig . 3 fo r  severa l of the sam ples in ­

vestigated. The values obtained fo r  the norm al state param eters  y

and the Debye tem perature 9 are given in Table I. P rev iou s  r e -D »

suits fo r  pure thorium  are a lso  included.

The values fo r  the rem easu red  Th sam ple, con s idered  m ore

re liab le  than the le ss  sensitive p re lim in ary  values, are  in reasonable

44agreem ent with the heat capacity  data of Gordon et al. and the

45cr i t ic a l  f ie ld  data o f  D eck er  and F inn em ore . The m ost  significant

resu lt of the m easurem ents in the norm al state is the v ery  large  rate

at which y in crea ses  with U concentration : d y / d n =  2 .7  m j /

2m o le °K  at. % U at low concentrations and b e co m e s  somewhat le s s  at

higher concentrations (Fig. 3, inset), presum ably  due to interactions

between im pu rit ies . S im ilar saturation e ffects  have been  ob serv ed  in

46AuV. The 0^ values in Table I indicate that there is no sy stem a ­

tic  change in 9 due to alloying.

M easurem ents w ere  a lso  extended into the superconducting
a.' i '

state fo r  pure Th and the three m ost  dilute ThU a lloys . The

£
M easurem ents b ecom e  m ore  d ifficu lt  at the low est tem perature b e ­

cause of the radioactiv ity  of the sam ples which give a heat input of 
about 150 e r g /m in  at 0. 7°K (determined f r o m  the re cord ed  se lf  heat­
ing rates for  the la rg est  sam ples).

19
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e lectron ic  sp ec if ic  heat below  2°K is shown in F ig . 4. The value 

A C  / y T = 1 .46 ± 0. 03 fo r  the Th m atrix  agrees  w ell with the
O C O

37 44 4Ctheoretica l BCS value of 1 .43  and prev iously  reported  values. ’

F u rth erm ore , the sp ec if ic  heat jum ps for the a lloys fo llow ed c lo s e ly

the BCS Law o f  C orresponding States as illustrated in Fig. 13.

TA BLE  I 

Specific  Heat Data fo r  ThU A lloys

n
Y

0D
°K

A y /n

mj /m o le  °K^ 
at. % U

T c
A C

mj
m ole  °Kat.% U m ole°K ^ °K

*0 4.08± 0.03 160.4±0.5 8. 6 ± 0. 2

0 4.28±0 .05 164.1±0.5 1.360±0.005 8 .50±  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 1 6 1 .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
■'r*

0. 134 4 .72±0 .04 163.7±0 .7 3. 3

0. 50 5 .28±0.05 162.1 ±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

F irs t  set of sam ples . 

F rom  Ref. 44.
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FIGURE 3

2
C /T  vs . T in the norm al state fo r  severa l ThU a lloys.

Inset: E lectron ic  sp ec if ic  heat coe ff ic ien t  as a function o f U 

im purity concentration.

A - F irs t  set of sam ples

• - Second set of sam ples 

□  - F r o m  R eferen ce  44.



( 2>l a i o u j / f w )  i / o



E lectron ic  sp ec if ic  heat below  2°K fo r  pure Th and two ThU 

alloys.

A - N orm al state sp ec if ic  heat o f pure Th. Below T^ 

a m agnetic f ie ld  of about 800 gauss was used to 

quench superconductivity.

FIGURE 4
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2. The (L a .C e jA l^  System : A Kondo Superconductor 

Sample Preparation

The sam ples w ere  prepared  in two steps. F irs t ,  LaCe a lloys

w ere  made by a rc -m e lt in g  appropriate amounts of La and Ce (both

47obtained f r o m  Johnson-M atthey; nominal purity fo r  La, 99. 99%, 

and fo r  Ce, 99. 99%) together in an argon atm osphere . The c a lcu ­

lated weight of 99. 999% pure A1 (S e m i-A llo y s , Inc. ) was added to

48each  LaCe alloy  to f o r m  the correspon d in g  (La, Ce)Al^ com pound. 

During fabrica tion  the a lloys w ere  rem elted  many tim es to achieve 

a hom ogeneous d istribution  of the im purities . The a rc -m e lte d  ingots, 

wrapped su c ce ss iv e ly  in fo i ls  of Ta, Z r ,  and Ta, w ere  then 

annealed fo r  16 hours at 800°C in a helium  atm osphere . This p r o ­

cedure  has prev iou sly  been found to sharpen con s iderab ly  the su p er-

49c onduc ting t r an s iti on s .

Each sam ple weighted between 5 and 6 gms and had a heat

capacity  at 1°K equivalent to that of ~ 2 5  gm s of pure copper at the

sam e tem perature . The nominal com posit ions  (0. 185, 0 .401 , and

0 .5 2 7  at. % Ce substitution in La) agreed  c lo s e ly  with those deduced

fr o m  the c a lo r im e tr ic  c r i t ic a l  tem peratures and the T vs. Ce con -

49centration curve  prev iou sly  obtained fr o m  the inductively m e a s ­

ured T ^ 's  of much sm aller  sam ples . The widths of the ca lo r im e tr ic  

transitions (Table II) indicated a fa ir ly  hom ogeneous d istribution  of 

the im pu rities ; how ever , the transitions becam e w ider with increasing



the Ce concentration. The c r it ica l  tem peratures w ere  also  m easured

with an a. c . technique but superconducting surface  e ffects  w ere  found

to give c r it ica l  tem peratures up to 3% higher than the bulk transitions

m easured  by sp ec if ic  heat. The single peaked, re latively  sharp

ca lo r im e tr ic  superconducting transitions re flected  the excellen t

quality of the sam ples and corre la ted  with x - r a y  and m icro p ro b e

analysis made on sm a ller  sam ples , which indicated the presen ce  of

49a single m eta llographic  phase.

Specific  Heat Results

Specific  heat m easurem ents w ere  made in both the norm al and 

the superconducting states for  all the sam ples . To quench su p er­

conductivity, m agnetic f ie lds  of 850 and 1700 gauss w ere  applied with 

a superconducting solenoid . The norm al state sp ec if ic  heat was 

found to be independent o f the m agnetic fie ld  in this range within the 

p rec is ion  of the m easurem ents . As the m agn etoresistan ce  o f  the 

germ anium  therm om eter  resulted in ca libration  shifts of le ss  than

1 m °K /K G  at 4. 2°K and 0.3 m °K /K G  at 0. 5°K, no co r re c t io n s  w ere  

m ade to the z e r o  fie ld  ca libration .

The s p e c if ic  heat C^ vs . tem perature T of LaAl^ and the

50three (La, Ce)Al^ a lloys between 0. 5 and 4. 2°K is shown in F ig . 5.

3In ord er  to elim inate the lattice sp ec if ic  heat a PT term , c o r r e ­

sponding to a Debye tem perature 0^ of 376 ± 3°K, has been sub­

tracted  f r o m  the data. A v ery  strong low tem perature anom aly in the

26



heat capacity  which in crea ses  with the im purity concentration  is 

c lea r ly  v is ib le  fo r  norm al and superconducting state alike. A f irs t  

glance at F ig . 5 shows that the sp ec if ic  heat jumps are strongly  d e ­

p ressed  f r o m  that of pure LaAl . In fact, when the reduced sp ecif icLd

heat jum ps A C /A C ^  are  plotted as a function o f  the reduced c r it ica l

tem perature T / T  ̂ , strong departures f r o m  the BCS Law of

C orresponding States are observed  (Fig. 13).

In F ig . 6 , the sp ec if ic  heat in the superconducting state is

shown in a sem ilogarithm ic  C / y T  vs. T / T plot f o r  the LaALs c  c 2

m atrix  and all the a lloys m easured . The value of C / y T at T = Ts e e

fo r  LaAl is 2. 39. The c lo se  agreem ent with the BCS value o f  2. 43

is  consistent with the exponential behavior observed  for  T < T

The low tem perature departure f r o m  the th eoretica l pred iction

(Fig. 6 ) is s im ila r  to those observed  fo r  the a lloys and it is attributed

to the p resen ce  of Ce im purities in the La starting m aterial.

F or  the a lloys studied here , C- goes to z e ro  as a function of

2tem perature much m ore  slow ly than exponentially. C /T  vs . Ts

plots show that C g m ay be reasonably  w ell represented  at low te m ­

peratures by the relation

C = a / T + y T + 0 T  (13)s s s s

w here n ~  2. 8 . Although this d ecom posit ion  is rather arb itrary , we

have nevertheless  estim ated y values (tabulated in Table II) f r o ms
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our data below  1. 2°K. The Y g so deduced varies  with impurity 

concentration  as

y / y  = -0 .  22 + 2. 08 n (14)s N

where n, the Ce concentration , is ex p ressed  in at. %. This suggests

that there m ay be a c r i t ic a l  Ce concentration  (~ 0. 1 at.% ) below  which

y = 0 .  E xp ress ion  (14) a lso  im plies  that = ~  0. 6  at .%  Ce,

which is near the concentration  (0. 67 at. % C e) of the turning point of

the re -entrant T vs . n curve (Fig. 1), above which the sam ples are c

n orm al down to 6  m °K . It is tempting to relate the appearance o f  the

Y T te rm  in the superconducting state with the vanishing of the s
51energy  gap as p rev iou s ly  done by Culbert and E delste in  with regard  

to their sp ec if ic  heat study on LaCe alloys in the superconducting 

state. The ct^ /T * 1 te rm  is due to the p resen ce  of Ce im purities 

whose influence p e rs is ts  even in the superconducting state, indicating 

that the upturn observed  in the norm al state is rea lly  a intrinsic 

property  of the system  and not due to the externally  applied m agnetic 

f ie ld  used to quench the superconductivity . Values of A C , T and 

the transition width A T  for  LaAl and the three (L a , Ce )A1 a lloys
C w L*

are co lle c ted  in Table II.

Marked e ffects  in the sp ec if ic  heat of (L a , Ce)A1^ are not 

re s tr ic ted  to the superconducting state. Those encountered in the 

n orm al state take the fo r m  of a la rge  enhancement of the norm al state 

e le c tron ic  sp ec if ic  heat coe ff ic ien t  Yj^, in creasin g  at the rate

28



(0. 37 ± 0. 02) jo u le /m o le  C e°K  , and an exchange scattering anomaly 

which becom es  appreciab le  below  2. 5 °K, varying as 6 C = a - b  In T, 

with a = ( o . 5 4 +Q * j^ ) jo u le /m o le  C e°K  and b = ( 0. 5 8  jo u le /

m ole  C e°K  (0. 5 < T < 2 .5 °K ) .  Both contributions sca le  with Ce con -

*centration within experim ental e r r o r  indicating that the observed  

anom alies are single im purity  e ffects .

The contributions mentioned above b ecom e  strongly  visib le  in

2  3the C / T vs. T plots shown in F ig . 7 (again the ¡3 T te rm  has v

been rem oved). In these p lots , an enhancement of the e le ctron ic  

sp ec if ic  heat coe ff ic ien t  y appears as a vert ica l  d isp lacem ent of 

the linear part of the cu rves  at the higher tem peratures . The upturn 

at low tem peratures appears to be the high tem perature portion  o f  an 

exchange scattering anom aly which should have a m axim um  near the 

(L a ,C e )A l Kondo tem perature (T ~  0. 1°K). Unfortunately, theu X\

expected  m axim um  fa lls  in a tem perature range below  the low er  

lim it  of 0. 5°K  a cce ss ib le  in the present experim ents . To find the 

fo r m  of the anom aly above 0. 5°K , a Y NT te rm  has been subtracted 

f r o m  the sp ec if ic  heat of each alloy w here the average value o f  y ^  

has been determ ined fr o m  the data between 2. 7 and 4. 2°K. The 

resultant e x ce ss  sp ec if ic  heat 6  C (per m ole  Ce) due to exchange

29
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The sm all in crease  of Cv /T  at low tem perature ob served  for  the 
L a A l 2  m atrix  is m ost  likely  due to Ce im purities in the La starting 
m ateria l.
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FIGURE 5

Specific  heat of L a A l 2  and three (La, C e )A l 2  a lloys in the norm al 

and superconducting states (the lattice contribution has been 

rem oved).

#  - H = 0 gauss

■  - LaAl 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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C / y T  vs. T /T  in the superconducting state (the lattice 
s c  c

contribution has been  rem oved).

FIGURE 6
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FIGURE 7
2

C /T  vs. T in the norm al state (the lattice contribution has 
v

been rem oved).

O -

A - 0. 185 a /o  Ce

• - 0. 401 a /o  Ce

■  - 0. 527 a /o  Ce
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E x c e ss  heat capacity  6 C due to exchange scattering in the

norm al state (the linear contribution to the total heat capacity
3

o f  each  a lloy  has been  rem oved , as w ell as the PT lattice 

term ).

A - 0. 185 a /o  Ce

• - 0.401 a /o  Ce

■  - 0. 527 a /o  Ce

FIGURE 8
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scattering is plotted vs. In T in F ig . 8 . Within the scatter of the

data, 6 C is proportional to Ce concentration  and varies  linearly

with In T between 0. 5 and ~  2. 5°K.

C ollected  in Table II are  the norm al state param eters

and A y N/n  where A YN = YN '  YN > being the e le ctron ic
o o

sp ec if ic  heat coe ff ic ien t  of the LaAl^ m atrix.

3. The (La, Gd)Al^ System : An A b r ik o so v -G o r 'k o v  Super­
conductor

Sample Preparation

The sam ple preparation  p roced u re  was identical to that of the 

(La. Ce)Al^ a lloys d escr ib ed  in section  B. 2. Gadolinium (R esearch

5C hem ica ls , 99. 9% pure) was used as the im purity  instead of ce r iu m . 

Two sam ples weighing approxim ately  6  gms w ere  prepared . The 

nominal com posit ions  w ere  0. 211 and 0. 416 at. % Gd substitution in 

La. The ca lo r im e tr ic  c r i t ic a l  tem peratures w ere  somewhat low er 

than those determ ined  prev iously  f r o m  a. c .  inductance m e a su re ­

ments on m uch sm a ller , unannealed sam ples ; the c a lo r im e tr ic  te m ­

perature of the m ore  concentrated  sam ple being low er by about 7%.

This revea ls  the influence of the annealing p roced u re , s im ila r  to that

53found in the (L a ,C e )A l a lloys .£

Specific  Heat Results

M easurem ents w ere  made in both the norm al and su p ercon ­

ducting states on the two sam ples . To quench superconductivity , a
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magnetic field  o f  1700 gauss was applied to the m ore  dilute sam ple.

The norm al state m easurem ents on the m ore  concentrated  sam ple

w ere  p er form ed  in f ie ld s  o f  270, 1700, and 3400 gauss since a strong

m agnetic field  dependence o f  the sp ec if ic  heat was found.

The sp ec if ic  heat vs. tem perature T o f  the two (La, Gd)Al^

alloys in both the norm al and superconducting states is shown in

54 3F ig . 9. A g T  term , correspon d in g  to the sam e Debye tem p era ­

ture o f the LaAl^ and (La, Ce)Al a lloys , has been subtracted f r o m  the té ' £

raw data. The re la tive ly  sm all magnitude o f the lattice contribution 

m akes any change in the Debye tem perature due to alloying com p lete ly  

unobservable within the p re c is io n  of the experim ents .

The e ffect  of Gd im purities on the superconducting state, as 

in the ca se  of Ce im pu rities , is very  strong. In F ig . 13, the reduced 

sp ec if ic  heat jump is plotted as a function of the reduced c r it ica l  

tem perature fo r  the two a lloys . The experim ental data show a r e ­

m arkable agreem ent with the AG theory fo r  random ly oriented, un­

co rre la ted  m agnetic im purities in su percon du ctors . The ob served  

values of the c r i t ic a l  tem peratures  T^ , the sp ec if ic  heat jum ps A C ,

and the transition  widths A T  , are co lle c ted  in Table III.c

A sem ilogarith m ic  plot of C / y „  T vs. T / T fo r  the e x p e r -s N c c

imental data below  the superconducting c r i t ic a l  tem perature is shown 

in Fig. 10. The deviations f r o m  the BCS exponential behavior are 

even stronger than those due to Ce im pu rities ; i . e .  , the heat capacity
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in the superconducting state is much la rg er  fo r  Gd alloys than for  Ce 

a lloys (at the sam e tem perature and s im ilar  concentrations). These 

ze ro  field  m easurem ents indicate that an exchange scattering  anomaly 

a lso  ex ists  in the Gd alloys and its magnitude is la rg er  than that 

found in the Ce a lloys . H owever, this anomaly cannot be related to 

the Kondo e ffect  s ince J  ̂ is known to be positive fo r  Gd im purities 

(see section  A).

We have plotted in Fig. 10 the th eoretica l AG predictions for

the heat capacity  below  T . The deviations c le a r ly  v is ib le  at the

low est tem peratures  are attributed to the onset o f  ord er in g  e ffects

in the superconducting state. A sm all fie ld  o f  270 gauss was enough

to d estroy  the superconducting state in the sam ple containing

0.416  a /o  Gd. A fter rem oving  the sm all lattice contribution f r o m  the 

/ 2raw data, a C ^ /T  vs. T plot (see F ig . 11) revealed  that the norm al

state sp ec if ic  heat can be separated into a linear contribution which

re f le cts  a strong enhancement of the e le c tron ic  te rm  of the LaAl^
2

heat capacity  (A y  = 0. 565 jo u le /m o le  Gd°K  ) and a low tem perature 

upturn s im ila r  to that observed  in the (La, C e)A l a lloys . In addition, 

m easurem ents on the same sam ple in f ie ld s  o f  1700 and 3400 gauss 

revealed  a very  strong fie ld  dependence o f  the heat capacity  below 

~  3. 5°K.

The sam ple containing 0. 211 a /o  Gd was m easured  in the 

norm al state only in a m agnetic fie ld  of 1700 gauss. The coe ff ic ien t



of the linear te rm  was found to be strongly  enhanced (A y  = 0. 572 

2
jo u le /m o le  Gd°K ; again, see F ig . 11) and c lo s e  to the value obtained 

fo r  the 0 .416  a /o  Gd sam ple. This suggests that the im purity c o n ­

tribution is linear in concentration. H owever, the strong field  d e ­

pendence observed  at low tem peratures , even fo r  this dilute sam ple, 

o b scu res  the concentration  scaling at the low er tem peratures m e a s ­

ured h ere . This experim ental uncertainty, as yet un resolved , p r e ­

vented us f r o m  making a definitive statement about the concentration  

dependence o f  the m agnetic contribution.

Further inform ation is obtained f r o m  Fig. 12 where the low 

tem perature data have been plotted vs. In T fo r  the 0. 416 a /o  Gd 

sam ple. Here both the lattice and the e le c tron ic  contribution to the 

total heat capacity  have been subtracted fr o m  the raw data. The 

low field  (270 gauss) behavior shows a linear dependence in (-In T), 

rem arkably  s im ila r  to that observed  in the (L a ,C e )A l a lloys (pre-Ct

sented too in F ig . 12 fo r  com p arison ). The observed  anomaly 

changes with tem perature as 5 C = a -  b In T between 0. 5°K  and 

~  3°K, w here a = (1. 95 ± 0. 02) jo u le /m o le  Gd°K and b = (1. 74 ±

0. 02) jo u le /m o le  Gd°K. As the value of the external m agnetic field  

is ra ised , the heat capacity  is seen to in crea se  strongly. The 

linear dependence in (-In T) is d istorted , and, in the highest fie ld
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( 3 4 0 0  gauss), a m axim um  in the low tem perature anom aly is v is ib le  

in our range of tem peratures . The m agnetic entropy associated  

with the e x ce ss  heat capacity  can be estim ated in the case  of the 

high field  data. If the data are extrapolated lin early  to 0°K  fr o m  

the low est tem perature m easured  here ( ~  0. 5°K), the entropy per 

Gd atom  associa ted  with the anom aly is ~  0. 77 In 8 , which is 

c lo s e  to the expected  value of k^  In 8 . H owever, further e x p e r i ­

ments at low er tem perature or  higher fie ld s  are needed be fore  

definite conclusion s  can be drawn.

C ollected  in Table III are the norm al state param eters  y ^

and A y N/n  w here A y ^  = y ^  - y N , y ^  being the e le c tron ic
o o

sp ec if ic  heat coe ff ic ien t  of the LaAl m atrix .

C. CONCLUSIONS

We rem a rk  here upon the corresp on d en ce  we have found b e ­

tween the reduced sp ec if ic  heat jum p A C /A C ^  vs. the reduced

cr i t ic a l  tem perature T /T  plots (see F ig . 13) and the detailed r c co

behavior of the superconducting c r i t ic a l  tem perature T^ vs. im purity 

concentration  n.

The behavior observed  fo r  the (L a ,G d )A l a lloys a grees  ex -  

trem ely  w ell with the theoretica l p rediction  o f  AG as does  the p r e ­

viously  m easured  T^ vs . n curve o f this system  (Fig. 1(b)). The 

present w ork  gives further support to the idea that the Gd im purities
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Heat capacity  of (La, GdJAl^ a lloys in the norm al and super- 

conducting states (the p T  lattice te rm  has been  rem oved).

#  -  H = 0 gauss

■  -  0. 211 a /o  Gd H = 1700 gauss

0 .416 a /o  Gd H = 275 gauss 

------  L a A l 2  m atrix

FIGURE 9
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C  / y T  v s . T  / T  i n  t h e  s u p e r c o n d u c t i n g  s t a t e  ( t h e  
s c  c

lattice contribution has been rem oved).

FIGURE 10
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FIGURE 11

Z 3C /T  vs. T in the norm al state (the gT  lattice contribu - 
v

tion has been  rem oved).



50

( 2 » 0 3|OU]/[ u i ) i / A o

T2 
(°

K2
)



E xcess  heat capacity  5 C due to exchange scattering  in 

the norm al state (the e le c tron ic  and the lattice  contributions 

have been rem oved). The behavior of (L a , Ce)A1^ is shown 

fo r  com p ar ison  (dashed line).

FIGURE 12
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have ionic leve ls  lying far  below  the F e rm i lev e l o f  the host, in ter­

acting with the conduction e lectron s  via the exchange Hamiltonian (2) 

with a positive coupling constant J  ̂ . The data a lso  suggest that 

the AG assum ption of non -interacting , random ly distributed impurity 

spins is appropriate in d escr ib in g  the superconducting p rop erties  of 

these a lloys .

The (La, C e)A l data seen in F ig . 13 show strong departuresCé

f r o m  the AG prediction . These departures o f  A C / A C  vs. T / Tr  O c  CO

co rre la te  with the striking re -entrant behavior observed  for  this

system  in the T vs . n curve (Fig. 1(a)) which resu lts  f r o m  the c

tem perature dependence of the pair breaking param eter . The lo g ­

arithm ica lly  tem perature dependent m agnetic contribution to the 

e le c t r ic a l  res is t iv ity  fo r  this system  im plies  that the Ce impurity 

spins couple antiferrom agnetica lly  with the conduction e le ctron  spins 

giving r ise  to tem perature dependent exchange scattering (Kondo 

e ffect) . As we have d iscu ssed  in the Introduction, the AG theory  has 

been m odified  fo r  the case  of a negative coupling param eter  J 1 ;
S X

the pair breaking param eter a (independent of tem perature in the

AG picture) b e co m e s  strongly tem perature dependent with a m axim um

at T = T . The magnitude of the d e p ress ion  of T and its detailed o c

variation with im purity concentration  depends on the ratio T /To co

*
Recent heat capacity  m easurem ents on the (La, C e )A l 2  system  made 

at the University o f  C ologne, Germ any, are  in general agreem ent with 
our m easurem ents (F. Steglich, private com m unication).



54

(T is identified with T t  ̂ in the m agnetic lim it T «  T ). These ' o K o co

calculations of T vs . n predicted  fo r  the lim it  T «  T a second c o co

transition back into the norm al state which has been observed  in the

55(La, Ce)Al system . MHZ calculated the sp ec i f ic  heat within this 

theoretica l fra m ew ork . Their resu lt  fo r  the initial slope

’  d ( A C * f r d (A C /A  C ) “I o

dtL c J
d(T /T  ) c co

„ , T /T  = 1c= l  c co

(see F ig . 13) as a function of T /T  has a m axim um  fo r  T ~  T ' & / o co  o co

which is a lm ost  a fa ctor  of two greater  than the slope given by the AG

theory. A se l f -co n s is te n t  test is thereby obtained by fitting the

T vs. n resu lts  and our resu lts  fo r  A C (T  ) to the resp ect ive  ca l -  c c

culations, the ch a ra cte r is t ic  tem perature being the adjustable

p aram eter . T q ~  0. 1°K obtained f r o m  the initial slope of the 

30 31T vs. n plot, ’ is  in reasonable  agreem ent with T ~ 0 . 6 ° K  c o

deduced f r o m  our sp ec if ic  heat data.

The tem perature dependent pair breaking p icture has been

pushed further to d e s cr ib e  the observed  T^ vs. n behavior of the

ThU alloys as an exam ple of the nonmagnetic l im it  of the theory

(T »  T ) w here the predicted  T vs . n curve  is n early  exponentialo co  c
28 29 in shape and s in g le -va lued . MHZ and Ludwig and Zuckerm ann

33(hereafter L Z )  w ere  able to fit the T data o f Maple et al. by
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assum ing a lo ca lized  spin S = 1 /2  at a U site and T /T  = 32.

H owever, the reasonable  fit o f  our sp ec if ic  heat resu lts  to the BCS

Law of C orresponding States (again, see F ig . 13) is incom patible

with the MHZ ca lcu lation  since the BCS lim it is not reached  in the

pair breaking p icture even when T /T  00 ( [d (A C  J/dt^]^* _ ^
c

approaches the AG value in this lim it). The ThU resu lts  are better 

understood  within the fram ew ork  of pair weakening where the in ter­

actions resp on sib le  fo r  the d ep ress ion  of the c r i t ic a l  tem perature

T do not d estroy  the tim e rev e rsa l  invariance resp on sib le  fo r  the c

infinite lifetim e o f the C ooper p a irs . The T^ vs . n behavior can

be d escr ib ed  very  w e ll  by a m odified  exponential proposed  by 

36K aiser  (Fig. 1(c)) to account fo r  the e f fe ct  of nonmagnetic resonant

states on the superconducting properties  o f the host. This theory

a lso  pred icts  a BCS Law of C orresponding  States as observed  and

56 57prev iou sly  reported  fo r  the related system s AIMn and ThCe 

which a lso  exhibit m odified  exponential d ep ress ion s  o f  T^ with 

im purity concentration.

We turn now to d iscu ss  features o f  our sp ec if ic  heat data 

other than the jum ps at T in z e ro  f ie ld . The norm al state heat 

capacity  m easurem ents on the (L^., CeJAl^ and (La, GdjAl^ a lloys

* The assum ption o f S= 1 /2  fo r  the low tem perature nonmagnetic 
lim it  (Tq »  T c ) is not consistent with the high tem perature ( T > T Q) 
C u r ie -W e is s  behavior ob served  in the susceptib ility  which gives an 
e ffect ive  m om ent of 3 .43  U g ,  c lo se  to the Hund's rule value of
3. 58 [J g  fo r  two 5f e le c tron s .
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have been made in m agnetic f ie lds  to quench superconductivity . The 

z e ro  tem perature upper c r it ica l  fie ld  H -,(0) reported  for  LaAl
C  w  L d

.  r , 58, 59fr o m  a . c .  mutual inductance m easurem ents is ~  2. 5 kgauss.

H owever, our m easurem ents , p erform ed  in a field  of 1. 7 kgauss, 

fa iled  to indicate bulk superconductivity down to 0. 5°K (assuming a 

parabolic  relationship fo r  H 2 ^ )  anc  ̂ the reported  value ^ . , ( 0 )  ~

2. 5 kgauss a c r i t ic a l  tem perature o f  about 2. 5°K is expected  in a

1. 7 kgauss fie ld ). We suggest that the reported  values o f  the "upper 

c r i t ic a l  f ie ld "  m ay be associa ted  with H 3 . Our observation  is co n ­

sistent with static m agnetization vs. field  m easurem ents which give

an H _(0) value of about 1. 5 kgauss. ^  c ¿

The fa ct  that the c r it ica l  f ie lds of the a lloys with Gd and Ce 

im purities are so d ra st ica lly  d ep ressed  relative  to the c r i t ic a l  field  

o f  the LaAl m atrix  made plausible the use o f  re la tive ly  low m agneticCé

f ie lds  to obtain the norm al state data without introducing appreciab le  

contributions f r o m  the f ie ld -induced  Zeem an splitting of the im purity 

lev e ls .  F u rth erm ore , the v ery  low lattice contribution at liquid 

helium  tem peratures  has a lso  contributed favorably  to the accurate  

determ ination  o f  the magnitude and tem perature dependence of the 

im purity contribution to the sp ec if ic  heat.

M ore  evidence of Kondo anom alies in the (L a , Ce)Al^ system  

(besides those d iscu ssed  in the preced ing  paragraphs and in the 

Introduction) in the (La, Ce)Al^ system  em erg es  f r o m  the norm al



state sp ec if ic  heat resu lts . That the m agnetic fie ld  does  not v isib ly  

a ffect  the norm al state heat capacity , and that the im purity contribu ­

tion sca les  with concentration , supports the idea that the observed  

behavior is m ainly a single im purity e ffect . The low  tem perature 

upturn of the heat capacity would appear to be the high tem perature 

tail of an exchange scattering anomaly which should have a m axim um

near the ch a ra cter is t ic  tem perature T^ — 0. 1°K, s im ila r  to that
7

observed  in the CuCr a lloys (T = 2. 1°K). Additional experim ents 

at low er tem peratures  and stronger m agnetic f ie lds  are d es ira b le  in 

o rd er  to study the nature of this anomaly.

An unexpected, surpris ing ly  s im ila r  logarithm ic upturn in 

the sp ec if ic  heat fo r  T < 3 .5 °K  was found in the (La, Gd)Al system  

(F igs. 11, 12). M easurem ents in various fie lds revea l the p resen ce  

of a sp ec if ic  heat m axim um  which presum ably  o c cu rs  a lso  in z e ro  

field  at tem peratures con s iderab ly  low er  than our tem perature lim it 

of 0 .5 °K . Kondo has calculated the entropy of an e le c tro n  gas p e r ­

turbed by the exchange scattering  Hamiltonian (2) fo r  J > 0. ^

The calculated sp ec if ic  heat is a m onotonica lly  in creasin g  function of
«JU*T*

tem perature fo r  T < T . T h ere fore  the low tem perature anom aly 

in the (La, Gd)Al system  cannot be understood in this s in g le -im p u rityCé

exchange scattering p icture . A search  in the literature revea led  that

❖
I am  grateful to E. Galleani d 'A gliano  fo r  drawing m y attention to 

this point.
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in the related YGd*^ and (La, GdJ^Al2 0  system s, m axim a in the low 

tem perature heat capacity  have been observed  and interpreted as 

evidence o f  im purity ordering  (see page 7 ). The interpretation  is 

m ore  d ifficu lt  in our experim ents , s ince we have not determ ined  the 

concentration  dependence of the m axim um . H owever, further in fo r ­

m ation is gained since the heat capacity  o f  these a lloys is strongly  

dependent on the external f ie ld  (F igs. 11, 12). Since the su p ercon ­

ducting data suggested the presen ce  of ion ic , non-interacting  m agnetic 

m om ents , the m agnetic fie ld  should have induced a Schottky anomaly 

in the impurity heat capacity  peaked at a tem perature ~  laH /k^  ,

where U — 7 |i ^ is the Gd m om ent. In F ig . 14 we present the im - 
J3

purity heat capacity  fo r  a sam ple containing 0 .416  a /o  Gd in fie ld s  

of  1 .7  and 3 .4  kgauss and, fo r  com p arison , the correspon din g  f r e e -  

ion Schottky peaks. The c lea r  d isagreem en t suggests that c o r r e la ­

tions ex ist  between Gd ions. The n orm al state resu lts  th ere fore  

seem  to be Schottky-like anom alies due to an e ffect ive  m olecu lar  

fie ld  existing at the im purity sites . This e ffect ive  fie ld  orig inates 

with the other im purities  and p roceed s  via the long range RKKY 

osc i l la to ry  conduction e le c tro n  spin polarization , resulting in a 

statistica l d istribution  of f ie lds  apparently peaked at a value of the

o rd er  sev era l hundred gauss (H , ,  ~  k_  T /u  ).e ff  B max

It is worthwhile to con s id er  the apparent contrad iction  b e ­

tween the superconducting resu lts  which indicate the absence of



interactions and the norm al state results which show a strong con tr i­

bution due to im purity spin interactions. F igure 9 shows that the 

m agnetic impurity contribution to the norm al state heat capacity  in 

the m ore  concentrated sam ple (0. 416 a /o  Gd) has a tail which extends 

to tem peratures higher than and a± is approxim ately  25% of the 

total heat capacity . The fact that the jump is not d ep ressed  m ore  than 

predicted  by AG suggests that the sp ec if ic  heat jump is not sensitive 

to the type of ord erin g  e ffects  encountered here , at least when T 

is suffic iently  greater  than the tem perature o f the sp ec if ic  heat m a x i­

m um  ( < 0. 5°K  fo r  the a lloys m easured  h ere ). These m agnetic c o r ­

relations are a lso  v is ib le  in the superconducting state heat capacity  

(Fig. 11) and provide an experim ental indication fo r  the poss ib le  c o ­

ex istence  of m agnetic ord erin g  and bulk superconductivity  at low er 

tem perature . Further experim ents in the dilute reg ion  w ill c la r i fy  

the concentrating scaling, while m easurem ents at low er tem peratures  

and higher fie lds  w ill provide inform ation concerning the relationship

between T and T at various Gd im purity concentrations,max c

Another peculiar phenomenon is  the strong enhancement o f  the

e le c tron ic  sp ec if ic  heat coe ff ic ien t  y which has been ob serv ed  in

both (La, CeJAl^ and (La.GdJAl^ a lloys . S im ilar strong e ffects  have

17also  been reported  in the related system s YGd and LaGd. We d is ­

agree  with the virtual bound state picture which was invoked in r e f e r ­

ence 17 since the hybrid ization  is expected  to be sm all in the ionic



reg im e encountered fo r  Gd im purities, and only m oderate ly  large 

for  Ce im purities in the strong m agnetic lim it T ^ /T  «  1. A lso , 

rigid  band e ffects  are expected to be neglig ible  in the dilute lim it and 

are not in a c co rd  with the experim ental resu lt  that the im purity co n ­

tribution seem s to be independent of concentration  [ A y / n   ̂ f(n)] .

It can be argued that our tem perature range does not extend high 

enough to d ifferentiate between the linear behavior in T or a m ore  

com plicated  dependence associa ted  with the low tem perature anom aly; 

how ever in the e a r l ie r  experim ents on LaGd and YGd the tem perature 

ranges extended up to 8 °K and 35°K, re sp ect iv e ly ,  throughout which 

a constant enhancement of y was ob served . We be lieve  that the 

large enhancement of y is m ore  likely  due to a strong polarization  

of the conduction e lectron s  induced by the im purity spins via the 

exchange interaction  (2 ) in the high tem perature param agnetic region .

The ThU resu lts  can best be understood within a fram e of 

re fe ren ce  which includes in one c la ss  the three c lo s e ly  related s y s ­

tem s T h C e , AIMn and ThU, listed in o rd er  o f  their increasing  tend­

ency towards m agnetism . The susceptib ility  of T h C e ^  d e cre a se s  

below 300°K, indicating the absence of m agnetism  at low tem p era ­

tures, while the susceptib ility  of AIMn shows a tem perature inde-

33pendent but large  enhancement. The susceptib ility  of ThU is 

strongly enhanced relative to that of pure Th and shows a weak, 

nearly  C u r ie -W e iss  dependence on tem perature. The impurity
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contribution to the residual res is tiv ity  of these three system s is 

d escr ib ed  by the relation

AP (T) = A p  (0) [1 - (T /T  )2 ]o

which is ch a ra cte r is t ic  of a scattering p r o ce s s  betw een e lectron s  and 

lo ca lized  m agnetic m om ents which fluctuate in tim e with a ch a ra cte r -  

- - * 6 2  ist ic  frequency

Intuitively we see that the low er (the longer lived the loca l m o ­

m ents), the m o re  m agnetic the behavior attributed to the particular 

im purity. Again, as in the m agnetic lim it , the ch a ra cter is t ic  te m ­

peratures can be used to ch a ra cte r ize  the m agnetic behavior ; the
L o

norm al state res is tiv it ies  give Tq > 1000 K fo r  ThCe, ~  530°K  for

62 34 * 33AIMn ’ and ~  100°K for ThU. As seen the residual res is t iv ity

c o r re la te s  with the susceptib ility  in indicating that ThU is c lo s e r  to 

the m agnetic reg im e . The detailed T^ vs . n cu rves  fo r  these s y s ­

tem s show further s im ilarity . In each ca se , with increasing  im purity

concentration , T^ fa lls  off very  fast as a m odified  exponential.

35Again the strongest e ffect  is found fo r  ThU. H owever, for  all

The value o f T Q ~  100°K fo r  the ThU system  is a lso  evident f r o m  
the th erm oe le c tr ic  power which exhibits a m axim um  near 8 0 ° K . ^
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three system s, the sp ec if ic  heat jump at fo llow s the BCS Law of
T

C orresponding States, em phasizing their essen tia lly  nonmagnetic 

character  at superconducting tem peratures . An enhancement of the 

e le ctron ic  sp ec if ic  heat coe ff ic ien t , linear in concentration  is e x ­

pected in nonmagnetic sy stem s. This im purity contribution is p r o ­

portional to the density of states at the F e rm i level o f  the virtual

bound state loca lized  at each impurity site. As f ir s t  calculated by

64Klein and H eeger,

A ccord in g  to our results fo r  the initial in crea se  of y ,  N (E ) isf  F

57 s ta tes /eV  atom  U fo r  the ThU system . In AIMn the correspon d in g

65value is N (E ) = 10 s ta te s /e V  atom  Mn. The ratio  N . ( E ) /  a i ?  f  F

N ,(E_,) = 5. 7 is very  s im ila r  to the inverse  of the ratio between the d F 1

correspon din g  ch a ra cte r is t ic  tem peratures . This relation between

the sp ecif ic  heat and res is t iv ity  resu lts  can be understood in the

62fram ew ork  of m odels  which attribute the weakly m agnetic nature

of these system s to lo ca lized  spin fluctuations. In such m odels  the

half-width of the im purity leve l is narrow ed by the presen ce  o f  spin

fluctuations to an e ffect ive  value A . T and N, (E „ )  are  ex -e ff  o I F

pected to be of the o rd er  of and A eff  ’ re sp ect iv e ly ,  which

accounts fo r  the relation  above.

C rit ica l fie ld  data fo r  the ThU system , recen tly  reported , show 
sm all departures fr o m  BCS behavior.
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FIGURE 13

Reduced sp ec if ic  heat jump A C / A C ^  versu s  reduced c r it ica l

tem perature T /Tc co

^  - ThU alloys

■  - (La, GdJAl^ alloys

• - (L a ,C e )A l alloys
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6  C versus In T . Magnetic field  dependence of the magnetic 

im purity contribution in (La, GdJAl^ .

FIGURE 14
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II. THE CALORIMETERS

A. INTRODUCTION

The heat capacity  experim ents w ere  made in three c a lo r im e ­

ters  su cce ss iv e ly  built during this re se a rch . The b a s ic  design  is an 

unusual variation of the heat pulse technique w idely  used in adiabatic 

ca lo r im e try  at low tem peratures . The sam ple is usually  isolated 

fr o m  the heat sink with nylon threads in a vacuum  container im ­

m ersed  in the helium  bath. This iso lation  system  is e ffic ien t in p re ­

venting conduction heat leaks to the surroundings. To co o l  the

3 4sam ple, a m echanical heat switch is w idely used in the He and He 

tem perature ranges. Since this suspension system  is v ery  sensitive 

tQ vibrational heating, m echanical actions on the sam ple are  u n d es ir ­

able. Consequently, m ost  switches are jaw shaped acting on a m eta l-

1 2lie contact therm ally  linked to the sample (Fig. l , a ) .  ’ A lterna­

t iv e ly , the sam ple can be rig id ly  suspended by som e insulating 

m ateria l. This solution is re la tively  m ore  insensitive to vibrations 

and, because  o f  the rigid  suspension, the fo r c e  needed for  e ffic ien t 

therm al contact can be d ire c t ly  applied to the sam ple with consequent 

advantages in design  and handling (Fig. l , b ) .  In addition, the te m ­

perature o f the sam ple can be ea s ily  contro lled  b ecau se  of the r e la ­

t ively  high therm al conductance of the suspension system . A lso ,  the 

p rob lem s aris in g  f r o m  m isalignm ent of the contacts in the switch jaws
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can be elim inated, resulting in a m inim ization  of the heat input when 

opening the switch.

In the follow ing we d e scr ib e  three sem i-ad iaba tic  ca lo r im eters

3 4which are operated in the He and He tem perature ranges. We also  

d iscu ss  in som e detail the lim itations of the sem i-a d iab atic  method.

B. TECHNICAL DESCRIPTION 

C alor im eter  I

The main features of this ca lo r im e te r ,  built in B ar iloche , 

include a m echanical heat switch operated by a bellow s and a sem i-  

adiabatic method fo r  therm al isolation  o f the sam ple. A  d iagram  of 

this ca lo r im e te r  is shown in F ig . 2. Four nylon screw s  isolate  the 

sam ple and addenda (e) f r o m  the sam ple holder (c). Conduction heat 

leaks through the s crew s  are m inim ized  by controlling  the tem p era ­

ture of the sam ple holder so that it is c lo se  to that of the sam ple.

4 3The sample is coo led  by pumping both the He (a) and He (b) r e f r ig -
3

era tors .  T herm al contact to the He r e s e r v o ir  is obtained with a

heat switch consisting  of a 0. 002" copper fo i l  (g) glued to the sam ple
3

with GE 7031 varnish, and p ressed  against the He therm al sink (h).

The fo r c e  is applied with the bellow s (j) which is actuated with liquid
4 , 3He at high p r e s s u r e s .  Partia l therm al iso la tion  between the b e l-

4 3lows at superfluid He tem peratures and the He therm al sink is

obtained with a p iece  o f  nylon (i) o f  high therm al im pedance.



In spite o f  su ccess fu l  m easurem ents on the A gZn system , 

som e design  changes w ere  deem ed n e ce s sa ry  fo r  the following 

re a s o n s :

a) We w ere  not able to co o l  the sample below  0. 7°K due to the 

com bined e ffect  of the therm al res is tan ce  of the contact 

and the heat conducted through it and the nylon p iece  (i).

b) Having to glue the addenda to the sam ple fo r  each e x p e r i ­

ment introduces a certa in  d egree  of uncertainty due either 

to p oss ib le  alterations of the re s is to r  ca libration  or sm all 

changes in the heat capacity  of the addenda.

c )  Good alignment of the copper fo i l  in the therm al switch 

was d ifficu lt  to obtain; som e experim ents failed sim ply 

because  the fo i l  touched either (h) or  (i) in F ig . 2. A lso , 

suspension  of the sam ples with screw s  (f) was im practica l 

fo r  the new, irregu la r ly  shaped sam ples.

C a lor im eter  II

A d ia gram  of C a lor im eter  II is shown in F ig . 3. The sample

3(0) is contained in a gold plated cop per  cy linder  about 7 cm  in v o l ­

um e. The low er end of the cy linder is a cap that, when screw ed  into 

p lace , insures therm al contact between sam ple and addenda (P). A 

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

cy lin der . The germ anium  th erm om eter  (K) is tightly p ressed  into a
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gold plated cop per  capsule. E le c tr ica l  leads are soft so ldered  to the 

heater w ir e s .  Heater voltage leads are 0. 002" manganin w ire  and 

current leads are of superconducting lead coated manganin w ire . A 

rig id  0. 005" walled nylon cy linder is used to suspend the sample in 

this sem i-ad iabatic  method. Heat leaks are m in im ized  by controlling 

the tem perature of the heat sink (dashed area  in F ig . 3). A m echani­

ca l heat switch is used to co o l  the sample f r o m  77°K to 0. 35 °K. A
4

bellow s (F), activated with He p ressu re  up to 3 a tm ospheres , pushes

down on a nylon rod (G), the low er end o f which is the contact (J)
3

therm ally  linked to the He heat sink. When the bellow s is evacuated,

the co p p e r -b e r y l l iu m  spring (L) opens the switch. During calibration

runs the switch is a lso  used to provide therm al contact between the

4germ anium  th erm om eter  and the m agnetic th erm om eter . A He heat

5 4exchanger is used to co o l  the ca lo r im e te r  f r o m  77°K to 4°K. He 

gas p recoo led  in the main bath is c ircu lated  through copper tubing 

so ftso ldered  to the heat sink (B). When the system  is at 4 °K , the

tubing is evacuated and further cooling  is obtained by c ircu lating  the

3 4He through the re fr ig e ra to r ,  p recoo led  in the He evaporator .

3Finally , 0. 35 °K is reached  by pumping the condensed He . The 77°K 

to 4°K cooling  time is le ss  than three hours, while f r o m  4°K  the low ­

est  tem perature is reached in less  than 30 minutes.

This ca lo r im e te r  continues to w ork  quite sa tis factor ily  in 

B ariloche  and its ba s ic  design  was m odified  only slightly during co n ­

struction  o f a third ca lo r im eter  in La Jolla.
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In this case  we wanted to make a single com p act  p lug-in  unit

to be used in a conventional m ultipurpose dew ar with pumping sy s -

3 4tem s fo r  He and He . The suspension of the sam ple is essentia lly

the same as p rev iously  d escr ib ed , except fo r  the addenda whose heat

capacity  was m inim ized.
3

A sim ple He heat exchanger com bined with an air p ressu re

operated heat switch a llows a sample to be coo led  f r o m  77°K to
3

0. 5°K in 1 .5  hours. A controlled  flux of He gas is continuously

circu lated  through the pumping system , the condenser (h) (see F ig . 4),
3

the 1 /64  I. D. cop p er -n ick e l  cap illary  tube (j) and the He r e f r ig e r a ­

tor (1). When the sam ple (r) has been coo led  down to 4 °K  the bath is

3pumped until the He is condensed. The low est tem perature is

reached by c los in g  a valve at the gas inlet. The heat exchanger can

4also  be operated with He down to 1. 5°K.

The upper end o f the gold-p lated  copper contact (o) is im -
3

m ersed  in the He r e s e r v o ir  (1) which is an extendable be llow s . When 

air is applied to the upper bellow s (b), sm all longitudinal d is p la c e ­

ments are transm itted by the 5 /3 2 "  sta inless steel tube to the therm al

contact (o) and the sample is then connected to the therm al sink. A

3 30. 5 cm  cop per  bulb, hard so ldered  to the He cop per  plate, is used

3 4either with He or He to ca librate  the carbon  and germ anium  r e ­

s is to rs .

C a lor im eter  III
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C. SEMI-ADIABATIC CALO RIM ETRY

The su ccess fu l  operation o f  a sem i-ad iabatic  ca lo r im e te r  r e ­

quires that the tem perature drift o f  the sam ple after the heating pulse

T be sm all. We d iscuss  this condition later, but if it holds, it is s

possib le  to extrapolate the tem perature drift to the m idpoint o f  the 

heating interval and then make an accurate  determ ination o f  the tem ­

perature jum p (see Fig. 5). T m ay be ca lcu lated  to a good approxi-s

mation by the express ion

T = §  (1)s C

where Q is the heat flux through the nylon cy lin der (Fig. l , b )  and C 

is the effective  heat capacity  o f  the sam ple and its support. If C s

and C are the heat capacities  o f  the sam ple and nylon support,

respective ly , then C = C C /(C + C ) as deduced fr o m  d irect  r  } s ny s ny

analogy to an e le c tr ica l  c ircu it . Q is ca lcu lated  fro m

Q = |  A T  (2)

where A T  is the tem perature jum p o f  the sam ple (initially in therm al 

equilibrium  with the heat sink) and R is the therm al res is tan ce  o f  the 

nylon cy linder. The res istan ce  o f  the m eta llic  sam ple, being much 

sm a ller , is neglected . Combining (1) and (2), the following e x p r e s ­

sion is obtained



T , equal to RC, is a therm al time constant which is strongly  dependent

on tem perature and can be evaluated fr o m  the therm al conductivity and

6 7sp ec if ic  heat data fo r  nylon, ’ and fr o m  the heat capacity  o f the 

sam ple. F or  one m ole o f  copper , our ca lcu lated  time constant changes 

f r o m  50 sec at 0. 5 °K to 2000 sec  at 5 °K. In units o f  the tem perature 

jum p, the expected tem perature drifts are  8% /m in  and 3% /m in, 

respective ly . The m easured  drifts agree  within 10% at high tem p era ­

tures, while they are  three tim es low er than expected  at 1°K, suggest­

ing that the therm al contact res istan ce  o f  n y lon -cop p er  is v e ry  large, 

and o f the ord er  o f  30°K/|ji watt. The fact that the drifts are so sm all 

insures the good quality o f  the sp ec if ic  heat m easurem ents (Fig. 5).

D. MECHANICAL H EAT SWITCHES

The heat switches are a c r it ica l  point in low tem perature 

ca lor im etry . The sam ple needs to be coo led  down in a reasonable  

amount o f  time to the low est tem perature and then m ust be isolated 

f r o m  the cooling bath in o rd er  to make the m easurem ents. In the 

early  heat capacity  experim ents , helium  exchange gas was used to 

c o o l  the sam ple fo llow ed by extensive pumping to iso la te  it f r o m  the 

bath. Somewhat later it was rea lized  that this technique introduced 

serious  e r r o r s  in the determ ination o f  sm all heat capacities  due to the



heat o f  adsorption o f  the exchange gas. Nowadays m echanical heat

3 4switches are m ostly  used at He and He tem peratures. The m ore  

efficient the switch is , the faster  the cooling . A  few param eters  can 

be used to ch a ra cter ize  the switches for  com p arison  purposes . The 

heat conductance o f  the contacts is important and a lso  the heating gen­

erated in opening the switch at the low est tem perature. Typically , 

loads as big as 1. 5 kgm w ere  applied d irect ly  onto the sam ple to make 

the thermal contact as d escr ib ed  in section  II. B. H ow ever, up to

3. 5 kgm  loads w ere  supported without damage to the nylon cy linder.

Different heat inputs w ere  ob served  when opening the switches 

at the lowest tem perature. A  m axim um  o f 90 ergs was de livered  to 

the sample when the second  switch (Fig. 3) was c lo sed  at nitrogen
g

tem peratures, but if f ir s t  operated at 4°K , this quantity was reduced 

to about 30 ergs . The third switch (Fig. 4) introduced heat inputs as 

low  as 7 erg s .  These data w ere  taken without attempting to optim ize  

the p er form an ce  o f the heat switches.

The ch o ice  o f  the contacts plays an important ro le  in the p e r -  
g

form ance  o f  the switch and som e data is available on the therm al 

conductance o f  d ifferent contacts. The switch used in ca lo r im e te r  II 

has b ra s s -g o ld  plated copper contacts while that used  in ca lo r im e te r  

III has go ld -g o ld  contacts. The therm al conductance x o f  the switche
*

was calculated f r o m  the ex p ress ion  
*

The therm al conductance o f the support, being much sm a ller  (Fig. 6) 
has been neglected.



A  heat flux Q was delivered  through the contact by the heater located  

on the sam ple. When the steady state was reached, the tem perature 

d ifferen ce  between sample and bath A T , was m easured  with a 

C ry oca l  germ anium  re s is to r  on the sam ple and a p reca lib ra ted  Speer 

carbon  r e s is to r  located  in the heat sink (F igs. 3, 4). The tem perature 

was contro lled  by the regulator on the radiation shield. When the 

therm al conductance o f  a contact was too sm all to be m easured  in the 

above way, a dynam ical method was em ployed. A  heat pulse was d e -  

l ivered  to the sam ple and the subsequent drift Tg was record ed . The 

therm al conductance was again determ ined fr o m  relation (4) but A T  

was assum ed to be the tem perature jum p in the sam ple (since the 

tem perature o f  the heat sink should not change under sm all heat in ­

puts) and Q, the heat flux, was ca lcu lated  using

Q = C T (5)s

where C is the known heat capacity  o f  the sam ple and T^ is the 

initial drift after the heat pulse. As the therm al conductance has a 

strong dependence on the fo r c e  applied to the contacts, the results 

shown in Fig. 6 w ere  n orm alized  to a 1 kgm  load. The fo r ce  was 

estim ated fr o m  the p ressu re  applied to the driving be llow s . The r e ­

sults fo r  our A u-A u contacts are  seen to be fa ir ly  s im ila r  to those
g

p rev iou s ly  reported  by H ill and Pickett fo r  their switch, a lso  with



A u-A u contacts. Their estim ated fo r c e  how ever , is sev era l kgm, and 

the co incidence  seem s rather fortuitous since the value at 4°K  in­

c re a s e s  m ore  than 10% when the fo r c e  is only 2 kgm. The reader may 

note that the therm al conductance for  the b r a s s -g o ld  contact is between

5 and 10 tim es sm a ller  fo r  s im ila r  applied fo r c e s .

E. MEASURING SPECIFIC HEATS

The heat capacity  experim ents w ere  p er fo rm ed  with the heat 

pulse technique. The tem perature jum p in the therm ally  isolated 

sam ple was determ ined  after the heat pulse was introduced. If the 

m ass o f  the sam ple is known, its heat capacity  is ca lcu lated  fr o m  the 

express ion

C = m " 1 (A Q /A T ) (6)v

The jou le  heat input AQ is in turn given by 

AQ = (I2 R) At

where R is the res istan ce  o f  the manganin heater, m easured  to better 

than one part in one thousand and chosen  to be about 100 ^ . I is the 

heating current determ ined by m easuring the potential drop a c r o s s  a 

1000 Q standard r e s is to r  with a digital vo ltm eter  and At is the heat­

ing interval m easured  with a digital c lo ck  sim ultaneously  tr iggered  

with the heating current by a double m icrosw itch , fo r  which s im u l­

taneity had been tested to be better than 1 m il l is e c .  The tem perature
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jum p varied  fr o m  40 to 100 m °K  depending on the tem perature. The 

m inim um  heating rates changed fro m  4 e r g / s e c  to 300 e r g /s e c  in the 

range o f  m easurem ent. These rates w ere  used  when m easuring the 

heat capacity  o f  the addenda, as sm all as 80 u j /°K  at 0 .5 °K .

The m ost delicate p rob lem  in this type o f  m easurem ent is the 

therm om etry . To make the tem perature m easurem ents, a 33 cps 

Wheatstone bridge was balanced at the d es ired  initial value o f  the 

therm om eter  res istan ce ; a fter heating the bridge was balanced again 

(Fig. 5). The tem perature drift o f  the sam ple introduces sm all c o r ­

rection s 6R to the equilibrium  value R, which are calcu lated  fr o m  

the relation

6R = a(R) 6V

w here 6V is the change in the output voltage which corresp on d s  to 

sm all changes in the equilibrium  res is ta n ce . The param eter a(R) is 

determ ined for  each value o f the equilibrium  res is ta n ce  for  known un­

balances. The tem perature jum p is related to the total change in 

res istan ce  AR in each sp ec if ic  heat point through the ex p ress ion  (see 

Fig. 5).

A T  = T (R f ) - T(R .) = | |  AR (7)

The function T(R) has to be determ ined  em p ir ica l ly  by c a l i ­

brating the res istan ce  against the standard therm om eters  available in 

d ifferent ranges o f  tem perature. We d e scr ib e  below  the techniques

82



83

and p roced u res  used  during the calibration  experim ents .

C a lor im eter  I
4

This ca lo r im e te r  was used in the liquid He range fr o m  1 .4 °K

to 4. 2°K . ^ F or  a therm om eter  an Allen Bradley 15 Q , 1 /10  watt c a r -
4

bon re s is to r  was ca librated  against the vapor p re ssu re  o f  He with

4 9tem peratures determ ined f r o m  the He 195 8 T em perature  Scale.

4The r e s is to r  was ca librated  after each sp ec if ic  heat experim ent. He 

exchange gas was admitted into the vacuum  ja ck e t ;  then the 

main bath was p ro g re s s iv e ly  pumped down to 1 .4 °K . About 25 c a l i ­

bration points w ere  taken at interm ediate tem peratures , the p ressu re  

o f  the bath being stabilized  by controlling  the pumping speed with a

m odified  W alker regulator. ^  The vapor p re ssu re ,  m easured  with
4

m e rcu r y  and o il  m anom eters was that in the He evaporator  (Fig. 1) 

located  c lo se  to the sam ple, which, used in this way acts as a bulb to 

avoid hydrostatic  co r r e c t io n s .  A  least squares analysis o f  the data 

was made with the interpolation form ula

+3
1 2 ,  (In R ) ‘  (8)T -  i

The m axim um  relative deviation fr o m  the calcu lated  values was 
-3

2 x 1 0  (Fig. 7(a)). The lim its in the sum  above w ere  changed to 

obtain different exp ress ion s , the best fitting being obtained with this 

form ula .
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A  0. 8 m ole  copper sam ple was m easured  to check the c a lo r im e ­

ter. The copper was supplied by the A m er ican  Smelting and Refining 

Co. (ASARCO) and m easured  "as rece ived . " About 80 experim ental 

points w ere  fitted to the usual form ula

C = y T + R T3 (9)v

The values o f y and ¡3 as deduced fr o m  the least squares analysis 

are shown in Table I. The m easured  Debye tem perature a grees  well 

with the value accepted  as standard while the coe ff ic ien t  o f  the linear 

te rm  is about 5% larger .

C a lor im eter  II

The Allen Bradley 15Q carbon re s is to r  was found to be a sa t is -

4fa ctory  choice  when working in the He range; how ever its res istan ce

is too high at low tem peratures (approaching 400 kQ at 0. 3°K, see

Fig. 8), so a less  sensitive re s is to r  was chosen  to w ork  between

0. 35 °K and 4. 0 °K. A  Speer 470Q , 1 /2  watt, Grade 1002 carbon  re -
4

s is tor  was ca librated  in the He range as p rev iou s ly  d escr ib ed . Below

1 .4 °K , a C eriu m  M agnesium  Nitrate (CMN) therm om eter  was used  as

the standard. The param agnetic susceptib ility  o f  the CMN, which is

12known to obey a Curie law down to 0. 006 °K, was m easured  as the

change in the mutual inductance o f  a com pensated  set o f  co i ls  im m ersed

4 13in the He bath. This change in mutual inductance A M  was related 

to the tem perature T, through the express ion



as deduced f r o m  the least squares analysis o f  the data between 1. 4°K

14and 2. 5 °K. AM  was m easured  with a 17 cps inductance bridge

-4with a sensitivity  o f  4 x 10 at 1. 0°K, and T determ ined fr o m  a p r e ­

ca librated  germ anium  re s is to r .  E xp ress ion  (10) was then ex trapo ­

lated below  1. 4 °K  and the re s is to r  was in turn ca librated  against the 

CMN.

A  v e ry  s im ple  interpolation function can be used  with the Speer 

15470Q carbon r e s is to r  :

T = ------------------  (11)
(In R -  B)°

The constants in the expression  above can be ca lcu lated  fro m  the e x ­

perim ental data with a desk ca lcu lator . The ca libration  points w ere
-3

fitted with a m axim um  relative deviation o f  2 X  10 (Fig. 7(b)). The

sam e cop per  sam ple was m easured  to test this ca lo r im eter .  In o rd er

to rem ove p oss ib le  anom alies due to trapped gases , ^  the sam ple was

-5annealed at 840 °C fo r  100 hrs  in a vacuum  o f  10 torr . About 50 

sp ec if ic  heat points w ere  taken between 0. 4 °K  and 4. 0°K and fitted to 

form ula  (9). The resulting values for  the coe ff ic ien ts  are  presented 

in Table I.

A fter these pre lim inary  experim ents w ere  made, new germ an -

17ium re s is to r s  o f  h igher reproducib ility  and sensitivity  becam e



available in our laboratory. A  C ry oca l 250Q germ anium  re s is to r

was used in m ost o f  the experim ents presented  h ere . The sam e p ro -
4 3

cedure was used  to ca librate  this r e s is to r  in the He and He ranges.

A  p reca librated  C ryoca l  1000Q re s is to r  was used  as a standard above

4. 0°K. The two re s is to r s  w ere  mounted on the addenda (Fig. 3) and 

the manganin w ires  w ere  therm ally  linked to the sam e point. It was 

found that d ifferential heat conduction through the r e s is to r  w ires  can 

a ffect  the therm al equilibrium  o f  the sensing elem ent o f  the re s is to r

19due to the finite therm al conductance to the surroundings. Two 

different express ion s  w ere  used  to fit the data

n

~  = J  a. (In R )1 , (12)
0

n

and In T = ^  a. (In R) (13)
0 1

A  least squares analysis o f  the data made for  n increasing  f r o m  5 

to 12 showed that the sam e rm s deviation can be obtained with one c o ­

e ffic ient less  when form ula  (13) is adopted. About 63 ca libration  points

w ere  fitted to this ex p ress ion  with a m axim um  relative deviation o f  
-3

2 X  10 (Fig. 7 (c ) ) .  Only seven coe ff ic ien ts  w ere  needed in spite of 

the wide range in res istan ce  values (Fig. 8).

The com p ar ison  o f  the fitting o f  the ca libration  data fo r  these 

f ir s t  three r e s is to r s  (Fig. 7(a), (b), (c)) shows that m axim um  deviations
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o ccu r  in the v icin ity  o f  the lambda point. A fter  attempting sev era l 

experim ental proced u res  in o rd er  to optim ize the therm al equilibrium
4

between the sam ple and the He evaporator where the vapor p ressu re  

readings w ere  made, it was concluded that a different experim ental 

arrangem ent was n e ce s sa ry  to im prove the equilibrium  above 2. 17°K. 

A lso  sm all system atic  deviations can be observed  when the m agnetic 

and the vapor p ressu re  sca les  are superim posed ; they are due to the 

relative ly  la rg er  uncertainty in m easuring the magnetic tem peratures. 

These deviations w ere finally  rem oved  by extending the ca libration  o f  

the CMN to low er tem peratures where the m agnetic therm om eter  is 

m ore  sensitive.

C a lor im eter  III

Most o f  the therm om etry  in this ca lo r im e te r  was based on the

4 3 3vapor p ressu res  o f  liquid He or  He within a 0. 5 cm  bulb hard so ld ­

ered  to a cop per  plate inside the vacuum  jack et  (Fig. 4). During 

calibration  runs the th erm om eters , Speer 470Q carbon  and C ry oca l

250Q germ anium  re s is to r s ,  w ere  mounted on the copper plate.

4 3Charges o f  He or  He , depending on the tem perature range, w ere
4

condensed into the bulb. Between 2 .0 °K  and 4. 2°K , it was He ; fr o m
3

2. 0°K, down toO. 7°K, it was He . V apor p ressu re  readings w ere

made with m e rcu ry  and oil m anom eters  and the correspon d in g  tem -

4 3peratures w ere  determ ined fr o m  the He 1958 and He 1962 T em p era -  

9 20ture Scales . ' Below 1 .4 °K , the plate was, o f  cou rse ,  therm ally



iso lated  fr o m  the He bath by a vacuum, but above 1 .4 °K , exchange

gas was admitted into the jacket and the bath was allowed to w arm  v e r y

slowly. Tem perature equilibrium  was established to better than

211 m °K /m in  by a cartesian  manostat when actually making vapor 

p ressu re  readings. Between 0. 7°K and 0. 5 °K the tem peratures w ere

determ ined by extrapolating the ca libration  function o f  the Speer 470Q

22 3r e s is to r  p rev iously  determ ined in the He range. F or  the new

C ry oca l  250Q re s is to r  about 55 ca libration  points w ere  fitted to ex ­

p ress ion  (13) between 0. 5 °K and 4 .2 °K .  Again the num ber o f  c o e f f i ­

cients was seven but the fitting im proved  by a fa ctor  o f  two com pared  

with the previous data (Fig. 7 (d)). It is im portant to notice  that the 

deviations ch a ra cter is t ic  o f  the lambda point have a lm ost  d isappeared.

F. CONCLUSIONS

An unusual derivative o f  the heat pulse technique has been 

developed and used  to m easure  the sm all low tem perature heat ca p a c i ­

ties o f  m eta llic  sam ples . F ro m  a study o f the p er form an ce  o f  the 

ca lo r im e te rs  built fo r  the re sea rch  presented  in this thesis , the f o l ­

lowing conclusions can be made.

3 4The use o f  He and He heat exchangers prov ided  a reliab le  

method fo r  fast cooling o f  the ca lo r im e te r  it s e l f  which has the equiva­

lent heat capacity  o f  sev era l  m oles  o f  pure cop p er  (F igs. 2, 3, 4). 

They a lso  com p lete ly  avoid the use o f  exchange gas below  liquid nitro - 

gen tem peratures.

4



Three different heat switches o f  increasing  re liab ility  and p e r ­

form an ce  w ere  tested. The switch in ca lo r im e te r  III, with its high 

therm al conductance A u-A u contacts, is capable o f  rapidly cooling the 

sam ple yet gives a v ery  sm all heat input when opened even at the low ­

est tem peratures.

The sem i-ad iabatic  method fo r  therm al isolation  o f  the sam ple 

with a rig id  nylon support was found to be v e ry  p ra ct ica l  fo r  m e a su r ­

ing sam ples o f  sm all heat capacities which are v e ry  sensitive  to 

v ibrational heating in adiabatic containers. This method is re la tive ly  

insensitive to v ibrations since  the heating rate o f  the sam ple can be 

m ade either negative o r  posit ive  by controlling  the tem perature  o f  the 

sink to which the sam ple is weakly connected. Using the sam e p r o c e ­

dure, the tem perature o f  the sam ple can be set to prev iou sly  estab ­

lished values, which is particu larly  usefu l in making determ inations o f  

the sp ec if ic  heat in the v ic in ity  o f  superconducting transition tem p era ­

tures. The su ccess fu l  operation o f  this m ethod is due to the re la tive ly  

large tim e constant o f  the a ssoc ia ted  therm al c ir cu it ,  which at low 

tem peratures is determ ined m ainly by the large  therm al res is tan ce  

between nylon and copper.

The com bination o f  the three fa ctors  mentioned above leads to

an e ffect ive  reduction in the s ize  o f  the ca lo r im e te r .  A  final im p rove -

4ment can be made by incorporating a continuously operating He evap-

23ora tor .  This could be done easily  in C a lo r im eter  III.
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During the search  for  reliab le  therm om etry  sev era l  re s is to r s  

w ere  tested as secondary  th erm om eters . An Allen Bradley 15 Q ,

1 /10  watt, carbon re s is to r  proved  to be a sensitive  therm om eter b e ­

tween 1 .4 °K  and 4. 2°K, but its high res is ta n ce  at low tem peratures 

made it unuseable below  1 °K. A  Speer 470Q , 1 /2  watt, Grade 1002 

carbon  re s is to r  was found to be an appropriate ch o ice  when working 

fr o m  4. 2°K  to 0. 4 °K  due to the applicability  o f  its s im ple  interpolation 

function suitable fo r  use with desk ca lcu la tors . H ow ever, its sen s i­

tivity is re la tive ly  low. Finally, the m ore  sensitive  and m ore  r e p r o ­

ducible germ anium  re s is to rs  w ere  used  in ca lo r im e te rs  II and III. A  

C ry oca l  250Q r e s is to r  was used  m ostly  in the experim ents presented  

h ere .

C onsiderable  p rob lem s w ere  found when calibrating the r e s i s t ­

o rs  in ca lo r im eters  I and II due to the difficulty in obtaining a good
4

equilibrium  between the therm om eter  and the He evaporator  where 

the vapor p ressu re  was m easured . Tem perature gradients w ere  

random ly ob served  above the lambda point due to osc il la tion s  in the 

evaporator when used as a static container for  the vapor p ressu re  

m easurem ents. These osc il la tion s  w ere  only ob serv ed  when using a 

high sensitivity  Texas Instrument m anom eter. N early  ideal equilib ­

rium  conditions w ere  eventually achieved  with C a lo r im eter  III in which 

the helium  bulb was p laced in the sam e cop per  plate as the re s is to r s .  

This greatly  im proved  the calibration , and smooth fitting o f the data



was achieved with a re la tively  sm all number o f  coe ff ic ien ts  in the in te r ­

polation function.

Finally, the use o f  an a. c. Wheatstone bridge fo llow ed by a 

r e co r d e r  proved  to be a sensitive  and suitable method fo r  the m ea su re ­

ment o f the therm om eter  res istan ce . The nonlinearity effects  c h a ra c ­

ter is t ic  o f  the Wheatstone bridge w ere  avoided by balancing the bridge 

b e fore  and after the heat pulse, thereby record in g  the tem perature 

drifts in the linear region o f  the bridge.
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TA B LE  I

Specific  Heat Data fr o m  Calibration Experim ents

C a lo r im eter Sample Y 2 mj /m o le  °K
0
°K

I
0. 80 m ole 
"A s r e c e iv e d "  
f r o m  ASARCO

0. 74 ± 0. 02 343. 5 ± 3. 0

II
0. 80 m ole 
High vacuum  
annealed

0. 697 ± 0. 003 340 ± 2

5 m oles  
R e feren ce  
sam ple* *

0. 694 345. 4
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FIGURE 1

(a) Adiabatic sam ple suspension

1) Vacuum  jacket

2) Therm al link for  the contact

3) Sample

4) M echanical heat switch

5) Nylon threads

(b) Sem i-adiabatic  sam ple suspension 

l 1) Vacuum  jacket

2 ')  Therm al link for  the contact 

3 1) Sample

4 ')  Driving rod for  the contact 

5 1) R igid nylon support



1 o

Ca)



a) He re fr ig e ra to r

3
b) He re fr ig e ra to r

c) Tem perature contro lled  shield

d) Carbon res istan ce  therm om eters

e) Sample

f) Nylon screw s  fo r  sam ple therm al isolation

g) C opper fo il  fo r  therm al contact

h) Therm al sink

i) Nylon rod
4j )  Bellows activated by He p re ssu re  

k) R igid  nylon ce l l

1) Therm al and m echanica l link fo r  the bellow s

FIGURE 2

C a lor im eter  I

4





A) He re fr ig era tor
4

B) He heat exchanger
4

C) He high p ressu re  line
3

D) He re fr ig e ra to r

E) Therm al and m echanical link for  the bellow s

F) Heat switch bellows

G) Heat switch nylon driving rod

H) C opper cy lin drica l guide fo r  G

I) Thin walled nylon therm al insulator 

J) Therm al contact

K) Germ anium  therm om eter 

L) C o p p e r -b e r i l l iu m  spring 

M) Shield heater 

N) Sample heater

O) Sample

P) Gold plated cop per  addenda 

Q) CMN therm om eter

FIGURE 3

C a lor im eter  II

4





FIGURE 4

C a lo r im eter  III

a) High p ressu re  a ir  line

b) Heat switch bellows

b 1) Heat switch bellows 
3

c) He pumping outlet
3

d) He return line

e) M anom eters line
4

f) Upper flange for  the He dewar

g) Therm al contact driving tube
3

h) He condenser

i) Vacuum  jacket

j)  Copper n ickel cap illa ry  tube 1 /6 4 "  I. D.

k) H elium  bulb fo r  vapor p re ssu re  m easurem ents 
3

1) He re fr ig e ra to r

m) Tem perature contro lled  shield

n) Nylon insulator cy lin der  0 .0 0 5 "  wall

o) Gold plated cop per  therm al contact

p) G erm anium  therm om eter

q) Heater and gold plated cop per  addenda

r) Sample



100



101

FIGURE 5

Typical heat capacity  determ ination (the bridge  was balanced 

be fore  and after the heating interval).
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FIGURE 6

Therm al conductance o f  sev era l  heat switches at low  tem peratures.

Solid c i r c le s  - results for  A u-A u contacts (this work);

continuous line - b r a s s -g o ld  contacts (this work);

dashed-dotted  line -  A u-A u contacts (Ref. 8);

dotted line - nylon sample support (calculated with data fr o m

R efs . 6 and 7).
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FIGURE 7

Deviations fr o m  the least squares fitting fo r  the ca libration  data, 

obtained fo r  d ifferent carbon and germ anium  res ista n ce  th erm om e­

ters .

a) Allen Bradley 15Q,  1/10 watt carbon  res is ta n ce  therm om eter . 

Calibrated between 1 .4  and 4. 2°K  against the vapor p ressu re  

o f  He4 .

b) Speer 470Q , 1 /2  watt carbon  res is ta n ce  therm om eter  , Grade

1002. Calibrated  between 0 .4  and 4. 2°K  against a CMN ther-

_ _ _ 4m om eter  and He vapor p ressu re .

c) C ry oca l 250Q germ anium  res istan ce  therm om eter . Calibrated  

the sam e way as b).

d) C ry oca l 250Q germ anium  resistan ce  therm om eter . Calibrated

3 4between 0. 5 and 4. 2°K with a helium  bulb against He and He 

vapor p re ssu re s .
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FIGURE 8

R esistance  vs . tem perature behavior o f  the therm om eters  used  

in the ca lo r im e te rs .
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