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ABSTRACT 

In te rca la ted  layered compounds have been t h e  sub jec t  of 

tremendous p rac t i ca l  and t h e o r e t i c a l  i n t e r e s t  in  recent  years .  

Observations of  some workers ind ica te  t h e  p o s s i b i l i t y  of s ize-  

dependent e f f e c t s  i n  very small samples of  these  ma te r i a l s .  

This t h e s i s  dea l s  with the  construct ion o f  a s e n s i t i v e  

magnetometer and i t s  use in observing t h e  magnetic t r a n s i t i o n s  

of small superconducting samples. . 
Performance of t h e  apparatus is analyzed both t h e o r e t i c a l l y  and 

experimentally. Results o f  these  analyses a r e  shown t o  be in 

reasonable agreement. 

Unexpected r e s u l t s  a r e  obtained i n  measurements performed upon 

samples of  TaS2(aniline)3/4. Calculat ions o f  some of' t h e  

superconducting parameters of TaS2(aniline) 3/4 a r e  made i n  

an attempt t o  explain t h e  observations.  

i i i  
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INTRODUCTION AND MOTIVATION 

I n  r e c e n t  y e a r s  t h e r e  h a s  b e e n  c o n s i d e r a b l e  i n t e r e s t  i n  

s u p e r c o n d u c t i n g  m a t e r i a l s  t h a t  d i s p l a y  o n e - d i m e n s i o n a l  (1-D) o r  

t w o - d i m e n s i o n a l  (2-D) p r o p e r t i e s  and  s t u d i e s  of 1-D a n d  2-D 

s u p e r c o n d u c t o r s  h a v e  p r o c e e d e d  a l o n g  s e v e r a l  p a t h s .  

E x p e r i m e n t a l l y ,  t h e  f i r s t  p r o b l e m  i s  t o  c o n s t r u c t ,  i n  a  3-D 

w o r l d ,  a  s u p e r c o n d u c t i n g  s y s t e m  w h i c h  i s  n o t  3-D. I n  p a r t i c u l a r ,  o n e  

w a n t s  t o  restrict  s u p e r c o n d u c t i n g  e l e c t r o n s  t o  m o t i o n  i n  a  p l a n e  

(2-D) or i n  a l i n e  (1-D). One a p p r o a c h  t o  t h i s  p r o b l e m  c o n s i s t s  of 

c o n s t r u c t i n g  t h i n  f i lms or  w h i s k e r s  of s u p e r c o n d u c t i n g  m a t e r i a l s .  

A n o t h e r  t e c h n i q u e  is t o  s e a r c h  f'or m a t e r i a l s  which  h a v e  a n  i n t r i n s i c  

s t r u c t u r e  s u c h  t h a t  e l e c t r o n  m o t i o n  is i n h e r e n t l y  restricted. 

U l t i m a t e l y ,  o f  c o u r s e ,  t h e  s a i n p l e s  wit11 which  o n e  w o r k s  m u s t  b e  3-Dl 

b u t  i f  a n y  d i m e n s i o n  is s h o r t e r  t h a n  t h e  s u p e r c o n d u c t i n g  c o h e r e n c e  

l e n g t h ,  t h e n  t h a t  d i m e n s i o n  c a n  be r e g a r d e d  a s  a b s e n t .  

The  quasi-2-D m a t e r i a l s ,  w h i c h  we w i l l  g r o u p  u n d e r  t h e  h e a d i n g  

of l a y e r  compounds,  a r e  m o s t l y  t r a n s i t i o n  m e t a l  d i c h a l c o g e n i d e s  

(TX21s) .  T h i s  is a n  e x c i t i n g  g r o u p  o f  compounds  which  h a v e  been  

t h e  s u b j e c t  of e x p e r i m e n t a t i o n  s i n c e  t h e  1 9 2 0 ' s .  T h e  m e t a l l i c  ( T )  

c a n p o n e n t  is from o n e  of G r o u p s  IVB, VB, or VIR of t h e  P e r i o d i c  

T a b l e .  The c h a l c o g e n  ( X )  is o n e  of s u l f u r ,  s e l e n i u n ,  o r  t e l l u r i u m .  

The  ' T X 2 f s  form c r y s t a l l i n e  s t r u c t u r e s  made u p  of s t a c k e d  



sandwiches. Each sandwich c o n s i s t s  of two l a y e r s  o f  chalcogen a t o m  

w i t h  a s i n g l e  l aye r  of metal atoms between. Binding is  s t rong within 

sandwiclies but  weak and Van der Waals between sandwiches. These 

sandwiches a r e  stacked i n  an ordered fashion,  s o ,  by varying t h e  

s tacking sequence, one can c r e a t e  severa l  d i f f e r e n t  polymorphs. 

TX21s have generated i n t e r e s t  f o r  seve ra l  reasons: 

Thompson e t  a1 (Reference 60) have observed a metal- insulator  

t r a n s i t i o n  in  IT-TaS2. 

Some TX21s a r e  good mate r i a l s  f o r  observation of  charge 

dens i ty  waves. (See Reference 74.) 

A fu r the r  cause fo r  i n t e r e s t  i n  TX21s is t h e  discovery 

(Reference 1 )  of r e l a t i v e l y  high temperature ("10K) superconductivity 

i n  a r e l a t e d  cor!qmund, L i  .3Til.  ,S2. TX21s cover t h e  range of 

superconducting TC1 s from .8K ( f o r  TaS2) t o  7K ( f o r  NbSe2). 

I t  has been discovered t h a t  many of  these  compounds can be 

i n t e r c a l a t e d  with a l k a l i  metals  (Reference 64) and organic molecules 

(References 23,24),  dramatical ly increasing anisotropy.  Due t o  t h e i r  

layered s t r u c t u r e  and high e f f e c t i v e  surface  a r e a ,  t h e  in te rca la ted  

TX21s make both good lubr ican t s  and good absorbers.  There a re  

exc i t ing  prospects  r e l a t e d  t o  t h e  u t i l i z a t i o n  of  these  absorbent 

p roper t i e s  i n  charge s torage ,  p s s i b l y  supplanting t r a d i t i o n a l  types 

of s to rage  b a t t e r i e s .  



Many of  t h e s e  compounds a r e  s u p e r c o n d u c t i n g  b o t h  before and 

a f t e r  i n t e r c a l a t i o n ,  which makes them e x c i t i n g  new tools f o r  t h e  

s t u d y  of a n i s o t r o p y  and d i m e n s i o n a l i t y  effects.  S i n c e  1970,  s t u d y  i n  

t h i s  f i e l d  h a s  l e d  t o  t h e  d i s c o v e r y  o f  p r o b a b l y  more  t h a n  100 new 

l a y e r e d  s u p e r c o n d u c t o r s .  

As m i g h t  be e x p e c t e d ,  j u d g i n g  f rom t h e i r  s t r u c t u r e ,  i n t e r c a l a t e d  

l a y e r e d  cor~lpounds d i s p l a y  marked a n i s o t r o p y .  I n  some c a s e s  t h e i r  

normal  s t a t e  r e s i s t i v i t y  v a r i e s  by  f i v e  o r d e r s  o f  m a g n i t u d e  depend ing  

u p n  d i r e c t i o n  o f  c o n d u c t i o n  t h r o u g h  t h e  c r y s t a l .  Ext reme a n i s o t r o p y  

i n  t h e  s u p e r c o n d u c t i n g  c r i t i c a l  f i e l d s  h a s  a l s o  been  o b s e r v e d  

( R e f e r e n c e s  2 0 , 4 8 ) .  

R e p o r t s  ( R e f e r e n c e s  5 0 , 7 1 )  o f  p o s i t i v e  c u r v a t u r e  o f  HC2 ( t h e  

uppe r  c r i t i c a l  f i e l d )  a s  a  f u n c t i o n  o f  T h a v e  a l s o  s p u r r e d  i n t e r e s t  

i n  s e v e r a l  o f  t h e  l a y e r  compounds. P r o b e r  ( R e f e r e n c e  5 0 )  h a s  

measured  HC2//'s ( u p p e r  c r i t i c a l  f i e l d  p a r a l l e l  t o  t h e  l a y e r s )  

e x c e e d i n g  150 kG i n  T a S 2 ( p y r i d i n e ) l , 2  ( i . e .  TaS2 i n t e r c a l a t e d  

w i t h  p y r i d i n e ) ,  and  c r i t i c a l  f i e l d  s l o p e s  a s  h i g h  a s  200 kC/K i n  t h e  

TaS1.6Se.4 i n t e r c a l a t e d  compounds. T h i s  same a u t h o r  h a s  

s p e c u l a t e d  on t h e  p o s s i b i l i t y  o f  u s i n g  l a y e r e d  s u p e r c o n d u c t o r s  as 

d e t e c t o r s  o f  e l e c t r o m a g n e t i c  r a d i a t i o n  by  u t i l i z i n g  t h e  

Josephson- type  c o u p l i n g  between t h e  l a y e r s .  

I n i t i a l l y  much work was c o n c e n t r a t e d  upon s t u d i e s  o f  f l u c t u a t i o ~  

phenomena above  t h e  s u p e r c o n d u c t i n g  t r a n s i t i o n  t e i n p e r a t u r e  (TC) i n  



hopes of finding fluctuation behaviour character is t ic  of a  2-D 

aup~rconductor.  However, the weight of theoretical (References 

26,38,39) and experimental (References 25,50,51) work seems to  

indicate that  the fluctuation behaviour observed t o  date is 

indicative not of a  2-D sys te rn  b u t  of a  higbly anisotropic 3-D 

system. Moreover, according t o  some workers (References 25,46), 2-D 

ef fec ts  should be most apparent below TC. 

Experimental resu l t s  seem t o  indicate the presence of a  

s ignif icant  number of interlayer connections (Reference 59). These 

shorts might be crystal l ine imperfections i n  which some layers run 

perpendicular to  the majority of layers i n  the sample, metallic 

impurities or  excess metal atoms trapped between the layers ,  or 

perhaps screw dislocations which are formed during growth of the 

crystal .  The existence of screw dislocations i n  these materials has 

been confirmed by optical microscopy. The proclivity for the layer 

disulfides to  c rys ta l l ize  w i t h  excess metal i s  well documented 

(Referer~ce '70). 

Motivation for  the present investigation was supplied primarily 

by I-V curves (S. Gygax, private communication) obtained by means of 

four-terminal measurements upon srnall c rys t a l l i t e s .  Hesults seemed 

to indicate a  dramatic lowering of TC for  some very srnall samples: 

Since one could reasonably expect a  decrease i n  the number of crystal  



imperf'ections w i t \ ]  decreasing c r y s t a l l i t e  s i z e ,  these  r e s u l t s  could 

be  an indica t ion  of i n t r i n s i c  2-D behaviour i n  i n t e rca la ted  l a y e r  

compounds. However, due t o  t h e  d i f f i c u l t i e s  involved i n  a t taching 

l eaus  t o  such small sanples ,  i n t e r p r e t a t i o n  of r e s i s t i v i t y  

rneasurernents is most anbiguous. One would l i k e  t o  confirm these  

r e s u l t s  by means of a s u s c e p t i b i l i t y  neasurement, which does away 

w i t ; i l  the  need f o r  a f f ix ing  e l e c t r i c a l  con tac t s  t o  t h e  samples. 

Prober has reported (Reference 50) unexplained TC s h i f t s  i n  

TaS2(anil ine)  3,4 observed by such a technique. 

TaS2 is  f'ormed a t  an elevated temperature i n  t h e  1T phase. 

Upon cooling t o  room temperature, the  mater ia l  spontaneously 

transforms t o  i ts 2H polymorph. I t  is t h e  accompanying change i n  t h e  

volume of t h e  crys ta l lographic  u n i t  c e l l  which may be responsib le  f o r  

a l a r g e  number of' t h e  in te r l aye r  shor t s .  Prober has suggested t h a t  

samples of dimensions o f  a f'raction of a mi l l imeter ,  o r  l e s s ,  ought 

t o  be r e l a t i v e l y  f r e e  o f  such d e f e c t s .  

The ob jec t  of t h i s  present  work is t o  perform magnetization 

tneasurements upon very small c r y s t a l s  of TaS2(aniline)3,4 with 

the  assumption t h a t  t h e  number of i n t e r l a y e r  s h o r t s  w i l l  decrease 

(and hopefully vanish before t h e  sample does) with decreasing sample 

s i z e .  



CHYOSTAT DESIGN 

IfJTRODUCTION: Published r e s u l t s  (Reference 16)  ind ica te  t h a t  

the  normal-superconducting t r a n s i t i o n  of  TaS2(aniline)3,4 t akes  

place between 2K and 3K. A simple LIe4 evaporation c r y o s t a t  is the  

obvious choice f o r  working i n  t h i s  temperature regime. Figure 1 

i s  a schematic diagram of t h e  c r y o s t a t  and associa ted  apparatus which 

was used i n  t h i s  inves t iga t ion .  Figure 2 shows the  d e t a i l s  of the  

"business end" of t h e  system. The equipment i s  o f  f a i r l y  standard 

design a p a r t  from two important fea tures :  

1)The use of a SQUID magnetometer system makes possible the  

measurement o f  very small changes i n  t h e  DC s u s c e p t i b i l i t y  of  a 

sample. A Meissner Effec t  was read i ly  observable in t i n  samples o f  

volume ,007 m r d .  

2)Samples can be changed while in operat ion without having t o  

warm t h e  whole c ryos ta t  t o  room temperature. 

The following descr ip t ion  of t h e  design and evolut ion o f  t h i s  

c ryos ta t  is not  intended t o  be complete o r  chronological ly accurate,  

but  r a t h e r  t o  ind ica te  some o f  t h e  more important cons idera t ions  

involved. 
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TEMPERATURE CONTROL: Control of  t h e  sample temperature is 

bas ica l ly  accomplished a s  follows: The Helium Bath Chamber is pumped 

t o  about 1.7K. The Sample Holder i s  anchored t o  t h e  bath temperature 

a t  a point  j u s t  above t h e  heater .  The Sample Holder is  otherwise 

thermally i so la ted  by evacuating t h e  Sample Chamber t o  a pressure of 

about 1 pascal  (7.5 microns Hg). The sample temperature can then be 

swept from t h e  bath temperature up t o  about 10K by varying the  

cu r ren t  supplied t o  t h e  heater .  

Several other  methods of temperature con t ro l  were attempted. 

These a l l  involved t h e  forced condensation o f  pressurized helium gas 

i n  e i t h e r  t h e  Exchange Gas Chmber , o r  t h e  Sample Chamber. Such 

techniques cause warming and/or cooling of por t ions  o f  t h e  walls  of 

these  chambers. The s i g n a l s  consequently received by the  SQUID, 

whether due t o  physical d i s t o r t i o n s  o r  magnetic t r a n s i t i o n s ,  were 

in to le rab ly  l a rge .  

HEAT LEAKS: Care was taken t o  minimize t h e  heat  leak i n t o  t h e  

helium bath so as  t o  reduce helium consumption and increase  running 

time. It is a l so  des i rab le  t o  avoid any v ib ra t ion  o r  temperature 

f luc tua t ions  which might be caused by bo i l ing  of t h e  l i q u i d .  (See 

discussion of SQUID noise', below.) Note the  use of low-thermal- 

conductivi ty construct ion mate r i a l s  such a s  thin-walled s t a i n l e s s  

s t e e l  tubing and epoxy. Miniature and s u b m i n i a t u r e  coaxial  cables  



v e r e  used f o r  c r y o s t a t  l e a d s  i n  o r d e r  t o  f u r t h e r  r e d u c e  h e a t  l e a k s .  

Even more c a r e  was t a k e n  t o  r e d u c e  t h e  h e a t  l e a k  i n t o  t h e  Sample 

C h m b e r .  ( S e e  t h e  d i s c u s s i o n  o f  t he rmomet ry  be low. )  Note  t h e  u s e  

h e r e  a l s o  o f  t h i n - w a l l e d  s t a i n l e s s  steel t u b i n g  and epoxy.  A l l  wires 

down t h e  l e n g t h  o f  t h e  Sample Ho lde r  were .08-m1 d i a m e t e r  manganin,  

chosen  f o r  t h e i r  low t h e r m a l  c o n d u c t i v i t y .  Sma l l  b r a s s  p l a t e s  were 

p a i n t e d  f l a t  b l a c k  and i n s e r t e d  a t  i n t e r v a l s  i n  t h e  Sample Chamber. 

T h e s e ,  a s  well a s  t h e  t h e r m a l  anchor  d e s c r i b e d  be low,  s e r v e d  a s  

r a d i a t i o n  b a f f l e s .  

T o t a l  h e a t  l e a k  i n t o  t h e  he l ium b a t h  was k e p t  t o  a b o u t  .3 w a t t s ,  

a s  deduced f rom t h e  r a t e  o f  he l ium e v a p o r a t i o n  a t  4.2K. 

THERMAL ANCHOR: The d e s i g n  o f  t h e  t h e r m a l  a n c h o r  is wor th  

d i s c u s s i n g  i n  some d e t a i l  a s  it p e r f o r m s  two r o l e s  o f  r a t h e r  c r u c i a l  

i m p o r t a n c e .  The Sample Ho lde r  c o n d u c t s  a b o u t  10-20mW o f  h e a t  f rom 

room t e m p e r a t u r e  down i t s  l e n g t h  i n t o  t h e  Sample Chamber. Such a 

l a r g e  f l o w  mus t  be s h u n t e d  i n t o  t h e  he l ium b a t h  b e f o r e  it r e a c h e s  t h e  

sample  o r  thermometer  where i t  would i n t e r f e r e  w i t h  t e m p e r a t u r e  

c o n t r o l  and  measurement.  The t h e r m a l  anchor  was i n t e n d e d  t o  p r o v i d e  

t h i s  s h u n t  and a l s o  t o  s e r v e  t o  c e n t e r  t h e  Sample H o l d e r ,  p r e v e n t i n g  

l a t e r a l  v i b r a t i o n s .  The anchor  was made from a r e c t a n g u l a r  p i e c e  o f  

c o p p e r  s h e e t  measu r ing  a b o u t  3 cm ( 1  1 /8  i n c h )  by 8 cm ( 3  i n c h )  i n  



a r e a  by . I  mtn t h i c k .  A series o f  p a r a l l e l  slits were c u t  i n  t h e  

s h e e t ,  e a c h  end o f  each  s l i t  s t o p p i n g  j u s t  s h o r t  o f  t h e  e d g e  o f  t h e  

s h e e t .  The s h e e t  was t h e n  r o l l e d  i n t o  a  c y l i n d e r  1 cm (3/8 i n c h )  i n  

d i a m e t e r  w i t h  i ts  a x i s  p a r a l l e l  t o  t h e  l e n g t h  o f  t h e  slits. The 

c y l i n d e r  was t h e n  c r u s h e d  l e n g t h w i s e  s o  as t o  f o r c e  t h e  c o p p e r  t o  

c u r v e  a l t e r n a t e l y  i n w a r d s  and o u t w a r d s  on e a c h  s i d e  o f  t h e  slits.  

The r e s u l t i n g  s t r u c t u r e  f i t s  q u i t e  s n u g l y  be tween t h e  c o a x i a l  

c y l i n d r i c a l  w a l l s  o f  t h e  Sample Chamber and t h e  Exchange Gas Chamber. 

The a d v a n t a g e s  o f  t h i s  d e s i g n  a r e  t h a t  it makes f a i r l y  good 

t h e r m a l  c o n t a c t  a t  a l l  t e m p e r a t u r e s  ( u n l i k e  a  r i g i d  s t r u c t u r e )  by 

v i r t u e  o f  i t s  s p r i n g i n e s s  and h i g h  t h e r m a l  c o n d u c t i v i t y ;  y e t  it d o e s  

n o t  i n t e r f e r e  w i t h  t h e  free mot ion  o f  t h e  Sample Ho lde r  i n t o  and o u t  

o f  t h e  Sample Chamber. I t  s h o u l d  be n o t e d  t h a t  some m a t e r i a l  more 

s p r i n g y  t h a n  c o p p e r ,  such  a s  phosphor  b r o n z e  o r  b e r y l l i u m  c o p p e r ,  

would p r o b a b l y  s e r v e  b e t t e r  d e s p i t e  t h e i r  l o w e r  t h e r m a l  c o n d u c t i v i t y  

b u t  t h e s e  were n o t  r e a d i l y  a v a i l a b l e  i n  t h i n  s h e e t s .  

S i n c e  t h i s  t h e r m a l  anchor  is p o s i t i o n e d  s o  n e a r  t o  t h e  SQUID and 

t o  t h e  s a m p l e ,  s u p e r c o n d u c t i n g  o r  m a g n e t i c  m a t e r i a l s  c o u l d  n o t  be 

used  i n  its f a b r i c a t i o n .  T h i s  meant  a l s o  t h a t  it had t o  b e  f i x e d  i n  

s h a p e  and i n  p o s i t i o n  by i ts  own e l a s t i c  t e n s i o n s  r a t h e r  t h a n  w i t h  

s o l d e r .  

A s l i g h t l y  more e l e g a n t  s o l u t i o n  t o  t h e  t h e r m a l  a n c h o r i n g  

problem was found i n  t h e  form of b r a i d e d  c o p p e r  e l e c t r o s t a t i c  



s h i e l d i n g ,  c jnich c a n  be  l o n g i t u d i n a l l y  c r u s h e d  or s t r e t c h e d  t o  s e r v e  

i n  much t h e  same way a s  t h e  s l o t t e d  c o p p e r  s h e e t .  However ,  i t  was 

n o t  pss i  b l e  to  o b t a i n  t h i s  b r a i d  w i t h o u t  i t s  u s u a l  l a y e r  o f  

s u p e r c o n d u c t i v e  t i n n i n g .  

PiJIlPiIdG LINES: C o n s i d e r a t i o n  was s i v e n  t o  t h e  d i a m e t e r s  and  

l e n g t h s  of pumping l i n e s  i n  o r d e r  t h a t  d i f f i c u l t i e s  s u c h  a s  

c o n v e c t i o n ,  h e a t  c o n d u c t i o n ,  o r  e x c e s s i v e  p r e s s u r e  d r o p s  be 

c i r c u i n v e n t e d .  F o r  t h e s e  p u r p o s e s  a f e w  f o r m u l a e  f rom R e f e r e n c e  42 

a r e  n o r i i ~ a l l y  s u f f i c i e n t :  

T h e  p r e s s u r e  d r o p  a l o n g  a t u b e  of c i r c u l a r  cross s e c t i o n  is 

g i v e n  by 

w h e r e  1 is t h e  v i s c o s i t y  of t h e  f l u i d  f l o w i n g  t h r o u g h  t h e  l e n g t h  

o f  t u b e  a t  a r a t e  of V .  If t h e  t u b e  h a s  l e n g t h ,  1, and d i a m e t e r ,  d ,  

i t s  i m p e d a n c e  is 

I n  d e r i v i n g  t h e  a b o v e  e x p r e s s i o n s ,  o n e  m u s t  a s s u n e ,  among o t h e r  

t h i n g s ,  t h a t  t h e  f l o w  is n o n - t u r b u l e n t  ( i . e .  1a :n inar )  , t h a t  t h e  g a s  



i s  a t  uniform temperature, and t h a t  t h e  flow has no n e t  divergence. 

The following t a b l e  of helium v i scos i ty  i s  from Reference 76. 

One poise  is one gm/(sec-cm) . 

Table I 

Graphs of  pressure drop per u n i t  length  vs  tubing diameter 

generated from Eq 1 ,  Eq 2 ,  and Table I ,  a r e  given in Figure 23 i n  

Appendix G .  

EPOXY: The "epoxy" re fe r red  t o  above and below is Emerson and 

Cuming S tycas t  1266. (See Note 3.)  I t  was c a s t ,  not according t o  

t h e  ins t ruc t ions  of  t h e  manufacturer, b u t  following t h e  recipe given 

i n  Appendix C .  The r e s u l t i n g  mater ia l  is t r ansparen t ,  s t rong,  and 

e a s i l y  machined. Since it is a l s o  e l e c t r o n i c a l l y  and magnetically 

i n e r t ,  i t  was well su i t ed  f o r  t h e  cons t ruct ion  of  t h e  lower port ion 

of t h e  c r y o s t a t .  However, i t s  l a rge  c o e f f i c i e n t  o f  thermal expansion 

rnakes it d i f f i c u l t  t o  s e a l  r e l i a b l y  t o  o the r  ma te r i a l s .  Data on 

i n t e g r a l  thermal cont rac t ion  of  epoxy could not  be found but it is 



probably a t  l e a s t  2 t o  4 times t h a t  o f  copper, between room 

temperature and 4.2K. This drawback caused some ra the r  disappoint ing 

vacuurn f a i l u r e s  i n  t h e  f i r s t  version of t h e  c r y o s t a t .  The problem 

was f i n a l l y  overcome using a technique described by Wheatley in  

Reference 67. The epoxy-metal j o i n t  shown i n  Figure 3 was made 

according t o  Wheatleyls suggestions. Notice t h e  very t h i n  wall of  

t h e  epoxy sec t ion .  These s e a l s  seem t o  be remarkably s t rong and 

have wit t~stood pressure d i f fe rences ,  both under compression and under 

expansion, o f  up t o  two atmospheres a t  temperatures ranging between 

1.5K and 300K. 

A point  worth noting i n  connection with epoxy is  t h a t  it was 

found t o  be permeable t o  helium gas. Samples o f  Stycas t  1266 were 

made i n  t h e  form of c y l i n d r i c a l  s h e l l s  of assorted wall thicknesses 

ranging from 15 mils to  50 m i l s .  These were connected t o  a leak  

de tec to r  and exposed t o  an external  pressure  of  1 atmosphere of  

helium gas. The r a t e  o f  helium leakage was found t o  increase from 

zero to about 10-l2 moles/sec (10-7 s t d  crn3/sec) over a period of  

about one minute a t  room temperature. This  time constant  increased 

as  sample th ickness  was increased. Samples over about Imm (39 m i l s )  

i n  th ickness  leaked negl ig ib ly .  Since t h e  r a t e  of  helium leakage 

decreased rapid ly  a s  the  sample was cooled and was neg l ig ib le  below 

about 200K, i t  was assmed t o  be a d i f fus ion  e f f e c t .  Dependence of 
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d i f f~us ion  r a t e  upon thickness was not  e s t ab l i shed ,  due t o  lack of 

r ep roduc ib i l i ty  i n  t he  q u a n t i t a t i v e  results. Nevertheless, i t  was 

ascer ta ined t h a t  t h e  leak  r a t e  varied w i t h  temperature l i k e  eaT 

where a = .05-.09/K. T h i s  behaviour m u s t  be kept i n  mind when using 

helium around epoxy p a r t s  a t  room temperature. Zimmerman (Reference 

72) a l so  has observed helium d i f fus ion  through the  walls  of h i s  epoxy 

dewars . 

MISCELLANEOUS: Careful c a l c u l a t i o n s  were made of  t h e  r a t e  of 

heat  flow in various port ions of  the  c r y o s t a t ,  e spec ia l ly  i n  t h e  

region of t h e  Sample Chamber. Such ca lcu la t ions  a r e  reasonably 

straightforward i n  most cases  and Reference 9 was qu i t e  he lpful  for 

these  problems. However, t h e  case of two surfaces  separated by a 

d is tance  comparable t o  t h e  length  o f  t h e  mean f r e e  path of  the  

exchange gas between them can be a p a r t i c u l a r l y  s t i c k y  one. I t  is 

usually be t t e r  t o  avoid the  s i t u a t i o n  by adjus t ing  t h e  geometry o r  

t h e  pressure.  P lo t s  of  t h e  mean f r e e  path of  ~e~ gas a r e  he lpful  

fo r  t h i s  purpose. See Figure 22 i n  Appendix F. 

Reference was made t o  severa l  of  t h e  standard t e x t s  (References 

30,45,55,68) on low temperature experimental techniques. 

Invaluable da ta  on p roper t i e s  o f  ma te r i a l s  which a r e  useful to 

t h e  experi tnental is t  were l'ound i n  References 30,3'7,45,54,55,68,69, 

75,76. 



A formula useful  for  t h e  ca lcu la t ion  of t h e  inductances of  t h e  

various c o i l s  used was found i n  Reference 29: 

L = r2 n2  henry 
23r + 251 

where r = c o i l  radius  i n  cm 

1 = c o i l  length in cm 

n  = number of t u r n s  

The usual precautions were taken t o  avoid t h e  use of excessively 

corros ive  f lux i n  assembly of t h e  c r y o s t a t  in  order  t o  prevent 

corrosion-caused vacuun l eaks .  A l l  sur faces  o f  t h e  c ryos ta t  were 

c a r e f u l l y  cleaned a f t e r  so lder ing ,  so  a s  t o  remove any f lux remnants. 

This was done a l so  i n  order  t o  remove any f l a k e s  o f  s o l i d i f i e d  f l u x ,  

oxides o r  o ther  garbage which might f a l l  i n t o  t h e  pickup loops i n  t h e  

bottom of t h e  c ryos ta t .  

A product ca l led  Sta-Lok was found t o  be invaluable.  I t  can be 

applied t o  almost any small ,  roomtemperature vacum leak t o  s e a l  it 

immediately, i n  s i t u ,  without t h e  need f o r  disassembly, curing o r  

so lder ing .  Sta-Lok i s  obta inable  from Broadview Chemical Corp., 

Broadview, I l l i n o i s .  



SQUID 

INTRODUCTION: The SQUID system used was t h e  f a i r l y  standard 

rf-biased p i n t - c o n t a c t  configurat ion.  The SQUID i t s e l f  was 

manufactured by S.H.E. Corporation of San Diego, C a l i f .  Figure 4 

shows two cross-sect ional  views through t h e  device.  Figure 5 shows 

t h e  home-made assembly with which t h e  SQUID was mounted on t h e  

c r y o s t a t .  

The SQUID can be thought of as  a superconducting loop c i r c u i t  

containing a Josephson junction,  o r  "weak l i n k t t .  This loop is 

induct ive ly  coupled t o  a resonant LRC tank c i r c u i t .  The inductive 

load offered by the  SQUID is s e n s i t i v e l y  dependent upon t h e  s t a t u s  of  

t h e  weak l i n k ,  which, i n  t u r n ,  depends pe r iod ica l ly  upon t h e  number 

of f l u x  quanta threading the  superconducting loop. In p rac t i ce ,  t h i s  

pe r iod ic i ty  is of ten  removed by opera t ing  t h e  SQUID i n  t h e  feedback, 

o r  flux-locked loop, mode shown i n  Figure 6 .  With t h i s  arrangement, 

the  de tec to r  output is d i r e c t l y  propor t ional  t o  t h e  f lux  coupled i n t o  

t h e  SQUID. The f lux transformer shown i n  t h e  diagram is nothing more 

than a superconducting loop which a c t s  a s  a DC transformer 

magnetically coupling t h e  sample t o  t h e  SQUID. 

Fa i r ly  de ta i l ed  mathematical t rea tments  of  t h e  theory of  

operation of SQUID'S can be found i n  References 19,27,3'7,45, among 

o t h e r s .  The reader is re fe r red  t o  Reference 72 f o r  an example of  a 
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more i n t u i t i v e  approach which avoids t h e  r a the r  tedious  mathematics 

of a r igorous model. 

FLUX TRANSFORMER: The f lux  transformer was designed following 

the  d iscuss ions  in References 2'7 and 45. I t  was wound from .076-mm 

( + m i l )  d i m e t e r  niobium wire. (See Note 2 . )  The necessary s p l i c e s  

were made w i t h  spot-welds. Screw-contacts were a l so  t r i e d  but  were 

found t o  be q u i t e  noisy, due t o  t h e  admission of  s t r a y  f lux i n t o  the  

c i r c u i t ,  even when g r e a t  ca re  was taken t o  make them compact enough 

t o  e l iminate  included a rea .  

The most obnoxious property o f  t h e  f lux  transformer was t h e  

propensity of  t h e  wire f o r  breaking f o r  no apparent reason. This  

problem was p a r t i c u l a r l y  annoying a s  it was never de tec ted  u n t i l  t he  

c r y o s t a t  had been cooled t o  4.2K. It seemed t h a t ,  i f  t he  c o i l  was 

wound t i g h t l y ,  t h e  d i f f e r e n t i a l  thermal cont rac t ion  of t h e  niobium and 

the  epoxy around which i t  was wound broke t h e  wire, w h i l e  i f  t he  c o i l  

was wound loose ly ,  the  wires would v i b r a t e  and break due t o  t h e i r  

b r i t t l e n e s s  when cold .  The solu t ion  t o  t h e  problem was a s  follows: 

The c o i l  was wound w i t h  enough s lack  i n  it to accommodate t h e  

d i f f e r e n t i a l  thermal cont rac t ion  of  t h e  niobium and i ts  epoxy c o i l  

form. Then t h e  wire was smeared with a l a y e r  of  vacum pump o i l .  

The o i l  s o l i d i f i e s  a t  a temperature low enough t h a t  much of  t h e  



t i iet-rid cont rac t ion  t ~ a s  taken p lace ,  and then a c t s  a s  a cement t o  

prevent t h e  wire from v ib ra t ing  and breaking when the  wire is 

b r l  t t l e  . Sirnil a r  w l  r e  weakage problems were encountered e l  sewhere 

iu t h e  cola port ions of  t h e  apparatus where wires had been 

pero~anently glued t o  s u b s t r a t e s  w i t h  incompatible thermal expanslon 

c d e f f l c i e n t s  . 
As car] tic seen from Figure 2 ( p 3 ) ,  t h e  d la~ne te r  of' t h e  pickup 

 LO^! 1s r?uch l a r g e r  than t h e  salnple dimensions. Thus t h e  coupling 

beetweeil t i l e?  sdiiiple dnd the  pickup loop is q u i t e  poor, resul t in l :  i n  a 

t-eductlon of t h e  slgrial by a f ac to r  of about 100. This s i t u a t i o n  

: o ~ l l c i  be  ,:reat?y improved by making the  pickup loops srnaller but this 

would lnvolve running the  wires through the  wall of t h e  Exchange Gas 

L'hmnber . l't~en , i f  t h e  pickup loop broke, major reconstruct ion would 

LC involved. I t  was f e l t  t h a t  t h e  addi t ional  complications were 

not ~ a r - r a n t e d .  

CRYLSTAT' iOlJSTHUCTION MATERIALS: 

vi~st ve siiielJed from varying rnagnetic 

k:l , :ndls which rnay render i n v i s i b l e  the  

Obviously, the  pickup loops 

f i e l d s  a s  these w i l l  produce 

s i g n a l  of i n t e r e s t .  V i r tua l ly  

atly rnetal w i l l  have inagnetic impur i t ies  which may give  l a r g e  

flela-dependent s ignals .  There might a l s o  be troublesome eddy 

cur ren t s  es tabl i shed i n  metal p a r t s .  I n  order  t o  avoid such problems 

t!ie lower port ions of t h e  c r y o s t a t  were made of epoxy, which i s  known 



t o  be m a g n e t i c a l l y  and e l e c t r o n i c a l l y  I f  i n e r t n .  

S o l d e r  j o i n t s  and indium vacum, s e a l s  can c a u s e  d i f f i c u l t i e s .  . , 

t o o .  ' Such s ,eals  u s u a l l y  t a k e  t h e  form of  a  r i n g  o r  l o o p  and 
- 

t h e r e f o r e  e x h i b i t  l a r g e  Meld-dependent  m a g n e t i ~ ~ m o m e n t s  when i n  t h e  

superconduct ing  s t a t e .  ( I n  f a c t ,  superconduc t ing  m a t e r i a l s  i n  

g e n e r a l  s h o u l d  be  avoided due t o  t h e i r  d iamagnet ic  behaviour  . ) 
S p e c i a l  c a r e  was t a k e n  t o  avoid having t h e s e  l o o p s  anywhere nea r  t h e  

SQUID o r  t h e  sample.  One s o l d e r  l o o p  was used i n  t h e  lower p o r t i o n  

o f  t h e  Exchange Gas Chamber o u t e r  wa l l  b u t ,  s i n c e  t h e  l o o p  was 

immersed i n  t h e  c o n s t a n t  t e m p e r a t u r e  l i q u i d  hel ium b a t h ,  and was 

l o c a t e d  a t  some d i s t a n c e  from t h e  p ickup Joops ,  i ts  e f f e c t s  were n o t  
I 

n o t  i c e d .  / 

Pi - 

\ 
AMBIENT FIELDS: The e a r t h f s  magnetic  f i e l d  d i s p l a y s  low 

6 

f requency ( 4  Hz and legs) o s c i l l a t i o n s  wi th  t y p i c a l  ampli'tuded o f  10. 
> --r;- -- - 
0 

micro-gauss (Reference  7 2 ) .  These a r e  well w i t h i n  t h e  SQUIDfs l i m i t  

o f  r e s o l u t i o n  and must be guarded a g a i n s t .    his problem was solved 

by e n c l o s i n g  t h e  SQUID and t h e  f l u x  t r ans fo rmer  w i t h i n  

-- U 

superc6nducbing s h i e l d s  ( l e a d  and niobium were used)  a s  can b e  seen  - 

1 
i n  F i g u r e  2 (p8) .  The oppositely-wound pickup l o o p s  used a l s o  - 

r educe  s e n s i t i v i t y  to  such v a r i a t i o n s .  

Movement o f  magnetic  o r  meta l  o b j e c t s  w i t h i n  a d i s t a n c e  o f  a  few 



meters of the  c ryos ta t  was observed t o  cause s i g n i f i c a n t  s igna l s .  

Even motion of the  experimenter near t h e  c r y o s t a t  was e a s i l y  

de tec tab le .  I t  was f e l t  t h a t  t h i s  l a t t e r  e f f e c t  was a t t r i b u t a b l e  t o  

a few unavoidable ground loops and coupling of the  experimenter 's  

body t o  them. For these  reasons movement o f  anything near t h e  

c r y o s t a t  was not permitted during an experimental run. 

VIHHATION: Vibration i s  of ten  t h e  most se r ious  source of  noise 

in SQUIiAbased systems a s  it can lead t o  induced cur ren t s  i n  both 

110rm1 am! superconducting cornponetits i f  there a r e  s p a t i a l  va r i a t ions  

i:l t h e  lipplied magnetic f i e l d .  Even the  bo i l ing  of the  l i q u i d  helium 

hati :  and ttle f ' l u t t e r  of t h e  one-way valve i n  the  helium recovery l i n e  

were observed t o  cause de tec tab le  s igna l s .  Therefore some t rouble  

was taken t o  make c e r t a i n  t h a t  t h e  whole c ryos ta t  was s t r u c t u r a l l y  

r i g i d  and mechanically i so la ted  with f l e x i b l e  pumping l i n e s .  As 

previously mentioned, the  thermal anchor served t o  secure the  Sarnple 

Holder i n  i t s  chamber. Glass wool was t i g h t l y  s tu f fed  between t h e  

:;;lrr;ple Chanber and Exchange Gas Chamber wal ls .  A simple conica l  

,:ardboar-d c o l l a r  was used t o  center  t h e  whole assembly in  i ts  g l a s s  

dewar . Large metal ob jec t s ,  l i k e  helium dewars and equipnent r acks ,  

were k e p t  a s  far  away a s  possible t o  avoid any non-uniformities which 

tiley might introduce i n t o  the  anbient  f i e l d .  (See Reference 73.) 



ELECTRICAL NOISE: S o u r c e s  o f  e lectr ical  noise s u c h  a s  rf 
C 

and ' l ine  f r e q u e n c y  s i g n a l s  were c 7 a r e f u l l y  g u a r d e d  a g a i n s t  b y  s t r i c t l y  
- 

a d h e r i n g  t o  good g r o u n d i n g  p r a c t i c e s  and  c a r e f u l l y  s h i e l d i n g  a l l  . 
l e a d s .  A l l  SQUID l e a d s  were d o u b l y  s h i e l d e d .  

Some w o r k e r s  i n  t h e  f i e l d  ( R e f e r e n c e  27) stress t h e  n e c e s s i t y  of 
1 

i n s t a l l i n g  f i l t e rs  o n  a l l  l e a d s  i n t o  t h e  c r y o s t a t  t o  e x c l u d e  a n y  

s t r a y  rf s i g n a l s  which would b o t h e r  t h e  SQUID. F o r  t h i s  r e a s o n  a l l  

c r y o s t a t  l e a d s  were s h o r t e d  t o  g r o u n d  t h r o u g h  100pf  c a p a ~ i t ~ r s .  

However,  t h e s e  were s u b s e q u e n t l y  removed a s  t h e y  had no n o t i c e a b l e  

effect  upon t h e  SQUID n o i s e  l e v e l  a n d  i n t r o d u c e d  t r o u b l e s o m e  time 

c o n s t a n t s  i n t o  o t h e r  c i r c u i t s .  By f a r  t h e  m a j o r  component  o f  t h e  

SQUID n o i s e  was 60Hz l i n e  f r e q u e n c y  ( a b o u t  1/2 f l u x  quantum 

peak- to-peak)  w i t h  lesser c o n t r i b u t i o n s _ ' ( a b o u t  .O3  f l u x  quantum 

peak- to-peak)  from t h e  g a t i n g  s i g n a l  ( a n d  its h i g h e r  h a r m o n i c s )  of 
. 

t h e  p h a s e  s e n s i t i v e  d e t e c t o r .  Noise was measured  a t  t h e  d e t e c t o r  

o u t p u t  i n  t h e  l o c k  m d e .  T h e  s o u r c e  o f  t h e  60Hz n o i s e  c o u l d  n o t  b e  

p r e c i s e l y  b e t e r m i n e d  b u t  it a p p e a r e d  t o  a r i s e  f r o m  p o o r  i s o l a t i o n  of 

power s u p p l i e s  and some ground  l o o p s .  T h e s e  p r o b l e m s  a r e  i n t r i n s i c  

to t h e  e q u i p m e n t  u s e d  and  c o u l d  n o t  b e  r e c t i f i e d  w i t h o u t  majora 

r e c o n s t r u c t i - o n  o f  same. 



r I 1 ,  ' T A I I T Y :  TernperaLure s t a b i l i t y  i s  i.np)r-tant riot 

,?:I!.?.. f'x wider, joirits b u t  also for tile SQUIII i t s e l f  and the flux 

transformer. Si t~ce tile SQUI:; i s  used i n  a flux-locked conf'ip,uration, 

t . t~e : n e a s w d  s i , ~ n a l  i s  not sensit ive t o  SQUII) temperature. However, 

t tle r f  ievsl a t  l~ilich the 3QUTb operates does vary ~ i t . h  terflperature. 

( See la'igur-e 7) . Tbierek'ore fluctuations i n  t,iw SOliI!: te!,iperature 

can iiegrdde the s t a b i l i t y  of' the flux-locked loop and are t o  be 

avo: decl i f '  po s s ib l e .  Accordingly, the SQUIl! and the flux transi'ormer 

Mere:. rnour~ted i r i  tile h e l i u m  bath which was maintained a t  constant 

t;eri~!)erat.ure throu~hout t h e  experiiwnts . 
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i ! l t? trt:r,ic.r~dous sc?ns i t iv i ty  of t h e  SQUID a l s o  demands g r e a t  

. , i . . ~ ~ : i  Lity i : ~  ttie applied f i e l d s .  The two pickup loops a r e  nominally 

i. j t . : , t .  i ' ; ; i i ,  but wound in opposition so  as t o  be insens i t ive  t o  t h e  

, ; . ~ , r t ~ i t : : : c ~ : .  of '  t h e  appl l e d  f i e l d  and !fleasure only the  component o f  i ts  

i;,r:-il.;ieti! ~ ~ h i t : i i  l i e s  a.long tlle a x i s  o f  tile loops.  Since it is 

. jL ,~ih 'c l : ;  t ha t  tile looijs w i l l  be absolute ly  i d e n t i c a l ,  one can wind 

; i l r - : , ~  a c:o, i~pe~~sst ion c d i l  around one o f  t h e  pickup loops. A srnall 

.t'r'act.ioti, f ' ,  of' t h e  cu r ren t  flowing t:, t h e  f i e l d  c o i l  i s  shunted 

tr,r.cili::\~ ttle w,ipensat ion c o i l  so  as t o  cancel  t h e  out-of-balance 

si;;ri,~! abserved wheli tile f i e l d  cu r ren t  is varied.  T h i s  was done, 

'3 I i .1 ,  a s  a l'urci~er precaution,  two 12-volt automobile b a t t e r i e s  i n  

::et-ies dci-e u::cd t o  supply t h e  t ' ield cu r ren t  so as  t o  minimize 

i : ~ t  rc~iluc c idn oi' line noise.  I t  was found, however, t h a t  these 

.r;c;~:;ures ; e r e  i~~adeq i i a t e .  The value o f  f '  t~eeded t o  compensate t h e  

f ' i c l ~  dependence of t h e  SQUID s igna l  gas small (about. .01, or  l e s s ) ,  

t?1:1, seerned t o  vary w i t h  time and with f i e l d .  This rnay have been 

c.;used by physical d i s t o r t i o n s  o f  t h e  c o i l  when t h e  f i e l d  was changed 

o r  by i n t e r a c t  ion w i  t11 nearby superconducting o r  magnetic ma te r i a l s .  

i ccga ru1 t . s~  of t h e  cause,  t h i s  meant; t h a t  it was n o t ,  cont rary  to 

o r i g i n a l  expecta t ions ,  poss ib le  t o  produce magnetization vs f i e l d  

curves.  As a c;msequence, a l l  data were co l l ec ted  i n  constant  f i e l d .  



I t  i s  a dr-anatic i l l u s t r a t i o n  cf' t he  s e n s i t i v i t y  of  t t ~ e  

S3llII; sys.ct;erli t i i b t  t he re  were occasions on which t h e  exponential 

:lec;ay ~ i '  t h e  t'le13 cur ren t  due t.2 loading of the  car  b a t t e r i e s  

,~t-xluced a s i g t ~ a l  many times l a r g e r  than t h e  s igna l  of i n t e r e s t .  

i'tlls, ha; w i t h  f u l l y  charged b a t t e r i e s  and a load of only 10r11A. 

.4ltl1ough s m e  data were co l l ec ted  i n  s p i t e  of  t h i s  problern the  

co~r!pensalion a;)proaci~ was eventual ly discarded.  I t  was found t o  be 

t l i ~ ( > i j  ::lor(? sa t i s f ' ac to ry  t o  i l l s t a l l  a heat switch and use tne f i e l d  

c o i l  in a p ~ t - s i s t e n t  current  mode: 

The  beat ing element of  t h e  heat  switch is a 10-kilotm metal-film 

r t ? s i s t o r .  A letlgth of about 30 crrl of superconducting wire ( s e e  Note 

I )  w s  i'dlded i r l  h a l f  and then t i g h t l y  wound around the  body of t h e  

r e s i s t f i r .  T h i s  minimizes the  mutual inductance of t h e  t ~ o  while 

:nax imiziny, the r~na l  con tac t .  The r e s i s t o r  was then painted w i t h  2E 

v a r ~ ~ i s h  and potted w i t h  melted vacuum grease i n  a stnali receptac le  

riachined from epoxy. The r e s u l t  is a r a the r  neat  package w i t h  four 

lc?;.!ds cwrninc; out for- connection t o  t!x r e s t  of  tile c i r c u i t .  The 

cpoxy provides a degree of  tilet-rrial i s o l a t i o n  fo r  t h e  heater .  The use 

21' ,:redse and SE v a r t ~ i s k ~  fo r  pot t ing  allows t1,e heat  switch t o  b e  

taken apar t  for  r e p a i r  or a l t e r a t i o n .  Such a heat  switch requi res  

:?-5mii to d r ive  the  superconducting wire i n t o  the  normal s t a t e ,  i n  

w i i i i . h  i t  tlas a r e s i s t ance  of about 40 milli-ohms. The heat switch i s  





l'e~-~per-;.it~rr~e measurement was accomplished by ineans of' 

-ot~vei?tirjt~al carbon resistance thernornetry. The res i s tors  used were 

1./4 ~ m t t  200 d m  carlori co:nposition res i s tors  manufactured by Speer 

I.'lectroi-iic Coriipncnts, W-adford, Pennsylvania. The res i s tors  were 

meci m a i t  eredl except that  the leads were shortened t o  about 3 run 

at14 <!ll t.ract?s of' tinning carefully scraped of f .  Wires were soldered 

t o  ttie lead:; using hood's k t a l .  Because of i ts  low melting point, 

ir'ooJ's Mctsl car] be used  to  solder wires to  the resis tor  without 

treating i t  t o  tile point a t  which i t s  resistance versus temperature 

k-ehavio~~t-  itlight be altered. 

hood's Metal is superconducting a t  te~nperatures below about. 13K 

and theref-ore can give r i s e  to  the field-dependent signals mentioned 

e a r l i e r .  A low-tneltii~g point solder w i t h  a superconducting 

t.,rarisition ternperature beloc~ 1.6K would have been a better choice. 

ilowever , i t  was found ttlat the magnetic moments of' these Good's Metal 

jo in : : .  wet-e s1~1a1.1 enouls,h and far et~ouf:h from t t ~ e  pickup loops tirat, 

ihcir  cff'ects wet-e negligible. 

The t heriliorneter resistance was rneasured w i  tt~ a four- terrnil~al ill: 

s e t u p  ( s e e  Figure 8). Power dissipat.ed i n  the resis tor  was kept 

below 1C1 nW. The potential drop across the thernorneter was measured 

with both polar i t ies  of ccrrent flow and an offset  was applied t o  



Figure 8: 

Constant current power supply used in four-terminal 

arrangement for resistance thermometry. Voltmeter (V) 

is a Keithley 147 Nanovolt Null Detector. 
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eliminate the e f f e c t s  of thermal emf's. The thermometer was 
d 

cal ibra ted  against t h e  1958 ~e~  scale 'of  temperatures (Reference 75) 

by dangling it i n  an evaporation c ryos t a t ,  giving t a  s e t  of  points  

Ti ( i n  K )  and R i  ( i n  kilohms). The data was broken in to  three  

in te rva l s  and was "f i t ted1 '  ( i n  t he  l e a s t  squares .sense) t o  a  curve of 

t he  form 

over each of the  in tervals .  The optimum choice of in te rva l s  was . 
* 

found a s  follows; The data was f i r s t  f i t t e d  by a. curve of  the  above 

form over the s ingle  in terval  from 1.6K t o  4.2K. i .e .  - I 

The res iduals ,  T i - ~ l ( ~ i )  were then plotted vs  logmRi. - 

T h i s  curve displayed the  often-seen (Reference 28) osc i l l a to ry  

behaviour shown i n  Figure 9. Each half-cycle of o sc i l l a t i on  was 

designated a s  one in terval  f o r  the  purpose of making t h e  f i n a l  f i t .  

The in te rva l s  were overlapped by one or ,-- two data  points t o  help 

smooth the  f i t .  The res iduals ,  Ti-T3(Ri), of the  f i n a l  +interval  

f i t  a re  plot ted i n  Figure -10. 
%, 

5 
3.=='". 

Several methods fo r  f i t $ i n g  the  ca l ibra t ion  
t 

(B 

\ 
\ 



Figure 9: 

Residuals (circles) of single-interval thermometer curve 

fit. Solid curve is T3(Ri)-T1(Ri), the difference 

between the 3-interval fit and the single-interval fit. 



F e s l d u a l s  o f  t h e  f i n a l  3 - i n t e r v a l  f i t  f o r  o n e  ( R ~ )  o f  

r i l ~ ?  two t hc rmnmete rs  u s e d .  



diff 'erent functional forms were t r i e d ,  b u t  the above method was found 

to  be the most sa t i s fac to ry .  I t  should be noted t h a t  curve f i t t i n g  

techniques are often applied giving no considerati-to whether or 
4 

not t h e  f i t  is  ll i l l-conditionedlf '  ( s e e  Reference 10) .  I f  the f i t  i s  
I 

i l l-conditioned a . l a rge  number of s ign i f i can t  f igures may have t o  be 

carr ied  i n  the coef f i c ien t s  A ,  B, and C of Eq 4 t o  prevent round-off 

er ror  from having disas t rous  e f f ec t s .  T h i s  was taken in to  

- consideration i n  the  choice of the  most sa t i s fac to ry  f i t t i n g  

technique. Consideration was also given t o  ease of application and 

calculat ion of t h e  f i t .  

T h i s  pa r t i cu la r  brand of r e s i s t o r  seems t o  be well-suited for 

thermometry. The res is tance  versus temperature behaviour is 

remarkably s imi lar  fo r  d i f f e r en t  individual r e s i s t o r s .  They also do 

not seem t o  su f fe r  any ill e f f e c t s  from repeated thermal cycling 

between 1.5K and 300K, a s  do some r e s i s t o r s .  The ca l ib ra t ion  of one 

thermometer was checked a f t e r  several  thermal cycles and ca l ibra t ion  
i 
-2 

points were found t o  be reproducible w i t h i n  experimental e r ror  ( .3J 

i n  res is tance  and .5% i n  temperature). However, a s  previously 

%&ntioned, care  was taken t o  avoid heating these r e s i s t o r s  much above 
T 

room temperature. 



SAMPLE PREPARATION I' 
Samples  of T a S 2 ( a n i l i n e )  3/4 w e r e  o b t a i n e d  f r o m  A . H .  Thompson, 

Exxon R e s e a r c h  L a b s ,  L i n d e n ,  N .  J .  T h e  TaS2 ,  f rom which t h e y  were 

p r e p a r e d  was c r y s t a l i z e d  by t h e  id i n e  vapour  t r a n s p o r t  t e c h n i q u e  
' . 

( R e f e r e n c e  1 5 ) ,  i n  t h e  p r e s e n c e  o f  excess s u l p h u r .  ~ h e s e b a r n ~ l e s  a r e  

f r o m  t h e  same b a t c h  (SU-1) a s  t h o s e  u s e d  by Gamble e t  a 1  ( R e f e r e n c e  

23) and  by P r o b e r  ( R e f e r e n c e  5 0 ) .  

.i 
Dimens ions  o f  t h e  samples o b s e r v e d  a r e  g i v e n  i n  t h e  t a b l e  

be low.  Volumes were c a l c u l a t e d  f r o m  t h e  d e n s i t y  a n d  t h e  measured  

w e i g h t s .  T h i c k n e s s e s  were measured  u n d e r  an o p t i c a l  m i c r o s c o p e .  A 

r a n g e  o f  v a l u e s  i n d i c a t e s  a  v a r i a t i o n  i n  t h i c k n e s s  w i t h i n  t h e  s a m p l e .  \- 
The  a r e a  q u o t e  s i m p l y  t h e  r a t i o  of t h e  o t h e r  t w o  q u a n t i t i e s .  

T h o s e  s a m p l e s  n a t e d  a s  % l e a v e d u  were made by u s i n g  a d h e s i v e  
- ,  

t a p e  t o  c l e a v e  a  l a r g e r  as-grown i n t e r c a l a t e d  c r y s t a l .  

s a m p l e  I/ c l e a v e d ?  t h i c k n e s s (  cm) a r e a ( c m 2 )  volume(cm3) 

T a b l e  II 



i:rtqec satr i j? les  w e r e  mounted for e a c h  e x p e r i i n e n t ;  o n e  o f  i n d i u m  or 

i ' L l n ,  oiie 3f t h h l l i u ~ n ,  and  o n e  of' t h e  unknown. T h e  known s a m p l e s  

a s  t e m p e r a t u r e  m a r k e r s  a s  a c r o s s - c h e c k  a g a i n s t  t h e  r e s i s t a n c e  

t l : e r r ~ i o ~ n e t r y .  The m a r k e r s  u s e d  w e r e  i n i t i a l l y  a l l  a t  l e a s t  99.999% 

. , , r e  111t:y were e t c h e d  i n  n i t r i c  a c i d  and  pounded t o  a t h i c k n e s s  of 

about 20 in ic ro t l s  b e t w e e n  t w o  s h e e t s  o f  p o l y e t h y l e n e .  'They were t h e n  

t?l.ctletl aga in  and w a s t ~ e d  i n  e t h a n o l .  A r a z o r  b l a d e  was  u s e d  t o  c u t  

the m a r k e r s  i n t o  p i e c e s  a b o u t  .5 tnnl s q u a r e ,  w h i l e  s t i l l  i rmlersed  i n  

z l c o h o l .  F i n a l l y ,  t h e y  w e r e  rnounted u s i n g  a t h i n  c o a t  o f  L g r e a s e  on 

n o t i ?  i ' a c e s  of  t h e  s a m p l e s .  T h e s e  p r e c a u t i o n s  w e r e  m a i n l y  f o r  t h e  

b e n e f i t  af t h e  t n a l l i u m ,  which o x i d i z e s  r e a d i l y .  I n  f a c t ,  t h e  

L h a l l i u n ;  s a m p l e s  had  t o  b e  r e p l a c e d  f r e q u e n t l y  b e c a u s e  o x i d a t i o n  h a d  

\I:-uadeneti tlieir s u p e r c o n d u c t i n g  t r a n s i t i o n s .  



SAMPLE SUBSTRATE 

'The thermometer, h e a t e r ,  and samples were a l l  mounted on a 

thcrinally corlductive s u b s t r a t e  a s  shown i n  F igure  2 ( p 8 ) .  Due t o  

t l ~ e  i ~ i g h  s e n s i t i v i t y  of  t h e  SQUID magnetometer, t h e  s u b s t r a t e  must be 

niade o f  a  m a t e r i a l  which i s  magnet ica l ly  and e l e c t r i c a l l y  i n e r t .  The 

hea t e r  and thermometer must be mounted a  s u f f i c i e n t  d i s t a n c e  away 

f ro~u  the pickup loop :'or t h e  same r ea son ,  making i t  e s p e c i a l l y  

iinlx)rtant t o  use a s u b s t r a t e  m a t e r i a l  of high thermal conduc t iv i t y  i n  

o r d e r  to inaintain good therrnal c o n t a c t  between t h e  sample and t h e  

thernometer . uver t h e  temperature  range from 1.5K t o  4.2K (and 

t i i ~ h e r . )  s apph i r c  makes a  good s u b s t r a t e .  I t  was l a t e r  found t h a t  

~xygen-f3ree copper could a l s o  be used with succes s .  Thermal c o n t a c t  

between tile t/ier;ilomet.er and t h e  s u b s t r a t e  was made by l a s h i n g  t h e  two 

t i g h t l y  t oge the r  with t h i n  bare  copper wire .  A l i g h t  coa t ing  of  GE 

v s r n i s l ~  was then appl ied  and allowed t o  p e n e t r a t e  t h e  l a s h i n g  and any 

gaps l e f t  between t h e  thermometer and t h e  s u b s t r a t e .  The samples 

were s tuck  t o  t11e s u b s t r a t e  with a  t h i n  f i l m  o f  Apiezon L vacuuril 

g r ea se .  Tile therinal impedance between t h e  thermometer and t h e  

sai tples  was of t h e  o rde r  of .01 i(/mW. 

!leitiler the indium nor t h e  t i n  samples posed any problems but  

t i lall iunl Mas n o t  an e n t i r e l y  s a t i s f a c t o r y  cho ice  f o r  a marker. 

T'i~alliurn o x i d i z e s  r a p i d l y  enough t o  be of  some nuisance.  The metal 



i s  also q u i t e  t o x i c  and con tac t  w i t h  t h e  s k i n  is t o  be avoided 

( Hef-erence '76) . In a d d i t i o n ,  t h e  superconducting-normal t r a n s i t i o n  

( ~ t ~  t ha l l i um ove r l aps  t h a t  o f  TaS2(ani l ine)3,Q,  which makes d a t a  

a n a l y s i s  a o i t  more d i f f i c u l t  than it might otherwise be. There a r e  

no superconduct ing elements  with more d e s i r a b l e  p r o p e r t i e s  b u t  InTl 

a l l o y s  can b e  m d e  w i t h  s u i t a b l e  t r a n s i t i o n  tempera tures  (Reference 

5 0 .  Such an a l l o y  was c a s t  bu t  found t o  have a  broad t r a n s i t i o n .  

Moreover, i t s  t r a n s i t i o n  t e s p e r a t u r e  would have t o  be e x p e r i n e n t a l l y  

v e r i f i e d  f o r  i t  t o  s e r v e  a s  an accu ra t e  marker. Therefore  i t  seemed 

s i n p l e r  t o  use thal l iunt .  



DATA PROCESSING 

THERMOMETRY: Data was co l l ec ted  i n  t h e  form of X-Y recorder 

p l o t s  of SQUID feedback s i g n a l ,  V S ,  versus thermometer r e s i s t a n c e ,  

. An example is  shown i n  Figure 12. These p l o t s  were then 

d i g i t i z e d  manually f o r  furt l ler  processing. 

'The ther,riometer r e s i s t ance  was converted t o  a temperature using 

the in terpola t ion  curves mentioned above and given i n  Appendix E.  

'This temperature we w i l l  c a l l  TR ( f o r  carbon r e s i s t o r ) ,  t o  

d i s t i n g u i s l ~  it from the  sample temperature TS. Since the  

thermometer could not be mounted near t h e  pickup loops and samples, 

we a re  now confronted w i t h  t h e  problem of est imating TS, given only 

the  measured quant i ty  T R ,  

Referring t o  t h e  diagram of the  c r y o s t a t  i n  Figure 2 ( ~ 8 1 ,  one 

can consLruct a simple model f o r  t h e  heat  flow p a t t e r n s  i n  t h e  Sample 

~ h m b e r  . Sucl~ a model is shown schematical ly i n  Figure 1 1 .  



Thermometer resistance ( kfi  ) 

Figure 12: 

Typical raw data plots. These curves are shown as 

illustrations of the aopearance of the raw data. One 

curve represents a temperature sweep with TaS2(aniline)3,q 

sample #25, plus marker samples, in a field of 5.25 gauss 

applied parallel to the layers. The other curve reoresents 

Sn and T1 marker samples alone, under the same conditions. 

Note that the temperature axes (horizontal) do not exactly 

coincide. 



h e a t  < 

D 

F i g u r e  11 

H2 d e n o t e s  t h e  the rmal  impedance between t h e  sample  and t h e  

r e s i s t a n c e  t h e r m m e t e r  . R 1  r e p r e s e n t s  t h e  the rmal  impedance 

between any p o i n t  on t h e  s u b s t r a t e  and t h e  hel ium b a t h  a t  t e m p e r a t u r e  

T .  For a h igh thernial  c o n d u c t i v i t y  s u b s t r a t e  l i k e  s a p p h i r e  o r  

c o p p e r ,  and w i t h  t h e  low g a s  p r e s s u r e  mm Hg ) which was 

v a i n t a i n e d  i n  t h e  Sample Cha ibe r ,  we have R2 << H 1 .  ( S e e  

Hel'erence 9 and mean f r e e  pa th  p l o t s  i n  F i g u r e  22 i n  Appendix F'.) 

T h e r e f o r e ,  by symmetry, H I  must  b e  t h e  same f o r  a l l  p o i n t s  a l o n g  

t h e  sarilple s u b s t r a t e .  

Applying e lementa ry  c i r c u i t  a n a l y s i s ,  we have t h e  r e s u l t  



Yoreover, we a re  i n  a regime of  pressure and temperature such 

t h a t  HI is determined by the  pirysical dimensions of  t h e  Sample 

Ctranber and can be regarded a s  independent o f  temperature. 

Tne tec~pera ture  dependence of R2 var ies  with subs t ra t e  

rna t e r i a l  . In this tetnperature region,  the  t.herrnal conductivi ty of a 

iaetal i s  c h a r a c t e r i s t i c  of  a free-electron gas  while phonons a re  t h e  

Jorninan t mechanism of hea t  conduction in  an i n s u l a t o r .  Accordingly, 

f'or the  sapphire s u b s t r a t e ,  and 

Hz - -?- 
'I' R 

fo r  t h e  copper subs t ra t e .  

Here we have assumed t h a t  AT is  small enough t h a t  temperature 

d i f fe rences  along the  length  o f  t h e  s u b s t r a t e  can be disregarded f o r  

the purpose of ca lcu la t ing  R2. 

Combining the  l a s t  t h r e e  equations,  we have 



f o r  c o p p e r ,  wtiere a and b a r e  c o n s t a n t s  which were de te rmined  by a 

l e a s t - s q u a r e s  f i t  t o  t h r e e  p o i n t s .  

?NO p o i n t s  were t a k e n  from t i le  observed t r a n s i t i o n  t e m p e r a t u r e s  

o f  t h e  marker samples .  The obse rved  t r a n s i t i o n  t e m p e r a t u r e ,  TR, 

was d e f i n e d ,  f o l l o w i n g  Reference  12, a s  t h e  observed thermodynamic 

t r a n s i t i o n  t e m p e r a t u r e  - t h a t  is ,  t h e  p o i n t  o f  i n t e r s e c t i o n  o f  a l i n e  

drawn ta t igen t  t o  t h e  s t e e p e s t  p o r t i o n  o f  t h e  m a g n e t i z a t i o n  c u r v e  w i t h  

t h e  l i n e  d e f i n e d  by n a g n e t i z a t i o n  = z e r o .  T h i s  d e f ' i n i t i o n  i s  

i l l u s t r a t e d  i n  F i g u r e  19. The a c t u a l  TC = TS is  g iven  wi th  a 

11igb d e g r e e  01 accuracy  by t h e  f a m i l i a r  e m p i r i c a l  e q u a t i o n  

wtlere I d C  1s t h e  a p p l i e d  f i e l d  and TC(tI=O) and Ho were t a k e n  

fro111 Refe rences  3'1' and 54: 



Sn In T1 

T C ( H = O )  3.722 3.409 2.38 I( 

[I0 309 282 177 gauss 

Table I11 

Due t o  the  f i n i t e  experimental e r r o r  of  t h e  da ta  po in t s ,  and t h e  

inverse-TR-dependence of t h e  f i t t i n g  funct ions  (Eqs 10,11) ,  t h e  

f i t t e d  curve fo r  AT can be very ill-behaved fo r  low TR.  For t h i s  

reason it was deemed reasonable t o  add a  t h i r d  fixed point .  This 

l a s t  point  was manufactured simply by assuming t h a t  AT 0 f o r  TR = 

1.5K. Fhysically , t h i s  amounts t o  saying t h a t  t h e  sample and 

thermometer a r e  i n i t i a l l y  a t  t h e  same temperature, within 

experimental e r r o r ,  bef'ore t h e  appl ica t ion  o f  hea t  from t h e  heater  a t  

the  s t a r t  o f  a  temperature sweep. 

One might argue t h a t  t h e  above t h e o r e t i c a l  treatment o f  the  heat  

flow p a t t e r n s  is d e f i c i e n t  i n  t h a t  it does not  accurately represent  

the  true d i s t r i b u t e d  nature of t h e  impedances R 1  and R2. One 

might a l s o  point  out  t h a t ,  s ince  the  temperature of  t h e  s u b s t r a t e  

va r i e s  along i t s  l eng th ,  the  con t r ibu t ion ,  per u n i t  length ,  t o  H 2  

depends upon the  l o c a l  temperature of t h e  s u b s t r a t e .  A more de ta i l ed  

c a l c u l a t i o n ,  taking both of  t h e  above considera t ions  i n t o  account was 

pet-forrned . The r e s u l t s  o f  t h e  lumped-impedance model were confirmed 

exac t ly  t o  f i r s t  order  i n  E. 
T~ 



An a l t e r n a t i v e  a r r a n g e m e n t ,  i n  w h i c h  t h e  t h e r m o m e t e r  a n d  h e a t e r  

p s i t i o n s  were i n t e r c h a n g e d ,  was a l s o  u s e d .  T h i s  a r r a n g e m e n t  is 

shorn s c h e m a t i c a l l y  i n  F i g u r e  13, b e l o w .  

1 i, heat from heater 

i heat 
O '  from 

room 
R1 temperature 

F i g u r e  13 

F o r  t h i s  m o d e l ,  it i s  e a s i l y  shown t h a t  

W i t 1 1  t h e  a d d i t i o n a l  a s s u m p t i o n  t h a t  i is l i n e a r l y  d e p e n d e n t  upon 

'TH, we h a v e  

T h e  a t t r a c t i v e  f e a t u r e  of t h i s  a r r a n g e m e n t  i s  t h a t  t h e  

t e m p e r a t u r e  d e p e n d e n c e  of t h e  s u b s t r a t e  c o n d u c t i v i t y  d o e s  n o t  e n t e r  



i n t o  the analysis. Therefore, one does not have the above-mentioned 

dif 'f ' icult ies w i t h  the inverse-TR-dependence of the f i t t i n g  

 unction. However, thermometry was found t o  be l e s s  reproducible 

from one temperature sweep to the next than it was w i t h  the former 

arrangement. T h i s  is probably due t o  the strong dependence of AT 

u p n  H I ,  and hence upon exchange gas pressure, w i t h  the arrangement 

af Figure 13. 

AT1 s calculated from the above formulae were typically 

aoout . 1 K ,  or l e s s .  

SQUID SIGIIAL (THEOHETICAL): I t  is possible to  calculate ,  from 

f i r s t  principles,  the relationship between the measured SQUID signal 

and tile suscept ibi l i ty  of the sample. T h i s  theoretical calculation 

1s glven below, followed by an experimental verification. 

Since t11e flux transformer is a superconducting loop, and 

therefore contains fixed f lux,  i t  is  eas i ly  shown that  the flux 

coupled into tile SQUID by the  secondary co i l  of the flux transformer 

is given by 

where M is the mutual inductance between the SQUID and the secondary 

c o i l ,  N i s  the number of turns on each of the pickup loops, 'Pext i s  



t l le  f l u x  e x t e r n a l l y  a p p l i e d  t o  t h e  p i c k u p  l o o p s ,  L p  is t h e  t o t a l  

s e l f - i n d u c t a n c e  o f  t h e  p ickup  l o o p s ,  LS i s  t h e  s e l f - i n d u c t a n c e  o f  

t h e  secondary c o i l ,  and LL is  t h e  induc tance  

c o n n e c t i n g  t h e  pr imary to t h e  secondary .  

I n  our  c a s e  Lp+LS >> LL ( s e e  Refe rences  

of t h e  l e a d s  

27 ,45)  s o  we have 

Eq 16 

S i n c e  t h e  sample dimensions  a r e  inuch s m a l l e r  t h a n  t h o s e  o f  t h e  

p ickup  l o o p s  o r  t h e i r  s e p a r a t i o n ,  t h e  sample  c a n  b e  approximated by a 

n a g n e t i c  d i p o l e  o f  moment rn. We p l a c e  t h e  d i p o l e  a t  t h e  o r i g i n  o f  a 

s p h e r i c a l  p o l a r  c o o r d i n a t e  sys tem a s  shown i n  F i g u r e  14. 

h e  assume t h a t  t h e  p ickup  l o o p s  have approx imate ly  e q u a l  a r e a s ,  

A 1  and A 2 ,  ( d i r e c t e d  i n  opposing s e n s e s  i n  each l o o p )  and a r e  

exposed t o  t h e  same a p p l i e d  f i e l d ,  H. The sample  h a s  an e f f - e c t i v e  

a r e a  A e f f  and c o n t r i b u t e s  f l u x  4,  and q t o  l o o p s  1 and 2 

r e s p e c t i v e l y .  A e f f  is def ined  s o  t h a t  

where 

i s  t h e  sample m a g n e t i z a t i o n ,  and V is t h e  sample volume. 



A 
z 

loop 2 ,  a r e a = A 2 ,  
N turns ,  inductance = Cp 

2 

loop I, area =A l ,  

N turns, inductance = lp 
2 

Figure 14: 

Model for coupling of sample to the two pickup loops. 

Sample is simulated by a magnetic dipole, m, situated 

at the origin of a spherical polar coordinate system. 



Idow cJe can write 

9e,t = + A I H  - $:, - A2H 

We are interested i n  the quant i t ies  

A - 
and 921 ~ B ' ~ C I  

-L 

where I3 i s  the magnetic induction due t o  the dipole sample. Any good 

text on electromagnetic theory (see References 33,52,  for example) 

derives expressions for B due to  a dipole,  but these are not 

analytical i n  the Ifnear zoneff - i .e.  for  r comparable to  the sample 

dimensions. In order t o  avoid consequent d i f f i c u l t i e s  i n  the 

calculation of r p l ,  we assme that there are no magnetic monopoles i n  

our region of space, and write 

where "loop1 denotes ( the in f in i t e  plane coplanar w i t h  loop 1 )  m i n u s  

(loop 1 ) .  



S i n c e  s a m p l e  d i m e n s i o n s  a r e  much s m a l l e r  t h a n  b o t h  t h e  r a d i u s ,  

R ,  of t h e  l o o p s ,  a n d  t h e i r  s e p a r a t i o n ,  d , we c a n  now u s e  t h e  f a r  z o n e  

f ' ields : 

B e  = m s i n  8 - 
r 3 

S t r a i g h t f o r w a r d  i n t e g r a t i o n  y i e l d s  

For t h e  d i m e n s i o n s  d and  R a c t u a l l y  u s e d  ( s e e  Appendix  E), 

, = 3 0  E q  27 

I n v o k i n g  t h e  d e f i n i t i o n  of A e f f  ( E q  I T ) ,  we now h a v e  

V is a c t u a l l y  t h e  vo lume i n  & i c h  JMf 0 ,  i . e .  t h e  v o l u n ~ e  

e n c l o s e d  by t h e  s u p e r c u r r e n t  s h e l l  i n  a  s u p e r c o n d u c t i n g  s a m p l e .  If 

t h e  p e n e t r a t i o n  d e p t h  of t h e  s u p e r c o n d u c t o r  is s m a l l  compared  t o  t h e  



s a n p l e  d i m e n s i o n s ,  and i f  d e m a g n e t i z a t i o n  e f f e c t s  c a n  b e  n e ~ l e c t e d  , 

V i s  t h e  s a m p l e  volume. We w i l l  make t h e s e  a s s u m p t i o n s .  

Using 

JM = x H 

we can  now write 4 ,  i n  terrl~s o f  s a m p l e  d i m e n s i o n s ,  t h u s  

I n s e r t i n g  t h e s e  r e s u l t s  i n t o  o u r  o r i g i n a l  e x p r e s s i o n  f o r  +ext  

( E q  1 9 1 ,  we have  

I t  is t h e  s econd  term i n  t h e  above  e x p r e s s i o n  t h a t  c a n  

c o n t r i b u t e  e x t r a n e o u s  s i g n a l s  when o n e  v a r i e s  11. As p r e v i o u s l y  

m e n t i o n e d ,  a t t e m p t s  t o  n u l l  t h i s  s i g n a l  by t h e  a p p l i c a t i o n  o f  a  

c a n p e n s a t i n g  f i e l d  g a v e  u n s a t i s f a c t o r y  r e s u l t s .  Theref 'o re  a l l  d a t a  

were c o l l e c t e d  i n  c o n s t a n t  f i e l d  and  we w i l l  c o n s i d e r  x t o  be t h e  

i n d e p e n d e n t  v a r i a b l e .  

R e t u r n i n g  t o  o u r  e x p r e s s i o n  f o r  t h e  f l u x  c o u p l e d  t o  t h e  SQUID 

( E q  1 6 1 ,  we write 



H V + cons t an t  
2R 

The SQUIu has  a b u i l t - i n  c a l i b r a t i o n  i n  t h e  form of  t h e  f l u x  

quantun,  $O. By applying a known feedback s i g n a l  and observing t h e  

consequent d ~ i f t i n g  of  t h e  SQUID p a t t e r n  on t h e  o sc i l l o scope  d i s p l a y ,  

one can deduce t h e  r e l a t i o n s h i p  between t h e  SQUID feedback s i q n a l ,  

Us, and +S. For our p a r t i c u l a r  SQUIL) t h e  r e l a t i o n s h i p  is 

T h l s  c a l i b r a t i o n  was checked from time t o  time and found t 3  be  

c m s t a n t  t o  3 s i g n i f i c a n t  f i g u r e s .  

The inductances 14, Lp,  and LS were c a l c u l a t e d  fro!n empir ica l  

for:~lulae given i n  Reference 2'7. Lp  and LS were cross-checked 

using E q  3. See Appendix E f o r  numerical results. 

Me have now c a l c u l a t e d  a l l  o f  t h e  nuabers  needed t o  c a l i b r a t e  

t h e  measured SQUID feedback s i g n a l  i n  terms o f  sample s u s c e p t i b i l i t y .  

VS = k 4 n X V  H + c o n s t a n t  

where 

3 k = 1.01 x 105 volts/(gauss-cm ) 

Since  we observe on ly  t h e  manner i n  wbich t h e  s i g n a l  v a r i e s  with 

a 
b t empera ture ,  t h e  cons t an t  term i n  Eq 34 is  o f  no i m p r t a n c e .  



T h e  applied f i e l d ,  1-1, w i l l  be the  sum of two terms. One term 

w i l l  be the p ro jec t ion ,  H A ,  of t h e  anbient  magnetic f i e l d  along the  

a x i s  o f  t h e  pickup loops. The r e l a t i o n s h i p  between f1 and the 

c u r r e n t ,  iF,  supplied t o  the  f i e l d  c o i l  was ca lcula ted  from the  

Biot-Savart Law, giving 

Taking the  upward d i r e c t i o n  i n  t h e  labora tory  t o  be p o s i t i v e ,  

measurement with a  Hall probe yielded - .4  gauss f o r  HA. 

'The voluines of t h e  marker samples were obtained from t h e i r  

dimensions a s  measured with t h e  aid o f  an o p t i c a l  microscope. These 

SQUID SICIJAL (EXPERIMEIJTAL): As d v e r i f i c a t i o n  o f  t h e  above 

c d l  ib ra t lon  c a l c u l a t i o n ,  the  ne t  s igna l  change, AVS, accurnul ated i n  

a  t r a v e r s a l  of t h e  superconducting t r a n s i t i o n  o f  seine o f  t h e  marker 

sainples was recorded. This change was divided by sample volume and 

plo t ted  agains t  f i e l d  c o i l  c u r r e n t ,  iF. If one a s s m e s  t h a t  the  

sample went f'roln a canple te  ~ l e i s s n e r  s t a t e  t o  a  noma1 s t a t e  o f  

~ e ~ l i g i b l e  s u s c e p t i b i l i t y ,  the  s igna l  change per un i t  volune should, 

according t o  Eq 34 ,  be 

g;' 

/ ~ / j ~  

IIU!.. 

(ji 



sanples were a l l  c u t  i n  regular  shapes,  but  t h e  ca lcula t ion  of 

volumes l'rom sample dimensions is only good t o  an accuracy of about 

30%. This  was checked by weighing a few samples, ca lcu la t ing  t h e  

volumes from t h e  known dens i ty  (Reference 7 6 ) ,  and comparing with t h e  

microscope measurement. Due t o  t h e  very small masses o f  t h e  marker 

samples (-10 micro-grams), and t h e  c a r e  required i n  handling them, it 

was considered t h a t  t o  weigh every one would be of  marginal benef i t .  

According t o  t h e  foregoing t h e o r e t i c a l  ca lcu la t ion  

T h e  p lo t t ed  points  were f i t t e d  t o  a l e a s t  squares s t r a i g h t  l i n e  

and experimental values o f  t h e  q u a n t i t i e s  k and I I A  ex t rac ted:  

k e X  = 1.16 x lo5 V O ~ ~ S / ( ~ ~ U S S - c m 3 )  Eq 39 

HAexp  = -.4 gauss Eq 40 

I n  obtaining t h i s  f i t ,  t he  o p t i c a l  es t imates  o f  sample volumes 

were adjusted within t h e i r  e r ro r  limits in order  t o  g e t  t h e  bes t  

match of s lopes  between samples. See Figure 15 f o r  a p lo t  of the  

adjusted points  and t h e  l e a s t  squares l i n e .  

This s e n s i t i v i t y  i s  more than s u f f i c i e n t  t o  observe a Meissner 

Effect  i n  samples with dimensions of a f r ac t ion  of  a mil l imeter  

i n  f i e l d s  of t h e  order  of 1 oers ted .  Prober (Reference 50) suggests  
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Applied f ield (HA) in gauss 

Figure  15:  

S Q U I D  s i g n a l  c a l i b r a t i o n .  A l l  p o i n t s  a r e  f o r  t i n  samples .  



t h a t  samples o f  i n t e r c a l a t e d  TaS2 below t h i s  s i z e  should be 

e s s e n t i a l l y  f r e e  o f  t h e  d e f e c t s  observed i n  l a r g e r  samples.  

The d e n s i t y  of TaS2(aniline)3,4 was c a l c u l a t e d  t o  be 2.27 g ~ ~ / c m 3  

on t h e  b a s i s  o f  s to ich iomet ry  and c r y s t a l  s t r u c t u r e  d a t a  given in  

References 14,15,  and 47. Th i s  was needed f o r  t h e  purpose o f  

d e r i v i n g  t h e  volumes, V ,  of t h e  smal l  i r regular ly-shaped  samples from 

the l r  measured weights.  Resu l t s  were i n  order-of-magnitude agreement 

w i t i ~  e s t i m a t i o n s  of sample volumes made by measuring t h e i r  dimensions 

with a microscope. 

The d i g i t i z e d  SQUID s i g n a l  was processed by f i r s t  s u b t r a c t i n g  

c o n t r i b u t i o n s  due t o  t h e  marker samples.  Next, t h e  a r b i t r a r y  

c m s t a n t  was removed by s e t t i n g  t h e  normal-s ta te  s i g n a l  equal  t o  

zero .  F i n a l l y ,  t h e  results o f  t h e  above c a l i b r a t i o n  were appl ied  t o  

c a l c u l a t e  x from VS. 
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EXPERIMENTAL RESULTS AND CONCLUSIONS 

A Yew of t h e  TaS2(aniline)3/4 s u s c e p t i b i l i t y  p l o t s  a r e  shown 

i n  Figures 16 and 17. A l l  measurements were performed while warming 

the  samples i n  f i e l d s  of 1-30 gauss,  applied p a r a l l e l  t o  t h e  l a y e r s .  

The most s t r i k i n g  fea tu re  of these  t r a n s i t i o n s  is t h e i r  

e x t r a o r d i n a r i l y  small s i z e .  I t  was c o n s i s t e n t l y  t h e  case t h a t  t h e  

t r a n s i t i o n  amplitude was l e s s  than 20% of' t h a t  which would be 

expected f o r  a  sample which had been warmed from a  f u l l y  diamagnetic 

s t a t e .  A t i n  t r a n s i t i o n  observed under t h e  same condi t ions  is shown 

i n  Figure 18 f o r  comparison. 

Samples 1b and 21 ( s e e  TaGleII) displayed no t r a n s i t i o n  a t  a l l  

betdeen 1.6K and 4.2k', desp i t e  the  f a c t  t h a t  these  samples were l a r g e  

enough t h a t  a  t r a n s i t i o n ,  i f  it occured, ought t o  be resolvable .  

FLUX PINNING: The TaS$ samples displayed no 

de tec tab le  Meissner Effec t  upon cooling,  ind ica t ing  t h e  presence of a  

l a rge  number of f lux pinning s i t e s .  Pinning was a l s o  observed i n  the  

T1 samples, but not  i n  Sn o r  I n ,  which usually displayed completely 

r e v e r s i b l e  t r a n s i t i o n s  upon thermal cycl ing .  This i s  probably due t o  

the  r e l a t i v e l y  low melting points  of  Sn and I n ,  which allows them t o  

anneal a t  room temperature, thereby removing pinning s i t e s .  

Since the  samples were cooled,  not i n  zero f i e l d ,  but  i n  son? 

IL ,, 
p '  

ii' 
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Figure 16: 

Transitions of TaS2(aniline) 3 / 4  samples of various 

sizes. All curves were taken in a field of 5.25 gauss 

applied parallel to the layers. Note vertical scale. 



--..-- 5 . 2 5  gauss I \  
.- 10.5 gauss 

--- 3 2 . 3  gauss 

Figure 17: 

Superconducting transitions of TaS2(aniline)j/q 

sample #19 in various fields applied parallel to the 

layers. Note vertical scale. 



Temperature in K 
Figure 18: 

Superconducting transition of tin in a field of 5.25 gauss. 

Sample is a thin platelet with volume of about lV5  cc. 

Field was applied parallel to the plane of the sample. 

Compare with Figures 16 and 17. 



f i n i t e  remnant f i e l d  (-.5 gauss,  c f  Eq 3 7 ) ,  f lux  pinning e f f e c t s  

c r e a t e  s m e  ambiguity a s  t o  t h e  size o f  t h e  e f f e c t i v e  applied f i e l d .  

For t h i s  reason,  only Sn and I n  samples were used i n  t he  SQUID s igna l  

c a l i b r a t i o n .  However, s i n c e  the  ambient f i e l d  represents  only lo%,  

o r  l e s s ,  of t h e  applied f i e l d ,  t h i s  same ambiguity could not explain 

the  v e r y  small s i z e  o f  the  TaS2(anil ine)3/4 t r a n s i t i o n s .  

The dbsence of a Meissner Effec t  upon cooling i s  confirmed by 

measurei~~ents of Gamble e t  a1 (Reference 22) upon TaS2(pyridine)l,2. 

Prober r epor t s  (Reference 50) a m a l l  expulsion of  f lux upon cooling 

t h i s  rnaterial with f i e l d  applied p a r a l l e l  t o  t h e  l a y e r s .  However, he 

claims t h a t  t h e  s igna l  measured i s  l a r g e r  by severa l  orders  of 

niagnitude than t h a t  which would be expected f o r  a s e r i e s  o f  i so la ted  

TaS2 sandwiches. This ,  together  with t h e  s p e c i f i c  heat  data of  

Gamble e t  a1 (Reference 24), s e e m  t o  ind ica te  t h a t  superconductivity 

i n  i n t e rca la ted  l a y e r  compounds i s  indeed a bulk e f f e c t .  . 

THANSITION WIDTHS: Reported t r a n s i t i o n  widths a r e  not 

incompatible w i t h  t he  present  da ta .  Prober ( Reference 50) concludes 

t h a t  t h e  broad t r a n s i t i o n  is not  due t o  passage through the  mixed 

s t a t e  o r  t o  demagnetization e f f e c t s ,  but  may be caused by the  

presence of regions i n  t h e  sample which a r e  only p a r t i a l l y  

i n t e r c a l a t e d ,  o r  a r e  s l i g h t l y  misaligned with respect  t o  the  r e s t  of  



the l a y e r s .  Both of these  i n t e r p r e t a t i o n s  seem reasonable i n  t h e  

l i g h t  of the  present  r e s u l t s ,  a s  w i l l  be shown below. 

THANSITION AMPLI'TUDES: There is considerable e r r o r  i n  t h e  

measurement of  sample volumes, e spec ia l ly  f o r  t h e  marker samples. 

However, t h i s  could not explain t h e  very small observed t r a n s i t i o n  

amp1 i tudes . 
One might assume t h a t  t h e  samples were not f u l l y  i n t e r c a l a t e d ,  

o r  contained excess a n i l i n e .  To check t h i s ,  one sample was heated i n  

an argon atmosphere a t  "200C f o r  about 18 hours i n  order  t o  d r ive  ou t  

t h e  i n t e r c a l a t e .  The weight l o s s  was 17% of the  o r i g i n a l  sample 

weight, indicating t h a t  t h e  sample had been 78% in te rca la ted  before 

heat ing.  Further heat ing f o r  seve ra l  days a t  150C fa i l ed  t o  produce 

any addi t ional  weight l o s s .  Another sample was soaked i n  ethanol f o r  

24 hours. This should d i s so lve  any excess a n i l i n e ,  o r  any a n i l i n e  

which i s  only loosely bound t o  the  TaS2. The sample weight was not  

a f fec ted  by t h i s  procedure. The t r a n s i t i o n  amplitude was 10% l a r g e r  

a f t e r  soaking, but otherwise unchanged. I t  was f e l t  t h a t  t h i s  

d i f f e rence  was within experimental e r r o r .  

As a fu r the r  check on the  s igna l  c a l i b r a t i o n  procedure, separa te  

c a l i b r a t i o n s  were performed f o r  each TaS2(aniline)3,4 t r a n s i t i o n ,  

by normalizing the  s igna l  t o  t h e  size of t h e  marker sample 

t r a n s i t i o n s  observed i n  t h e  same temperature sweep. No s i g n i f i c a n t  



change i n  t r a n s i t i o n  s i z e  was e f fec ted .  

One might argue t h a t  t h e  demagnetization f a c t o r s  o f  the  samples 

could account for  a s ~ n a l l e r  s igna l  than expected, s ince  no 

demagnetization e f f e c t s  were assumed i n  t h e  s i g n a l  ca lcu la t ion .  I f  

this were s o ,  orie would expect t o  s e e  a c o r r e l a t i o n  between sample 

s i z e  and t r a n s i t i o n  s i z e .  No such c o r r e l a t i o n  was observed. 

Besides, the  sirapes of  t h e  TaS2(anil ine)3/4 samples were not 

dif7ferent  enough from the  stiapes o f  the  marker samples to  account fo r  

a tremendous d i s p a r i t y  i n  demagnetization f a c t o r s .  

In order  t o  determine whether or no t  our samples ever entered a 

f u l l y  diamagnetic s t a t e ,  we w i l l  use da ta  from the  l i t e r a t u r e  t o  make 

an est imate of  HC1.  We wi l l  a l s o  c a l c u l a t e  t h e  penetrat ion depths,  

i l land XI, i n  order  t o  decide t o  what ex ten t  f lux penetrat ion might 

decrease the  diamagnetic response of  such small samples. 

CALCULATION A :  One t h e o r e t i c a l  model which has met with 

considerable success i n  appl ica t ion  t o  anisot ropic  superconductors is 

constructed by using an effective-mass tensor  in  t h e  Ginzburg-Landau 

equations.  Treatment o f  t h e  theory and comparison with experiment 

can be found i n  References 20,36,44,46,50. We w i l l  assume t h a t  

T a S * ( a n i l i r ~ e ) ~ , ~  can be characterized by such a model. 

We s t a r t  with the  conventional d e f i n i t i o n s  o f  t h e  Ginzburg- 



Landau parameters, K ,  and K ~ ,  

HC1 " H In K -u for K >> 1 

J2 K 3  

Close t o  the zero-field t ransi t ion temperature, TC, 

so we have 

The c r i t i c a l  f i e lds  display t h e  usual l inear  temperature 

dependence for  T close t o  TC. Therefore, 

where the prime denotes a derivative w i t h  respect t o  temperature near 

Fran Eq 12, for  T close to  TC, 



where 

This allows u s  t o  wr i te  

Ho can be found from t h e  s p e c i f i c  hea t  d i scon t inu i ty ,  AC,  a t  

TC. Accordingly, 

Mo = 100-180 gauss,  

depending upon how one i n t e r p r e t s  t h e  da ta  o f  Reference 16. 

Quoting Prober's r e s u l t s  (Reference 50) f o r  TaS2(anil ine)3/4,  

I n  summary, taking TC = 2.9K, we c a l c u l a t e  H C 1 / /  ' .5-3 gauss 

a t  T = 1.5K. This  est imate f o r  t h e  lower c r i t i c a l  f i e l d  p a r a l l e l  t o  

the  l a y e r s  ind ica tes  t h a t  our samples may have entered ( o r ,  a t  l e a s t ,  

almost reached) a  f u l l y  diamagnetic s t a t e  a t  t h e  temperatures and 



f i e l d s  h i c h  were obtained i n  t h e  Sample Chamber. 

Resuming our c a l c u l a t i o n s ,  E q  41 immediately g ives  u s  

Since 

we a l so  e x t r a c t  t h e  e f f e c t i v e  mass r a t i o ,  m/M, from Prober's d a t a ,  

allowing ca lcula t ion  of  t h e  anisot ropic  Ginzburg-Landau parameters 

near TC. 

Lawrence and Doniach (Reference 44)  give u s  

and 

from which we can c a l c u l a t e  t h e  superconducting coherence l eng ths ,  El 

and < /,. The corresponding penetrat ion depths come from 

and 



CALCULATION R: As a c r o s s - c h e c k  o n  t h e  r e s u l t s  o f  t h e  above  

c a l c u l a t i o n s ,  we will a l s o  make rough  e s t i m a t e s  o f  some o f  t h e  above  

q u a n t i t i e s  u s i n g  t h e  Ginzburg-Landau a p p r o x i m a t i o n s  f o r  an i s o t r o p i c  

s u p e r c o n d u c t o r .  We u s e  t h e  e x p r e s s i o n s  o b t a i n e d  f o r  t h e  l i m i t  i n  

which t h e  mean free p a t h  i s  much s h o r t e r  t h a n  t h e  BCS c o h e r e n c e  

l e n g t h  ( i . e .  1 << E O ) .  We b e l i e v e  t h i s  I f d i r t y "  l i m i t  t o  b e  

a p p r o p r i a t e  i n  TaS2( a n i l i n e )  j,4 d u e  t o  t h e  overwhelming e v i d e n c e  

o f  l i g h t - s c a t t e r i n g  measurements  ( R e f e r e n c e  50) ,  t h e  p r e s e n t  

o b s e r v a t i o n s  o f  f l u x  p i n n i n g ,  and t h e  v i s u a l l y  o b v i o u s  i m p e r f e c t i o n  

o f  t h e  c r y s t a l s .  A c c o r d i n g l y ,  from Werthamer ( R e f e r e n c e  6 6 ) ,  we have  

f o r  t h e  d i r t y  l i m i t  r e s u l t s ,  where is t h e  London p e n e t r a t i o n  

d e p t h  ; 



and CO is t h e  BCS coherence  l e n g t h ;  

For  a s i m p l e  f r e e - e l e c t r o n  g a s  model,  we can  c a l c u l a t e  t h e  

e l e c t r o n  d e n s i t y ,  n ,  t h e  Fermi v e l o c i t y ,  vF,  and t h e  mean free 

p a t h ,  1, i n  terms of t h e  e l e c t r i c a l  r e s i s t i v i t y ,  p , o f  t h e  m a t e r i a l  

and its e l e c t r o n i c  h e a t  c a p a c i t y ,  yT. Re-writ ing Eqs 5 7 , 5 8 , 5 9  i n  

terms of  t h e s e  e x p e r i m e n t a l l y  measurab le  q u a n t i t i e s ,  

where ,o is i n  ohm-cm and y is i n  erg/cm-3~-2. 

y is o b t a i n e d  from Refe rence  16, b u t  it a p p e a r s  t h a t  t h e  

r e s i s t i v i t y  of TaS2(an i l ine )3 /4  h a s  n o t  been p u b l i s h e d .  However, 

s i n c e  t h i s  is o n l y  an  order-of-magnitude c a l c u l a t i o n ,  we can  u s e  t h e  

p u b l i s h e d  ( R e f e r e n c e  59) r e s i s t i v i t i e s  o f  t h e  s t r u c t u r a l l y - s i m i l a r  

m a t e r i a l ,  TaS2(pyr id ine ) , /2 :  



p l  = 6 ohm-cm 

p,, = 6x 1 0-5 ohm-crn 

for  conduction perpendicular t o  the  l aye r s ,  and para l le l  t o  the  

layers ,  respectively,  a t  4K. 

Since K_L involves electron motion para l le l  t o  the  l aye r s ,  

c lea r ly  we have 

7 .5~103  p,, y1/2 2. 12 - 17 Eq 67 

The s i tuat ion is not so transparent for K / / ,  but, by comparison 

with Eq 56, we f l a t l y  s t a t e  t ha t  a reasonable expression would be 

Similarly,  

with analogous equations for  X and i n  the  para l le l  d i rect ion.  

Results of both of the  above s e t s  of calculat ions  are given i n  

t he  following t ab l e  for  comparison. 



Experimentally measured quantities : 

Calculation A Calculation B ,References 

crystal structure 

Tc = 2.87- 3.0K 

,/m = 25-37 

Calculated quantities: 

pL = 6 ohm-cm 

p// = 6 X l0'%hm-cm 

crystal structure 

T, = 2-87- 3.0 K 

59 

59 

mass density = 2.27 gm/cc 
0 

unit  cel l  volume = 230 
I mJ/mole = 71.9 e r g k c  

H = 100-180 G I 

14,15,47 

16, 50,pr esent 
work 

50 

Calculation A 

Table IV 

Calculat ion B 



Sample thicknesses ranged from .02 mm t o  .3 mrn. This range 

over laps  w i t h  t he  ca lcula ted  values o f  XI, i nd ica t ing  t h a t  p a r t i a l  

penetrat ion of t h e  applied f i e l d s  i n t o  t h e  sample could explain some 

o f  t h e  small t r a n s i t i o n s .  However, some other  explanation must be 

sought f o r  t h e  1 arger sampl e s  . 
The above ca lcu la t ions  f a i l  t o  completely rule out  t h e  

p o s s i b i l i t y  t h a t  t h e  temperature sweeps d i d  not s t a r t  a t  low enough 

values o f  temperature and applied f i e l d  to access t h e  region below 

HC1.  This explanation is a l s o  favoured by t h e  absence of  any 

"foot" a t  the  low temperature end of  t h e  t r a n s i t i o n  curves.  Such a 

foo t  would indica te  a  t r a v e r s a l  of HC1. I t  would be necessary t o  

use a vacuun pump o f  l a r g e r  capaci ty  than t h a t  which was ava i l ab le  t o  

reach lower tenperatures.  Lower f i e l d s  could be obtained by t h e  

appl ica t ion  o f  a m a l l  f i e l d  to cancel  t h e  v e r t i c a l  component o f  t h e  

ambient f i e l d  in the  cooling port ion o f  t h e  temperature sweep cyc le .  

Al t e rna t ive ly ,  a  set o f  Helmholtz c o i l s  could be used t o  c r e a t e  a  

f i e l d - f r e e  region in t h e  Sample Chamber. This  llzero f i e ld t1  would be 

frozen in by t h e  superconducting sh ie ld  surrounding the  lower port ion 

o f  t h e  c r y o s t a t  d w i n g  the  i n i t i a l  he l ium t r a n s f e r .  

The most reproducible f e a t u r e  o f  our data i s  t h e  point  o f  

sharpes t  curvature  in t h e  s u s c e p t i b i l i t y  vs temperature curves.  This 

has a l s o  been noticed by o ther  authors  (References 24,51) i n  AC and 

DC measurements upon l aye r  compounds. Figure 19 i l l u s t r a t e s  the  



F i g u r e  1 9 :  

S u p e r c o n d u c t i n g  t r a n s i t i o n  o f  TaS 2 ( a n i l i n e )  
3 /4  

t a k e n  f r o m  t h e  AC s u s c e p t i b i l i t y  d a t a  o f  

R e f e r e n c e  1 6 .  The a r r o w  i n d i c a t e s  o u r  

d s f i n i t i o n  o i  T,. 



r e l a t i o n s h i p  between t h i s  temperature and our d e f i n i t i o n  o f  TC. 

The p l o t  of HC2// vs  TC given in  Figure 20 was obtained using our 

d e f i n i t i o n  of  TC. This p l o t  g ives  2.87-2.89K f o r  the  zero-f ield 

t r a n s i t i o n  temperature. This  is t o  be ccmpared with 2.87K obtained 

from the  data  o f  DiSalvo e t  a1 (Reference 16) shown in Figure 19. 

The s lope  of  HC2//  vs  T obtained by any reasonable f i t  to the  

points  in  Figure 20 is l e s s  than 250 G/K.  This  value i s  rnuch less 

than t h a t  obtained by Prober. (See t a b l e  on p73.) Due t o  the  l a r g e  

anisotropy of TaS2(anil ine)3/4,  a s l i g h t  misalignment o f  t h e  

c r y s t a l  can produce l a r g e  changes in t h e  upper c r i t i c a l  f i e l d .  A 

simple ca lcu la t ion  using the  angular dependence of  HC2 a s  derived 

by Lawrence and Doniach in  Reference 44; 

H , ~ ( ~ , T )  = +o [ s i n  2 e + m o ~ 2 ~  
M 

27 &: (TI 
(8 = angle between l a y e r s  and applied f i e l d )  

shows t h a t  a 1-degree misalignment o f  t h e  sample with r e spec t  t o  the  

applied f i e l d  would depress HC2// by about 10%. A 2-degree 

misalignment would cause a depression o f  25% t o  40$, depending upon 

which value o f  t h e  e f f e c t i v e  mass r a t i o  one t akes  from Reference 50. 

Since l i t t l e  c a r e  was taken t o  properly a l ign  the  c r y s t a l s ,  t hese  

f i g w e s  a r e  probably ind ica t ive  o f  t h e  e r r o r  in  our measurement o f  

HC2/ / .  Calcula t ions  such a s  these  could account fo r  some o f  t h e  
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Figure 20: 

Observed transition temperatures of TaS2(aniline)3/4 

samples with field applied parallel to the layers. 



d i s c r e p a n c y  between P r o b e r ' s  d a t a  and t h e  r e s u l t s  shown i n  F i g u r e  20. 

T h e r e  were o c c a s i o n a l  i n d i c a t i o n s  of a p o s i t i v e  c o n t r i b u t i o n  t o  

t h e  s u s c e p t i b i l i t y .  Such r e s u l t s  were n o t  r e p r o d u c i b l e  and  were mos t  

p r o b a b l y  c a u s e d  by s o l i d  a i r ,  which t e n d s  t o  accumula t e  i n  t h e  bo t tom 

o f  t h e  Sample Chamber. T h e r e  was no  i n d i c a t i o n  of t h e  l a r g e  

p a r a m a g n e t i c  effect r e p o r t e d  by DiSa lvo  i n  R e f e r e n c e  14.  

I n  summary, a  s e n s i t i v e  magnetometer  h a s  been  b u i l t ,  and shown 

t o  o p e r a t e  a c c o r d i n g  t o  t h e o r e t i c a l  p r e d i c t i o n s .  I t  h a s  a l s o  been  

d e m o n s t r a t e d  t h a t  none  of t h e  T a S 2 ( a n i l i n e ) 3 / 4  s a m p l e s  t e s t e d  

d i s p l a y e d  p e r f e c t  d i amagne t i sm u n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  

imposed.  C a l c u l a t i o n s  o f  t h e  l o w e r  c r i t i c a l  f i e l d  p a r a l l e l  t o  t h e  

l a y e r s  a r e  n o t  i n c o n s i s t e n t  w i t h  t h i s  o b s e r v a t i o n .  The c o m p l e t e  

a b s e n c e  o f  a t r a n s i t i o n  i n  some o f  t h e  s m a l l e r  s a m p l e s  l e n d s  s u p p o r t  

to t h e  h y p o t h e s i s  t h a t  much o f  t h e  o b s e r v e d  b e h a v i o u r  o f  i n t e r c a l a t e d  

l a y e r  compounds i s  governed by t h e  p r e s e n c e  of c r y s t a l  i m p e r f e c t i o n s  

which have  a c h a r a c t e r i s t i c  l e n g t h ,  i n  T a S 2 ( a n i l i n e ) 3 / 4 ,  of a b o u t  

.1 mm. 



SUGGESTIONS FOR FURTHER WORK 

The SQUID r e s o l u t i o n  is u l t i m a t e l y  l i m i t e d  by t h e r m a l  n o i s e  ( s e e  

Refe rence  27), and o u r  SQUID s y s t e m  f a l l s  s h o r t  o f  t h i s  l i m i t  by  a 

f a c t o r  o f  a b o u t  100. C o r r e s p o n d i n g l y  s m a l l e r  s a m p l e s  i n  l o w e r  f i e l d s  

c o u l d  be o b s e r v e d ,  i f  t h e  s y s t e m ' s  e l e c t r o n i c s  were improved s o  a s  

t o  r e d u c e  60Hz n o i s e .  

A f u r t h e r  f a c t o r  of 100 is  l o s t  d u e  t o  t h e  poor  c o u p l i n g  between 

t h e  SQUID and t h e  sample .  As c a n  b e  s e e n  from F i g u r e  2 ( ~ 8 1 ,  t h i s  

c o u p l i n g  c o u l d  b e  improved by r e d u c i n g  t h e  s i z e  o f  t h e  p i c k u p  l o o p s ,  

b u t  o n l y  a t  t h e  e x p e n s e  o f  t h e  a b i l i t y  to  c h a n g e  samples  q u i c k l y .  

One m i g h t  s u g g e s t  t h a t  t h e  s i g n a l  s e e n  for a g i v e n  s a m p l e  s i z e  

m i g h t  b e  a m p l i f i e d  m e r e l y  by i n c r e a s i n g  t h e  a p p l i e d  f i e l d .  T h e r e  a r e  

s e v e r a l  r e a s o n s  why t h i s  was n o t  d o n e .  The most  s e r i o u s  r e s u l t i n g  

d i f f i c u l t y  would b e  an  i n c r e a s e d  l e v e l  o f  v i b r a t i o n a l l y  induced  

n o i s e .  A t  h i g h e r  f i e l d s ,  f i e l d  g r a d i e n t s  are  g e n e r a l l y  l a r g e r ,  and 

s o  is t h e  s i g n a l  g e n e r a t e d  by a g i v e n  a n p l i t u d e  o f  mo t ion  i n  t h a t  

f i e l d .  T h i s  effect was e a s i l y  o b s e r v e d  i n  g o i n g  f r o m  a f i e l d  o f  5 

g a u s s  t o  20 g a u s s .  It was a l s o  n o t i c e d  t h a t ,  a t  f i e l d s  o f  a b o u t  30 

g a u s s ,  t h e  SQUID o f t e n  r e q u i r e d  r e - t u n i n g ,  due  t o  t h e  effect  o f  t h e  

f i e l d  upon t h e  c r i t i ca l  c u r r e n t  o f  t h e  SQUID'S p o i n t  c o n t a c t .  

T h e r e f o r e  t h e  SQUID would have  t o  be better s h i e l d e d  from t h e  f i e l d  

co i l  a t  h i g h e r  f i e l d s .  



Aside  f rom t h e  above-mentioned p o i n t s  r e l a t i n g  t o  h i g h  f i e l d  

measurements  t h e r e  a r e  two o t h e r  f a c t o r s  t o  be c o n s i d e r e d  when 

o b s e r v i n g  t r a n s i t i o n s  o f  t y p e  I1 s u p e r c o n d u c t o r s .  The w i d t h  o f  s u c h  

a t r a n s i t i o n  is d e t e r m i n e d  by t h e  d i f f e r e n c e  be tween HC1 and HC2,  

which i s  l a r g e r  f o r  h i g h e r  f i e l d s .  T h i s  means t h a t  it becomes 

p r o g r e s s i v e l y  more d i f f i c u l t  to  c a p t u r e  t h e  whole t r a n s i t i o n  a s  t h e  

f i e l d  is i n c r e a s e d .  T h i s  may be e s p e c i a l l y  i m p o r t a n t  i n  t h e  c a s e  of 

T a S ~ ~ ( a n i l i n e ) ~ / ~ ,  where t h e  d a t a  seem t o  i n d i c a t e  t h e  p o s s i b i l i t y  

of  a v e r y  low HC1.  Moreover,  s i n c e  t h e  m a g n e t i z a t i o n  o f  a t y p e  I1 

s u p e r c o n d u c t o r  is maximum for a n  a p p l i e d  f i e l d  H = H C 1 ,  t h e  

o b s e r v e d  s i g n a l  w i l l  a c t u a l l y  be s m a l l e r  f o r  a p p l i e d  f i e l d s  g r e a t e r  

t h a n  t h i s  l i m i t i n g  v a l u e .  

However, t h e r e  is  a way t h a t  o n e  m i g h t  be a b l e  t o  l1have h i s  c a k e  

and e a t  it too t1 .  T h i s  would i n v o l v e  a s e c o n d  f l u x  t r a n s f o r m e r  

m u n t e d  s o  a s  t o  improve t h e  c o u p l i n g  between t h e  s a m p l e s  and t h e  

e x i s t i n g  p i c k u p  l o o p .  Tne c a l c u l a t i o n s  i n  Appendix H show t h a t  

c o u p l i n g  t o  t h e  sample  c o u l d  be improved by a f a c t o r  o f  30 i n  t h i s  

manner .  

Thermometry m i g h t  be improved by g r i n d i n g  t h e  thermometer  t o  

remove i t s  i n s u l a t i n g  c o a t i n g .  T h i s  would p e r m i t  better t h e r m a l  

c o n t a c t  be tween t h e  thermometer  and t h e  s u b s t r a t e ,  making p o s s i b l e  a 

better a p p r o x i m a t i o n  t o  t h e  t r u e  sample  t e m p e r a t u r e .  However, t h e  



thermometer would, of' course,  have t o  be re-cal ibrated i f  t h i s  were 

done. 

In f u t u r e ,  a l l  superconducting mate r i a l s  and so lde r s  should be 

avoided i n  construct ion of  t h i s  type o f  c r y o s t a t .  

In sunmary, by cooling small TaS2(anil ine)3/4 c r y s t a l s  t o  

lower temperatures in lower, well-aligned f i e l d s ,  one may be a b l e  t o  

e s t a b l i s h  t h e  i n t r i n s i c  p roper t i e s  o f  t h i s  mater ia l .  I f  necessary,  

the  magnetometer s e n s i t i v i t y  could be increased,  a s  out l ined i n  

Appendix H. 



APPENDIX A 

FEEDTHROUGHS: A s e l e c t i o n  o f  home-made and commercial vacuum 

feedthroughs  were leak- tes ted  a t  both room tempera ture  and l i q u i d  

n i t rogen  temperature .  The aim was t o  f i n d  a feedthrough which would 

be  s u i t a b l e  f o r  cryogenic  a p p l i c a t i o n s .  

The canmercial  feedthroughs a l l  involved some s o r t  o f  glass- to-  

metal  s e a l .  None was found t o  be  c o n s i s t e n t l y  r e l i a b l e .  It was 

assuned t h a t  t h e  d i f f e r e n t i a l  thermal  c o n t r a c t i o n  o f  t h e  g l a s s  and 

t h e  meta l  caused t h e s e  s e a l s  t o  f a i l .  

The home-made feedthroughs c o n s i s t e d  o f  a metal  tub ing  which was 

so ldered  i n t o  a metal  vacuun bulkhead. The wi re ( s )  were then run 

through t h e  tub ing  and sea l ed  with epoxy a t  t h e  open end o f  t h e  tube .  

The epoxy was always appl ied  s o  a s  t o  form a blob enc los ing  t h e  end 

o f  t h e  tube .  Th i s  l a t t e r  measure was taken  i n  hopes t h a t  t h e  epoxy 

would t i g h t e n  around t h e  metal  a s  it cooled ,  thereby ensur ing  a good 

s e a l  a t  a l l  temperatures .  

The tub ings  used were cupronickel  ( o u t e r  diameter  = 1.2 mm; wal l  

t h i c k n e s s  = .3 mm) and sof tened  copper c a p i l l a r y  tub ing  ( o u t e r  

diameter  = 2.9 rnrn; i nne r  diameter = .6 mm). The copper t ub ing  was 

sof tened by hea t ing  i t  red  h o t  and then  quenching it. 

The epoxies  used were S t y c a s t  2850 FT, with 24LV c a t a l y s t ,  and 

S t y c a s t  1266. (See Note 3.) 



The wires used were t i g h t l y  t w i s t e d  p a i r s  o f  niobium o r  T48B. 

( S e e  Notes  1 and 2 . )  

None of t h e  home-made f e e d t h r o u g h s  f a i l e d .  



APPENDIX B 

LIQUID NITROGEN CONTROLLER: The a u t o m a t i c  l e v e l  c o n t r o l l e r  f o r  

t h e  l i q u i d  n i t r o g e n  was a  s o u r c e  o f  c o n t i n u a l  annoyance .  I f  t h i s  

d e v i c e  is f a u l t y ,  it c a n  - and d i d  - c a u s e  a c c i d e n t s  o f  c a t a s t r o p h i c  

p r o p o r t i o n s .  Fo r  t h i s  r e a s o n ,  it seems w o r t h w h i l e  t o  men t ion  some o f  

t h e  p rob lems  e n c o u n t e r e d  and how t h e y  were s o l v e d .  

The l i q u i d  l e v e l  s e n s o r  c o n s i s t s  s i m p l y  of a  semiconduc to r  d i o d e  

j u n c t i o n  which c o n d u c t s  when it is  above  t h e  l i q u i d  and h a s  a  l a r g e  

r e s i s t a n c e  when immersed. The s e n s o r s  a r e  S y l v a n i a  IN126 d i o d e s ,  

s e l e c t e d  by hand f o r  d e s i r a b l e  forward  r e s i s t a n c e  v e r s u s  t e m p e r a t u r e  

c h a r a c t e r i s t i c s .  A s c h e m a t i c  o f  t h e  e l e c t r o n i c s  is shown i n  F i g u r e  

21. T h i s  a s p e c t  o f  t h e  c o n t r o l l e r  was q u i t e  r e l i a b l e  and  o p e r a t e d  

m o s t  s a t i s f a c t o r i l y .  The p rob lems  l a y  r a t h e r  w i t h  t h e  more 

m e c h a n i c a l  a s p e c t s .  

The s i m p l e s t  problem e n c o u n t e r e d  was s o l v e d  m e r e l y  by t a k i n g  

c a r e  t o  r i g i d l y  f i x  t h e  s e n s o r .  T u r b u l e n c e  produced by t h e  incoming 

l i q u i d  s t r e a m  had g r a d u a l l y  moved t h e  s e n s o r  h i g h e r  u n t i l  it r e a c h e d  

a  h e i g h t  which t h e  l i q u i d  n e v e r  a t t a i n e d .  Consequen t ly  t h e  n i t r o g e n  

c o n t i n u e d  t o  pour  i n t o  t h e  dewar  and ove r f lowed .  E v e n t u a l l y ,  t h e  

g l a s s  dewar s h a t t e r e d  f rom t h e  stresses imposed by c o n t r a c t i o n  o f  t h e  

metal c o l l a r  by means o f  which it was mounted. 

The s o l e n o i d  v a l v e  can  be u s e d  t o  s w i t c h  t h e  f l o w  of l i q u i d  f rom 
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Figure 21: Liquid nitrogen level controller. 



a pressurized s torage  dewar, o r  a l t e r n a t i v e l y ,  t o  switch t h e  flow of  

gas which pressur izes  the  s torage  dewar, thereby i n i t i a t i n g  t h e  

t r a n s f e r .  The former approach resu l t ed  i n  e r r a t i c  behaviour of  t h e  

valve due t o  t h e  l a r g e  temperature range through which it was 

required t o  opera te .  There a l s o  seem t o  be d i f f i c u l t i e s  associa ted  

with the  s torage  o f  t h e  l i q u i d  under pressure:  The sudden reduction 

of' t h e  vapour pressure of t h e  l i q u i d  ni trogen upon t r a n s f e r  seems t o  

cause thermal and mechanical turbulence in t h e  l i q u i d ,  r e s u l t i n g  i n  

spurious t r igge r ing  of t h e  l e v e l  sensor.  For these  reasons it was 

found t o  be much more s a t i s f a c t o r y  to con t ro l  t h e  t r a n s f e r  of l i q u i d  

by switching t h e  pressur iz ing  gas .  It, was necessary to use an SPDT 

solenoid valve for  t h i s  app l i ca t ion  s o  t h a t  t h e  pressure i n  t h e  

s torage  dewar was rel ieved a f t e r  each t r a n s f e r .  

Spurious t r igge r ing  of the  sensor can a l so  be caused by a poorly 

designed opening on t h e  c r y o s t a t  end of  t h e  l i q u i d  nitrogen t r a n s f e r  

tube.  Turbulence a t  t h i s  point  was damped by a f f ix ing  a gauze nozzle 

made from braided copper ground s t rapping and g l a s s  wool. 

One other  poss ib le  even tua l i ty  is t h a t  t h e  s torage  dewar runs 

out  of  l i q u i d .  In i t s e l f ,  t h i s  is not  very s e r i o u s ,  a s  t h e  ni trogen 

remaining i n  the  c ryos ta t  w i l l  s t i l l  l a s t  f o r  some time. However, 

the  c o n t r o l l e r  w i l l  continue t o  supply pressur iz ing  gas in t h i s  

circumstance, which r e s u l t s  in warming of both t h e  c r y o s t a t  and t h e  

s to rage  dewar and i n  t h e  consumption of  a l a r g e  quant i ty  o f  gas .  I t  



was therefore  found preferable  t o  supply t h e  pressur iz ing  gas from a 

small r e se rvo i r .  The b o i l o f f  from a second s torage  dewar was idea l  

! f o r  t h i s  purpose. 
h 

It  was a lso  necessary to mount t h e  e l e c t r o n i c s  a t  a  loca t ion  

t s eve ra l  f e e t  away from the  c r y o s t a t  i n  order  t o  prevent t h e  switching 
I 

pulses o f  t h e  c o n t r o l l e r  from d i s tu rb ing  t h e  SQUID. 

With the  above modif ica t ions ,  t h e  l e v e l  c o n t r o l l e r  operated with 

g r e a t  r e l i a b i l i t y ,  besides being very e f f i c i e n t  i n  t h e  consumption o f  

l i q u i d  ni trogen.  



APPENDIX C 

EPOXY CURING RECIPE: Since epoxy is  extensively used i n  

cryogenic systems, proper t ies  and curing techniques a r e  worth 

mentioning. The p a r t i c u l a r  type of  epoxy refer red  t o  throughout most 

o f  t h i s  work is Emerson and Cuming S tycas t  1266. (See Note 3 . )  This  

epoxy cons i s t s  of two l i q u i d  components which a r e  mixed i n  a 100:28 

r a t i o  by weight. The mixture is of very low v i s c o s i t y ,  cures  a t  room 

temperature, and can read i ly  be c a s t  i n  a mold o f  v i r t u a l l y  any s i z e  

o r  shape. However, s i n c e  1266 cures  by means o f  an exothermic 

reac t ion  and i s  a l so  a good thermal i n s u l a t o r ,  batches l a r g e r  than 

about 50cc (depending upon geometry) can s u f f e r  from overheating i n  

the  cur ing  process. Effec ts  of  t h i s  overheating include tremendously 

shortened curing time ( a s  s h o r t  a s  5 minutes) ,  d i sco lo ra t ion ,  

warping, and formation of gas  pockets in  t h e  epoxy. With a l i t t l e  

experimenting it was found t h a t  t h e  following rec ipe  yielded a 

f in ished product which was not  only f r e e  of  a l l  of  t h e  above d e f e c t s ,  

but  was f a r  super ior  in  appearance t o  anything produced by any o the r  

methods attempted : 

1 )  Mix thoroughly f o r  2 t o  3 minutes 200 grams p a r t  A with 56 

grams p a r t  B. Pour in to  a mold of des i red  shape. 

2) Pump on t h e  mixture with a mechanical vacuun pump f o r  about 5 

minutes, t o  e l iminate  dissolved a i r ,  water ,  o r  so lvents .  I t  may be 



necessary to regu la te  pumping speed i n  order  t o  prevent t h e  epoxy 

from boi l ing  over the  edges o f  t h e  conta iner .  A cold t r a p  can be 

used t o  p ro tec t  t h e  pump from harmful vapours. 

3) Place i n  f r eeze r  compartment o f  an ordinary household 

r e f r i g e r a t o r  f o r  about one h a l f  hour. 

4) Allow t o  cure  in t h e  main r e f r i g e r a t o r  compartment ("5C) f o r  

about 18 hours. 

5 )  Allow t o  cure  a t  room temperature f o r  about 5 hours. 

W i t h  adjustments of  t h e  various time periods involved, t h i s  same 

rec ipe  could be applied t o  batches o f  d i f f e r e n t  sizes o r  shapes. 

However, batches l a r g e r  than t h e  above 256 grams become unwieldy i n  

t h a t  t h e  epoxy begins t o  overheat  i n  t h e  2 t o  3 minutes it takes  t o  

m i x  i t .  

The above rec ipe  was developed f o r  cur ing  batches with t h e  

maximum volume t o  surface  area r a t i o  - i . e .  t h e  geometry f o r  which 

t h e  overheating problem is  most se r ious .  For d i f f e r e n t  mold shapes 

t h e  time periods can be shortened. 

Containers made of almost any non-porous mater ia l  with a 

s u f f i c i e n t l y  s l ippe ry  surface  can be used successful ly  f o r  molding 

1266. Both Nalgene and Pyrex beakers were used successful ly .  Teflon 

and cellophane sheets  a l s o  worked well.  

The cured epoxy is  t ransparent  with a s l i g h t  greenish t i n t .  It 

has no gas  pockets and is  q u i t e  r e s i s t a n t  t o  both mechanical and 



thermal shocks. Che 256 gram block survived both plunging i n t o  

l i q u i d  nitrogen and f a l l i n g  from a height  o f  3 meters onto a concrete 

f l o o r ,  and suffered no damage other  than a s l i g h t  dent .  

Cured 1266 can be c u t  and machined q u i t e  e a s i l y ,  but w i l l  sof ten  

when heated. ( I n  f a c t ,  a so lder ing  i ron  i s  a useful  tool  f o r  working 

epoxy once it has cured. ) I f  the  machining is c a r e f u l l y  done, 

thicknesses down t o  .25-.35 mm (10-15 m i l s )  can read i ly  be obtained.  

However, a s  previously noted, such t h i n  walls  a r e  q u i t e  permeable t o  

helium a t  room temperature. The low thermal conductivi ty o f  t h e  

mater ia l  is an a s s e t  f o r  use in cryogenics. Its one major f a i l i n g  i s  

i t s  high c o e f f i c i e n t  o f  thermal expansion which makes t h e  design of 

vacuum s e a l s  and feedthroughs q u i t e  e l abora te .  



APPENDIX D 

CHYOSTAT OPERATING PROCEDURES: 

1 )  Pump o u t  a l l  chambers and vacum l i n e s .  Check f o r  leaks .  

Even small l eaks  can cause annoying problems, such a s  va r i ab le  

thermal l i n k s ,  e t c .  Also check f o r  and reduce He background due t o  

desorption of He from t h e  g l a s s  and epoxy walls  of the  dewar and 

c r y o s t a t .  

2 )  Admit 100 microns of a i r  t o  vacuum jacket  separa t ing  t h e  

ni trogen and helium baths ,  and s e a l  it. Admit 1 atm of  ni trogen gas 

t o  Heliurn Ba th  Chamber and s e a l  i t .  Evacuate Sample Chamber and 

Exchange Gas Chamber and s e a l  them. 

3) F i l l  l i qu id  nitrogen bath and switch on l i q u i d  nitrogen 

c o n t r o l l e r .  Allow severa l  hours f o r  c r y o s t a t  t o  cool t o  77K. For 

t h e  purpose of deciding when thermal equ i l ib r iun  is reached, one can 

monitor t h e  carbon res i s t ance  thermometer i n  t h e  Sample Chamber o r  

t h e  exchange gas pressure i n  t h e  Helium Bath Chamber. 

4 )  Switch on a l l  e l e c t r o n i c s  t o  allow f o r  warm-up. 

5 )  Pump o u t  everything but vacuum jacket  and check f o r  leaks  

again. 

6 )  Admit 100-1000 microns o f  pure He exchange gas t o  Sample 

Chamber and Exchange Gas Chamber and s e a l  them. Admit s l i g h t l y  over 

1 atm o f  He gas  i n t o  Helium Bath Chamber. I n s e r t  t r a n s f e r  tube and . 



t r a n s f e r  enough l i q u i d  He t o  immerse t h e  SQUID. Check t o  see t h a t  

SQUID and o t h e r  superconduc t ing  c i r c u i t s  a r e  o p e r a t i n g .  F i l l  Bath 

wi th  l i q u i d  He. 

7 )  Remove t r a n s f e r  t u b e  and w a i t  abou t  15 minu tes  f o r  the rmal  

e q u i l i b r i u m .  

8 )  Slowly pump Helium Bath t o  o p e r a t i n g  t e m p e r a t u r e .  

9) Mainta in  Sample Chamber p r e s s u r e  below . O 1  micron and 

Exchange Gas Chamber p r e s s u r e  between . O 1  and .1 micron t h r o u g h o u t  

t h e  remainder  o f  t h e  exper iment .  

Once t h e  Helium Bath is a t  o p e r a t i n g  t e m p e r a t u r e  and t h e  SQUID 

is  t u n e d ,  t h e  t e m p e r a t u r e  sweep c y c l e  is  a s  f o l l o w s .  

1) Switch on f i e l d  c u r r e n t  s u p p l y  and a d j u s t  t o  d e s i r e d  f i e l d .  

2)  Turn on h e a t  s w i t c h  t o  admit  c u r r e n t  t o  f i e l d  c o i l .  

3)  Wait u n t i l  SQUID h a s  s t a b i l i z e d  and s l o w l y  t u r n  h e a t  s w i t c h  

o f f .  

4 )  Switch o f f  f i e l d  c u r r e n t  supp ly .  

5)  Ad j u s t  SQUID f o r  maximum s t a b i l i t y .  

6 )  Lower pen on X-Y r e c o r d e r  and s l o w l y  i n c r e a s e  h e a t e r  c u r r e n t  

t a k i n g  a b o u t  one minute  t o  warm sample  t o  4K. 

7 )  R a i s e  pen ,  t u r n  h e a t  s w i t c h  o n ,  t u r n  h e a t e r  o f f .  

8) Cool sample  i n  z e r o  f i e l d ,  and r e p e a t  c y c l e  i f  d e s i r e d .  



Sample changing was accomplished a s  follows: 

1 )  Pump on Exchange Gas Chamber u n t i l  temperature in Sample 

Chanber r i s e s  above about 5K ( 1  kilohm on thermometer). 

2 )  Admit pure He gas  t o  Sample Chamber and maintain pressure 

above 1 a h  t o  he lp  prevent a i r  from en te r ing  Sample Chamber. 

3)  Remove Sample Holder and plug Sample Chamber. 

4 )  Wait for  Sample Holder t o  warm s u f f i c i e n t l y  t o  cause any 

moisture which has condensed on it t o  evaporate. 

5 )  Change samples and re - inse r t  Sample Holder i n t o  Sample 

Chanber. 

6 )  Pump on Sample Chamber. 

7 )  Admit about 100 microns o f  pure He gas  t o  Exchange Gas 

Chanber and allow Sample Chamber t o  cool .  

8 )  Once proper operat ing pressures  and temperatures a r e  

obta ined,  temperature sweep cycle  may be s t a r t e d .  

When a second Sample Holder was used t h e  above changeover could 

be completed i n  15 minutes. Six o r  more sample changes can be 

performed on one charge o f  l i q u i d  helium (31 a t  1.6K). 



APPENDIX E 

APPARATUS SPECIFICATIONS: 

Cryostat  

Time t o  precool from room temperature t o  77K: approx. 4 hr  

Cycling time o f  automatic l iqu id  ni trogen f i l l  con t ro l :  approx. 
2 hr  

Pressure o f  nitrogen exchange gas  in  Helium Bath Chamber a t  77K: 
350 mm Hg 

Liquid helium charge: 5 1 

Helium bo i lo f f  a t  4.2K: 6 1 gas ( a t  room temperature and 
pressure)  per minute 

Net heat leak i n t o  Helium Bath a t  4.2K: .3  wat ts  

Net heat leak i n t o  Sample Chamber: 10-20 mW 

Time t o  p m p  bath t o  1.6K : approx . 1 hr  

Time required f o r  sample changing: 15 m i n  

Maximum running time: approx . 12 hr 

Liquid n i t rogen consumption: approx. 20 1 per day 

SQUID 

Audio frequency: 1-10 kHz 

Radio frequency: 22 MHz 

Fu l l  s c a l e  t racking range: 14 f lux  quanta (20 v o l t s )  

Detector output  vs s igna l  i n  pickup loop: 1.45 V/flux quantum 



Peak t o  peak noise  l e v e l  a t  de tec to r  output i n  lock mode: .5 
f lux  quantum ( .7  v o l t s )  a t  60H2, .03 f lux  quantum (.O4 v o l t s )  a t  
SQUID audio f req .  

L i m i t  of resolu t ion  ( smal l e s t  resolvable  t r a n s i t i o n ) :  10 f lux  
quanta sample f lux  ( .2  v o l t s  SQUID s i g n a l )  

Flux Transformer 

Primary ( pickup loops)  

Type of wire: niobium (See Note 2 . )  

Wire diameter including insu la t ion :  .076 mm (4  m i l s )  

Number of t u r n s  each c o i l :  6 (1 l a y e r )  

Length o f  each c o i l :  .06 cm 

Coil separa t ion  : 1.59 cm (5/8 inch) 

Mean c o i l  diameter : 1.10 cm 

Room temperature r e s i s t ance  of  both c o i l s  p lus  l eads :  34 ohms 

Inductance of both c o i l s :  2 micro-henry 

Mutual inductance of  c o i l s :  . O 1  micro-henry 

Secondary ( i n  SQUID) 

Type o f  wire: niobium (See Note 2.) 

Wire diameter including insu la t ion :  .076 mrn ( 4  m i l s )  

Number of turns :  92 (1  l a y e r )  

Coil length:  .94 cm 

Mean c o i l  diameter: .18 cm 

Coil r e s i s t ance  a t  room temperature: 26 ohms 

Coil inductance: 2 micro-henry 



Mutual i n d u c t a n c e  t o  SQUID: 11 nano-henry 

Main F i e l d  C o i l  

Type o f  wire: T48B ( S e e  Note  1.) 

Wire d i a m e t e r  i n c l u d i n g  i n s u l a t i o n :  . I 1  m ( 4 . 3  m i l s )  

Number o f  t u r n s :  5430 ( 1 0  l a y e r s )  

C o i l  l e n g t h :  6.35 cm 

Mean co i l  d i a m e t e r  : 1 .38 cm 

C o i l  r e s i s t a n c e  a t  room t e m p e r a t u r e :  2.1 k i lohm 

C o i l  i n d u c t a n c e :  .08 hen ry  

C o a x i a l  f i e l d  on a x i s  o f  c o i l  a t  p o s i t i o n s  o f  p i c k u p  l o o p s :  
1 .O5 gauss/mnA 

Mutual i n d u c t a n c e  t o  compensa t ion  c o i l :  2 mH 

Heat  S w i t c h  

H e a t e r  r e s i s t a n c e :  1 0  k i l o h m s  

H e a t e r  c u r r e n t  t o  d r i v e  s w i t c h  normal :  1 .50  mA 

Normal s t a t e  r e s i s t a n c e  of s u p e r c o n d u c t o r :  40  mi l l i -ohms  

Compensat ion C o i l  

Type o f  wire: T48B ( S e e  Note 1 . )  

Wire d i a m e t e r  i n c l u d i n g  i n s u l a t i o n :  . l l  mrn ( 4 . 3  m i l s )  

Number o f  t u r n s :  32 ( 1  l a y e r )  

C o i l  l e n g t h :  .37 cm 
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Nean coil diameter: 1.51 crn . - 

Coil resistance a t  room temperature: 15 ohms 

Coil inductance: 22 micro-henry ' - 
Coaxial f ie ld  a t  center: 26 gauss/amp 

1 

Carbon Resistance Thermometers , 
Fitt ing curve: - 1 = A &gloH +  lo^^^^)^ 

T 

>here T is  temperature i n  K 
i I t  - 

and H is ' resistance i n  kilohms 

Least squares coefficients : 
R A B C F 

Thermometer 4-15 .I03136 .190107 .040343 
.6 16445 - R~ 15-30 -. 172371 -- .,I23500 C 

30- 100 .306474 - .029666 .5694490 

Thermometer 3-15 .I07046 - .I96640 -039586 
15-27 - .065039 .470945 .- .069328 

. 27-100 .293005 - -009388 *(I91776 , 

Special temperatures : 
I 

,. 199. 
.253 

3.89 
go. 1 



4 Figure  2 2 :  Mean free path, 1, of He gas. (Generated from 
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Figure 23: Pressure drop per unit length in circular tubing 

inside diameter, d, carrying ~e~ gas at a flow rate 

of .O1 moles/sec, or . 2  std l/sec. 



APPENDIX H 

SECOND FLUX TRANSFORMER: The p r imary  o f  t h i s  t r a n s f o r m e r  would 

b e  a c o i l  o f  a s  s m a l l  a r a d i u s  a s  p o s s i b l e ,  i n  which t h e  sample  would 

b e  s i t u a t e d .  The secondary  would b e  of a s  l a r g e  a r a d i u s  a s  t h e  

i n s i d e  dimensions  of t h e  Sample Chamber w i l l  p e r m i t ,  s i t u a t e d  

c o p l a n a r  w i t h  t h e  p r e s e n t  p ickup  l o o p .  

I n  o r d e r  t o  e s t i m a t e  t h e  v a l u e  o f  add ing  t h i s  second f l u x  

t r a n s f o r m e r ,  we w i l l  c a l c u l a t e  t h e  f l u x  coup led  t o  t h e  p ickup  l o o p  by 

such an arrangement .  T h i s  q u a n t i t y ,  which we w i l l  c a l l  +, , w i l l  

be  compared t o  9, a s  g i v e n  by Eq 30: 

i s  a measure o f  t h e  c o u p l i n g  o f  t h e  sample  t o  t h e  e x i s t i n g  

p ickup  l o o p .  

There  a r e  s e v e r a l  p o s s i b l e  a l t e r n a t i v e  c h o i c e s  o f  number and 

p o s i t i o n i n g  of  t h e  a d d i t i o n a l  co i l s .  F o r  s i m p l i c i t y ,  we w i l l  

c o n s i d e r  o n l y  t h e  arrangement shown below. 
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Figure 24 

It is a s s m e d  t h a t  t h e  t r a n s f o r m e r  is provided wi th  a  s w i t c h  o f  

some s o r t  s o  t h a t  t h e  c i r c u i t  may b e  broken i n  o r d e r  t o  a p p l y  a  

f i e l d .  We will a l s o  assune  t h a t  t h e  p i c k u p  l o o p  o f  t h e  e x i s t i n g  f l u x  

t r a n s f o r m e r  is some d i s t a n c e  away from t h e  sample  s o  t h a t  d i r e c t  

c o u p l i n g  between them can b e  n e g l e c t e d  i n  t h e  c a l c u l a t i o n  o f  +{. 
The c o u p l i n g  between t h e  e x i s t i n g  p ickup  l o o p  and t h e  secondary  

c o i l  o f  t h e  proposed f l u x  t r a n s f o r m e r  is determined by t h e  mutual  

i n d u c t a n c e  of t h e s e  two c o i l s ,  M2p.  T h e r e f o r e ,  by ana logy  t o  

E q  15, 



where we have  a s s u n e d  t h a t  t h e  sample  is weakly  coup led  t o  t h e  

p r i m a r y  c o i l  o f  t h e  new t r a n s f o r m e r  ( c f  Eq 2 8 ) .  +Il i s  a m e a s u r e  

o f  t h e  c o u p l i n g  between t h e  sample  and t h e  e x i s t i n g  p i c k u p  l o o p  v i a  

t h e  s e c o n d  f l u x  t r a n s f o r m e r .  

The q u a n t i t y  o f  i n t e r e s t  is g i v e n  by t h e  r a t i o  

which i s  a measu re  of t h e  s i g n a l  enhancement o b t a i n e d  by t h e  a d d i t i o n  

of t h e  second  t r a n s f o r m e r .  

The i n s i d e  d i m e n s i o n s  o f  t h e  Sample Chamber l i m i t  t h e  r a d i u s  o f  

t h e  s e c o n d a r y  c o i l  t o  less t h a n  .3 cm. I n  t h i s  r a n g e  we c a n  w r i t e  

MZP $x10-9 2 N N 2  h e n r y  

R2 

From Eq 3 

L1 4 x 1 0 - ~  R 1  N: h e n r y  

L2 z 4 x 1 0 - ~  R2 N~ h e n r y  

where R ,  R 1 ,  and R2  a r e  e x p r e s s e d  i n  cm. 

Maximizing t h e  s i g n a l  enhancement b y  a d j u s t i n g  N1  and N 2  s o  t h a t  

L1 = L2, we c a n  now write 



With e x i s t i n g  v a l u e s  of N and  R ,  and f e a s i b l e  v a l u e s  o f  R ,  and 

R2 ,  t h i s  r a t i o  c a n  e a s i l y  r e a c h  30. 

Such a m o d i f i c a t i o n  h a s  t h e  a d v a n t a g e  o f  b e i n g  r e l a t i v e l y  e a s y  

to  implement b e s i d e s  t h e  f a c t  t h a t  an e x p e r i m e n t a l  run  c o u l d  st i l l  

c o n t i n u e ,  a l b e i t  a t  r e d u c e d  s e n s i t i v i t y ,  i f  t h e  second  f l u x  

t r a n s f o r m e r  s h o u l d  f a i l  t o  o p e r a t e  a t  any  time. 

The drawback o f  a d d i n g  a s e c o n d  t r a n f o r m e r  is t h e  d i amagne t i sm 

o f  t h e  f l u x  t r a n s f o r m e r  i tself;  it would t e n d  t o  e x c l u d e  any  imposed 

f i e l d  f rom t h e  r e g i o n  of t h e  s a m p l e .  T h i s  c o u l d  be a v e r t e d  e i t h e r  by 

w i n d i n g  t h e  second  t r a n s f o r m e r  a s t a t i c a l l y ,  o r  by f i t t i n g  i t  w i t h  a 

h e a t  s w i t c h  s o  a s  t o  d r i v e  a s e c t i o n  o f  t h e  l o o p  i n t o  t h e  normal 

s t a t e  f o r  t h e  p u r p o s e  o f  a p p l y i n g  a f i e l d .  The  f o r m e r  approach  h a s  

t h e  d i s a d v a n t a g e  o f  imposing  a l i m i t a t i o n  upon t h e  t u r n s  r a t i o  of t h e  

t r a n s f o r m e r ,  t h e r e b y  d e t r a c t i n g  from t h e  d e g r e e  o f  s i g n a l  enhancement 

o t h e r w i s e  p o s s i b l e .  The  l a t t e r  t e c h n i q u e  i n v o l v e s  b r i n g i n g  t h e  f l u x  

t r a n s f o r m e r  i n  c l o s e  c o n t a c t  w i t h  a n  e x t e r n a l  c i r c u i t ,  i .e. t h e  h e a t  

s w i t c h  c o n t r o l ,  w i t h  a l l  o f  t h e  n o i s e  p rob lems  i n h e r e n t  i n  so d o i n g .  



NOTES 

1. The superconducting wire used f o r  t h e  hea t  switch,  f i e l d  

c o i l ,  and compensation c o i l  was Forrnvar insu la ted ,  copper-clad, type 

T48B wire  obtained from the  Supercon Division o f  t h e  National 

Research Corporation, 9 Er ie  Drive , Na t i c h ,  Massachusetts, 01762, 

U.S.A. 

2. Niobium wire was obtained from the  Cal i fornia  Fine Wire 

Company, Grover C i ty ,  Cal i fornia .  A l l  niobium wire used was .003 

inch i n  diameter and insula ted  with H-Formvar. 

3. Epoxies mentioned i n  the  text were Stycas t  2850FT with 24LV 

c a t a l y s t  , and Stycas t  1266, both manufactured by Ererson and Cuming 

Inc. ,  Canton, Massachusetts, 02021, U.S.A. 
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