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In t roduct ion  

This repor t  o u t l i n e s  progress during t h e  f o u r t h  three-month per iod 
of a bas i c  research  study. 

superconducting de tec t ion  system, and t o  c o r r e l a t e  t h e  r e s u l t s  of t hese  
measurements with the  s t r u c t u r e  and with t h e  phys ica l  and chemical 
p rope r t i e s  of t h e  compounds. Of p a r t i c u l a r  i n t e r e s t  is t h e  p o s s i b i l i t y  
of de t ec t ing  e f f e c t s  due t o  t h e  quant ized c o l l e c t i v e  motion of e l e c t r o n s  
i n  l a r g e  organic  molecules. When these  molecules are subjec ted  t o  high 
magnetic f i e l d s ,  t h e i r  diamagnetic s u s c e p t i b i l i t y  may change i n  a way 
which w i l l  be r e l a t e d  t o  t h e  mult iple  connec t iv i ty  of t h e  molecules. 
These changes may g ive  information about molecular s t r u c t u r e  and it then  
may be poss ib le  a l s o  t o  iden t i fy  c e r t a i n  b io log ica l  molecules by magnetic 
s u s c e p t i b i l i t y  measurements. 

The a i m s  of t h e  research  are t o  measure t h e  ’, 
magnetic s u s c e p t i b i l i t y  of some s e l e c t e d  macromolecules, us ing  a new i 

The u l t ima te  motivation for  t h e s e  measurements sp r ings  from t h e  
idea expressed by F r i t z  London t h a t  t h e  property of long-range order ing  
of t h e  momentum, which charac te r izes  t h e  e l e c t r o n s  i n  a superconductor 
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and r e s u l t s  i n  t h e  appearance of macroscopic quantum phenomena, may be 
of more general  s ign i f i cance  and, i n  p a r t i c u l a r ,  may be important i n  
understanding t h e  macromolecules of biochemistry. '  This order ing,  if 
present ,  should a f f e c t  t h e  magnetic s u s c e p t i b i l i t y  of t h e  molecules and 
may be de t ec t ab le  with the  techniques being developed i n  t h i s  research.  

A primary incen t ive  f o r  these measurements is t h e  recent  appearance 
of extremely s e n s i t i v e  new techniques f o r  measuring magnetic f lux .  These 
techniques were o r ig ina t ed  a t  Stanford Univers i ty  i n  conjunct ion with 
experiments on quant ized magnetic f l u x  i n  superconductors.2 Together 
wi th  superconducting s h i e l d s  and superconducting p e r s i s t e n t  cu r ren t  
magnets, t hese  techniques make poss ib le  e n t i r e l y  new kinds of magnetic 
measurements. 

An a i m  of t h i s  research is t o  adapt t h e  new techniques,  which have 
s e n s i t i v i t y  and magnetic f i e l d  range p o t e n t i a l i t i e s  much g r e a t e r  than 
e x i s t i n g  methods, t o  t h e  measurement of magnetic s u s c e p t i b i l i t y .  

An apparatus  f o r  measuring magnetic s u s c e p t i b i l i t y  using a modulated 
inductance de tec to r  (a superconducting c i r c u i t 2  capable  of d e t e c t i n g  very 
s m a l l  changes i n  magnetic f l u x )  has  been designed, cons t ruc ted ,  and 
t e s t e d .  Deta i l s  of t h e  c i r c u i t  and of t h e  appara tus  w e r e  given i n  
Progress  Reports No. 2 and No. 3. 

During t h e  present  repor t  period, t h e  appara tus  w a s  c a l i b r a t e d  us ing  
a superconducting sample and measurements w e r e  made on two samples of 
coronene. 

Ca l ib ra t ion  of S u s c e p t i b i l i t y  Apparatus 

A d e t a i l e d  desc r ip t ion  of t he  operat ion of t h e  s u s c e p t i b i l i t y  
appara tus  w a s  given i n  Progress Report No. 2. To c l a r i f y  t h e  c a l i b r a t i o n  
procedure, a schematic diagram of t h e  s u s c e p t i b i l i t y  c r y o s t a t  is shown 
i n  Fig. 1 and desc r ip t ion  of i t s  opera t ion  is repeated here .  

Coi l s  L1, L2, and L, i n  Fig. 1 are interconnected t o  form a closed 
superconducting c i r c u i t .  I f  the magnetic f l u x  l i nk ing  one of t h e  c o i l s ,  
s a y  L,, is changed, an l%lF is generated, caus ing  a cu r ren t  t o  flow around 
t h e  c i r c u i t .  Since the resistance is zero,  t h e  cu r ren t  w i l l  p e r s i s t  and 
w i l l  induce, i n  c o i l s  L1, L2, and LB, magnetic f l u x  changes whose sum is 
j u s t  equal  and opposi te  t o  t h e  f lux  change made e x t e r n a l l y  on L1, t hus  
leav ing  t h e  t o t a l  f l u x  l inked  by t h e  c i r c u i t  ( i .e . ,  a l l  t h r e e  c o i l s )  
unchanged. ,The p e r s i s t e n t  cur ren t  is propor t iona l  t o  t h e  e x t e r n a l  f l ux  
change made through L, and i s  a permanent record of t h a t  change. A 

London, F., Superf luids ,  Vol. 1, p. 9. John Wiley  and Sons, New York, 
1950 

Deaver, B. S., Jr., and W. M. Fairbank, Proc. of t h e  Eighth In t e r -  
na t iona l  Conference on Low-Temperature Physics.  R. 0. Davies ed., 
Butterworth, Washington, D.C.,  1963, p. 116 
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measurement of t h i s  p e r s i s t e n t  cur ren t  is then a measure of t h e  f l u x  
change. I f  t he  f l u x  change is caused by removal from L, of a sample 
magnetized by an e x t e r n a l  f i e l d ,  H, then t h e  cu r ren t  w i l l  be propor t iona l  
t o  the magnetization (o r  s u s c e p t i b i l i t y )  of the  sample. 

The p e r s i s t e n t  cu r ren t  i s  measured by using a modulated inductance 
d e t e c t o r  (shown i n  t h e  lower par t  of Fig. 1). Coi l  L3 and a secondary 
c o i l ,  C, are wound around a superconducting post ,  P. The superconducting 
post  is thoroughly grounded a t  one end t o  a temperature,  To, below its 
superconducting t r a n s i t i o n  temperature. The o the r  end can be heated 
p e r i o d i c a l l y  so t h a t  t h e  post rises above its superconducting t r a n s i t i o n  
temperature and then coo l s  back t o  the  superconducting state.  When t h e  
post  is normal (i.e., not superconducting), the  cu r ren t  f lowing i n  L, 
causes  a magnetic f l u x  t o  l i n k  both L, and C. When t h e  post  goes super- 
conducting, t h e  magnetic f l u x  in s ide  t h e  post is expel led  because of 
t he  Meissner effect, thus  changing the  amount of f l u x  l i n k i n g  L3 and C. 
A s  t he  post  is heated and cooled pe r iod ica l ly ,  t h e  pe r iod ic  v a r i a t i o n  
of t h e  f l u x  i n  C causes an a l t e r n a t i n g  vol tage  ac ross  the c o i l ,  C. This 
vol tage  can be measured and is proport ional  t o  t h e  p e r s i s t e n t  cu r ren t  
flowing i n  t h e  c i r c u i t  L,-L2-L3. 

Although i n  p r i n c i p l e  a s i n g l e  search  c o i l  is s u f f i c i e n t  f o r  measure- 
ment of t h e  magnetization o r  s u s c e p t i b i l i t y  of t h e  sample, a b e t t e r  
design uses  two c o i l s ,  L, and L,. These c o i l s  are i d e n t i c a l  i n  size 
and number of tu rns .  However, the windings of L, are made i n  the  opposi te  
d i r e c t i o n  t o  those  of La. 

The sample whose magnetization o r  s u s c e p t i b i l i t y  is  t o  be measured 
i s  placed i n s i d e  c o i l  L2 i n  t h e  presence of a uniform magnetic f i e l d ,  H, 
app l i ed  t o  both L, and L,. Any p e r s i s t e n t  cu r ren t  a l ready  present  i n  
t h e  c i r c u i t  L1-L,-L, i s  el iminated by momentarily hea t ing  a s m a l l  region 
of t h e  c i r c u i t  with t h e  switch heater, S, causing a normal r e s i s t a n c e  i n  
t h a t  p a r t  of the c i r c u i t  and thus  causing a l l  cu r ren t  t o  decay t o  zero.  
Then t h e  hea te r  is turned off  and t h e  c i r c u i t  is allowed t o  r e t u r n  t o  
t h e  superconducting state. 

Now the sample is moved from c o i l  L, i n t o  c o i l  L,; s i n c e  c o i l  L, 
has  i ts  windings i n  the opposite d i r ec t ion ,  t h e  change i n  f l u x  i n  t he  
c i r c u i t  (because of t h e  movement of  t h e  sample) i s  t w i c e  t ha t  which 
would have occurred had t h e  sample simply been removed from co i l  L2. 

The output vol tage a t  coi l  C from t h e  modulator is propor t iona l  t o  
and can be used as a measure of t h e  suscep- 

t h i s  f l u x  change, AyQample’ t i b i l i t y  of t h e  samp e. 

An improved technique is  t o  use  a c o i l  B concent r ic  wi th  c o i l  L2 
When t h e  f l u x  t o  introduce an opposing f l u x  change Acp 

change due t o  t h e  cu r ren t  i n  B i s  exactyy equal  t o  the change caused 
by movement of t h e  sample from L, t o  L, t h e r e  w i l l  be ze ro  output from 
c o i l  C. The cu r ren t  I flowing i n  c o i l  B is then a d i r e c t  measure 
of the magnetization ofu#e sample, and t h e  de t ec t ion  c i r c u i t  is being 

i n t o  c o i l  La. 
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used simply as a null detector of high sensitivity, eliminating dependence 
on the gain characteristics of the detection system. 

The device can be calibrated either against a sample of known shape 
and susceptibility or by calculation from the geometry of coils B and L2 
and the size and position of the sample. Presently the device is con- 
structed to accommodate cylindrical samples about 1-cm long and up to 
0.15 cm in diameter. 

When the sample is moved from L2 into L, with a field H applied 
along the axis of the coils, there is a flux change (AT sa 1 
circuit L1-L2-LB (due to the change in sample position) wgfcg is given 

) in the 

by 

where cp =-JE-dJi is evaluated for each coil, and where A is the area 
element, B = 
sample. This flux change measures only the magnetization parallel to 
the axis of the coils. 

+ 4rr?, and I is the magnetization per unit volume of the 

For the weakly magnetic material being studied in our experiments, 
the samples can be assumed to be uniformly magnetized cylinders. Then, 
if L, and L2 are identical coils with the same applied field, the flux 
change is closely approximated by 

= 2a(4nIA), A' s amp 1 e 

where A is the cross sectional area of the sample, and ty is the fraction 
of the flux (4rrIA) from the sample coupled by the coils. 

The magnetic susceptibility K is defined by 

I = KH 

and the specific susceptibility X is given by 

x = K/P 

where p is the density. 
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Thus, from Eq. ( 2 )  

"sample 
= 8rrcupAH 

LA cur ren t  i n  c o i l  B produces a f l u x  change i n  t h e  c i r c u i t  

(Acp) = k ig B 

(5 )  

where k is a cons tan t  depending on t h e  geometry of c o i l s  B and L2. If 
t h e  cu r ren t  i n  c o i l  B is set  a t  that value i f o r  which t h e  s igna l  
from t h e  modulator is zero,  then n u l l  

Then from Eqs. (5 )  and (7)  

inul l  
= 8napAH 

and s i n c e  LA = V, being the length of t h e  sample, and pV = mass, 

x = B(A/CY) i/mass i /H n u l l  ( 9 )  

The cons tan t  @ (= k/8rr) can be determined by c a l c u l a t i o n  from t h e  
c o i l  geometry o r  as mentioned above by measuring a sample of known 
s u s c e p t i b i l i t y .  

A c a l i b r a t i o n  of t h e  l a t t e r  type  and a determinat ion of t h e  response 
as a func t ion  of sample pos i t ion  were made us ing  a s m a l l  l e ad  (99.96) 
rod. This rod, 0.020-cm diameter and 1 . 1 0 - c m  long, w a s  cooled below 
its superconducting t r a n s i t i o n  temperature (- 7'K) i n  z e r o  magnetic 
f i e l d  (less than 10" gauss)  and assumed t o  be p e r f e c t l y  diamagnetic so 
t h a t  

K = - 1/4n . 

The response of t h e  s y s t e m  t o  t h e  f l u x  change caused by moving 
t h e  lead  rod i n  an appl ied  f i e l d  of about 100 gauss from a pos i t i on  
s l i g h t l y  below c e n t e r  of t h e  lower c o i l  L2 t o  a poin t  j u s t  above c e n t e r  
of t h e  c o i l  L, is shown i n  Fig.  2.  
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The c a l i b r a t i o n  procedure was as follows: 

1. The l ead  rod was placed i n  t h e  lower c o i l  a t  a pos i t i on  of 
maximum response (- 7.8 i n  Fig.  2 ) .  

2. The p e r s i s t e n t  cu r ren t  i n  t h e  c i r c u i t  w a s  decayed t o  zero  
wi th  switch S. 

3. The rod w a s  removed t o  the pos i t i on  of m a x i m u m  response i n  
t h e  upper c o i l  (- 28.5 i n  Fig. 2).  

4. The cu r ren t  i i n  c o i l  B requi red  t o  g ive  ze ro  output  from n u l l  t h e  modulator w a s  measured. 

Some d a t a  obtained wi th  t h i s  procedure are shown i n  Fig. 3. The 
average s lope  of t h e  l i n e  i n  Fig. 3 w a s  used t o  determine t h e  cons tan t  
B i n  Eq.(7). 

Measurement on Coronene 

As discussed i n  Report No. 3, measurements on a f i r s t  sample of 
coronene (C,,HI2) showed a la rge  paramagnetism which w a s  a t t r i b u t e d  t o  
contamination of t h e  sample during t h e  mounting procedure. Measurements 
have been made on two more s a m p l e s  of t h e  s a m e  material wi th  t h e  r e s u l t s  
given i n  Table I .  

Table I 

SUSCEPTIBILITY OF CORONENE AT 20°K 

H k i  1 ogaus s 

15.3 
18.9 
21.5 
25.2 
28.0 

-x' 10-6 

0.830 
0.724 
0.775 
0.822 
0.927 

Because of t h e  r i n g  s t r u c t u r e  of coronene, t h e  s u s c e p t i b i l i t y  i s  
very an iso t ropic ;  however, these  measurements w e r e  made on p o l y c r y s t a l l i n e  
samples and thus  represent  t h e  s u s c e p t i b i l i t y  averaged over  a l l  d i r ec t ions .  
The mean value of t h e  da t a  i n  Table I i s  - 0 . 8 1 6 ~ 1 0 - ~ .  
Matsunaga3 r epor t  a value of -0.810x10-6 f o r  t h e  mean s u s c e p t i b i l i t y  a t  
20°C and 23 kilogauss .  ) 

(Akamatsu and 

Akamatsu and Matsunaga, Chem. Soc. Japan, B u l l .  29, 800 (1956) 
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One of t h e  o b j e c t i v e s  of t h i s  r e sea rch  is t o  look f o r  v a r i a t i o n s  
of t h e  diamagnetic s u s c e p t i b i l i t y  with magnetic f i e l d ;  however, t h e  
v a r i a t i o n s  shown by t h e  d a t a  i n  Table I probably are not due t o  t h e  
magnetic f i e l d ,  but  are believed t o  r e s u l t  from a s y s t e m a t i c  e r r o r  
which w a s  not i d e n t i f i e d  i n  t i m e  t o  remedy it during t h e s e  measurements. 
W e  b e l i e v e  t h e  e r r o r  arises from v a r i a t i o n s  of t h e  temperature of t h e  
i n n e r  w a l l  of t h e  sample dewar, which w a s  made of beryllium-copper a l l o y .  
"his a l l o y  is  s l i g h t l y  paramagnetic; t h e  hea t ing  of t h e  w a l l  caused by 
moving t h e  sample i n  t h e  measurement process caused a change i n  t h e  
s u s c e p t i b i l i t y  of t h i s  w a l l  and thus  a f l u x  change i n  t h e  pickup c o i l s  
L, and L, . 
Future Work 

The sample dewar w i l l  be redesigned t o  e l i m i n a t e  t h e  temperature 
v a r i a t i o n .  W e  expect t o  use high p u r i t y  qua r t z  tubes f o r  both the 
i n n e r  and o u t e r  w a l l s ;  a l i n e r  of high p u r i t y  copper ( s l o t t e d  along t h e  
l e n g t h  t o  prevent eddy c u r r e n t  damping of t h e  ac s i g n a l s )  w i l l  be placed 
i n s i d e  the dewar and connected a t  i ts  upper end t o  a copper block maintained 
at a con t ro l l ed  temperature t o  keep the sample a t  a uniform temperature 
independent of p o s i t i o n  i n  t h e  dewar. I f  t h e s e  modif icat ions are 
completed i n  t i m e  w e  w i l l  repeat t h e  measurements on coronene. 

During t h e  next r epor t ing  per iod a f i n a l  r epor t  w i l l  be prepared. 

Bascom S.  Deaver, &. 
P h y s i c i s t  
Nuclear Physics Department 

Approved : 

E. M. Kinderman, Manager 
Nuclear Physics Department 
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