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I. In t roduct ion  

Our e f f o r t  continues t o  be centered around the  dens i ty  of states 

model f o r  B-W superconductors. The cur ren t  s i t u a t i o n  i s  summarized i n  t h e  

appendix t o  t h i s  report ,  which w a s  presented i n  August a t  t h e  Eleventh I n t e r -  

na t iona l  Conference on Low Temperature Physics. 

Research i n  progress  f a l l s  i n t o  th ree  main a reas :  extension of t he  

band model t o  add i t iona l  behavior ( t h e o r e t i c a l  and experimental work on 

t h e  t r anspor t  p roper t ies  of Nb Sn);  probing t h e  ex ten t  of t h e  v a l i d i t y  of 3 

the  model by both physical  ( s t r e s s  dependence of Tc) and chemical (doping) 

experiments; and searching f o r  poss ib l e  in t e rac t ions  needed t o  remedy cer -  

t a i n  de f i c i enc ie s  i n  t h e  theory (neutrons d i f f r ac t ion ,  magnetic f i e l d  depen- 

dence of t he  elastic constants) .  

growth of l a r g e  s i n g l e  c r y s t a l s  of NbgSn. 

I n  addition, work continues on t h e  attempted 

11. Recent Progress 

A. Theore 
(R. W. Cohen) 

The e l e c t r i c a l  r e s i s t i v i t y  i n  t h e  te t ragonal  l a t t i ce  s ta te  has been 

ca l cu la t ed  according t o  t h e  two band model f o r  NbgSn. 

a drop of s eve ra l  p e r  cen t  i n  t h e  magnitude of t h e  r e s i s t i v i t y  at the 

The theory p red ic t s  

transformation temperature T For temperatures below T the  phonon eon- 

t r i b u t i o n  t o  t h e  r e s i s t i v i t y  p 

m' m' 

decreases f a s t e r  than t h e  corresponding 
Ph 

cubic s ta te  values. 

tetragonal- state, compared t o  p 

A t  s u f f i c i e n t l y  'low T, w e  f i n d  p a T3** f o r  t h e  
Ph 

a T207 f o r  t h e  cubic s t a t e .  For an 
Ph 

3 
a T . A ordinary two band t r a n s i t i o n  metal, one f inds  o r d i n a r i l y  p 

Ph 
de t a i l ed  comparison of t h e  theory and experiment should provide important 

information as t o  whether t h e  electron-phonon in t e rac t ion ,  which i s  res- 

ponsible  f o r  superconductivity,  changes when t h e  c r y s t a l  transforms from 
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t h e  cubic t o  t h e  t e t r agona l  s t a t e .  

A ca lcu la t ion  of t he  temperature dependence of the  thermoelectr ic  

power Q i s  underway. Preliminary r e s u l t s  i n d i c a t e  a peak i n  Q. Accord- 

ing t o  t h e  @-W band model, the  peak ought t o  come a t  t h e  temperature a t  

which t h e  Fermi. l e v e l  c rosses  the  d band edge (- 110"K), s o  t h a t  a v e r i -  

f i c a t i o n  of t h i s  pred ic t ion  provides another  important test  of our ideas  

on t h e  B-W band s t ruc tu re .  

B. Measurement 

1. Transport  P rope r t i e s  
(R. W. Cohen and G. Gunsalus) 

The Hal l  coe f f i c i en t ,  thermoelectr ic  power, and r e s i s t i v i t y  have been 

measured a s  a func t ion  of temperature f o r  s eve ra l  specimens of Nb Sn. The 

Hal l  c o e f f i c i e n t  i s  pos i t ive ,  with an ind ica ted  hole  concentration, on a 

one c a r r i e r  bas i s ,  of about 0 . 3  holeo/atom, a s  reported i n  e a r l i e r  work. 

3 

A smaller temperature v a r i a t i o n  was observed (5% over the  range 18-300°K 

f o r  one sample), than i s  usual  for e i t h e r  t r a n s i t i o n  or  noble metals. 

thermoelectr ic  power of s i n g l e  c r y s t a l  increases  sharply between 1 8 ° K  and 

The 

4 G " K ,  and has a wea.k temperature dependence above 46°K. This temperature 

presumably marks the  te t ragonal-cubic  transformation i n  t h i s  specimen, and 

a break i n  the  r e s i s t i v i t y  i s  a l s o  observed a t  46°K. 

of the  t r anspor t  data  i s  cu r ren t ly  underway. 

Detai led ana lys i s  

2. Stress Dependence of t h e  Trans i t i on  Temperature 
(J. P. McEvoy) 

An inves t iga t ion  of t h e  e f f e c t  of a un iax ia l  compressive stress 

along t h e  [loo] d i r e c t i o n  on the  t r a n s i t i o n  temperature of s i n g l e  c r y s t a l s  

NbgSn i s  near ing completion. 

increas ing  stress i s  found t o  be a func t ion  of t h e  stress appl ied  w h i l e  

The magnitude of t h e  decrease i n  Tc with 
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cool ing the  sample through the  cubic- te t ragonal  transformation a t  about 

50°K. 

t he  T (inductance as a func t ion  of temperature) curve, can be in t e rp re t ed  

as a r i s i n g  from the  domain s t r u c t u r e  i n  the  transformed c rys t a l ,  t he  e f f e c t  

This r e s u l t ,  together  wi th  the  development of marked s t r u c t u r e  i n  

C 

of t h e  appl ied pressure being maximal f o r  those domains which a r e  properly 

aligned. 

than t h e  400 atm. maximum t o  d a t e  w i l l  permit t h e  development of a s i n g l e  

domain, thereby providing a measure of t h e  domain wal l  energy. 

assumption t h a t  t h e  s h i f t  i n  Tc f o r  those domains having the  proper or ien ta-  

t i o n  is  the  appropr ia te  r e s u l t  t o  be compared with theory, w e  f i nd  

6Tc/6P 

6Tc/6P = 6 x 1Om3OK/a tm.  

There is  some ind ica t ion  t h a t  t he  app l i ca t ion  of pressure  g rea t e r  

On the  

10-30K/atm., i n  f a i r  agreement with the  t h e o r e t i c a l  p red ic t ion  of 

This i s  about 100 t i m e s  the  e f f e c t  seen i n  or-  

dinary superconductors (e.g. Ta), and cons t i t u t e s  an important confirma- 

t i o n  of t he  theory f o r  both the  normal 2nd superconducting s t a t e s .  

C. Doping Experiments 
(L. J. Vieland and A. W. Wicklund) 

Work during t h i s  quar te r  has been concentrated on hydrogen doping of 

The add i t ion  of hydrogen proved to be extremely non-reproducible, Nb3Sn. 

and w e  have been unable t o  expla in  t h i s  f ac t ,  beyond not ing t h a t  it 

appears  t o  be a common problem i n  working with t r a n s i t i o n  metals. 

have been a b l e  t o  completely hydride (Nb SnH) samples by autoclaving 3 

under high H2 pressure.  The material produced is  non-superconducting 

at 4.2"K, and a Tc of 18°K i s  recoverable by outgassing a t  300-500°K. 

W e  

Neutron d i f f r a c t i o n  da ta  has been taken i n  order t o  l oca t e  the  

pos i t i on  of H atoms i n  the  l a t t i c e ,  and the  resul ts  w i l l  be reported 

i n  the  next  quarter .  The peaks assoc ia ted  wi th  H appear  t o  be s t rongly  

temperature dependent. S i m i l a r  r e s u l t s  have been reported f o r  Pd, where 
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t h e  H l a t t i c e  undergoes a low temperature phase change. 

D. I n  Quest of Hidden Variables -__I 

(L. J. Vieland and A. W. Wicklund) 

A s  noted i n  the conclusions of t he  appendix, t he re  a r e  in su f f i c i en -  

cies i n  t h e  theory of a se r ious  na ture ;  i n  pa r t i cu la r ,  the  a c t u a l  forces  

respons ib le  f o r  t r i gge r ing  t h e  cubic- te t ragonal  transformation may not  

y e t  be known. 

s p e c i f i c  hea t  da ta  t h a t  ant i ferromagnet ic  i n t e r a c t i o n s  may be of impor- 

There i s  a s t rong  suggestion from s u s c e p t i b i l i t y  and 

tance i n  t h e  B-W superconductors, and w e  have performed two experiments 

i n  an e f f o r t  t o  probe poss ib le  magnetic i n t e rac t ions .  

The f i r s t  experiment cons i s t s  simply of looking f o r  magnetic s u p e r -  

s t r u c t u r e  by neutron d i f f r ac t ion .  Although ana lys i s  of t he  data  i s  not  

coniplete, t he re  appears t o  be l i t t l e  d i f f e rence  between the  room tempera- 

t u r e  and l i q u i d  neon (27°K) pa t te rns ,  s o  t h a t  N b  Sn does not  appear t o  be 

magnetically ordered i n  t h e  t e t r agona l  s t a t e .  

3 

W e  have a l s o  measured the  magnetic f i e l d  dependence of t he  e l a s t i c  

constants  i n  t h e  cubic  s t a t e  c l o s e  t o  t he  transformation temperature. 

Although some refinement of technique is  required,  i t  appears t h a t  Cll. 

a t  l e a s t  i s  f i e l d  sens i t i ve ,  decreasing about 0.1% i n  a f i e l d  of 20kGauss. 

This e f f e c t  is 100 t i m e s ,  and of opposi te  sign, t o  the usua l  f i e l d  e f f e c t  

i n  metals, and is  a l s o  somewhat l a r g e r  than ca l cu la t ed  from t h e  band 

model f o r  Nb3Sn. 

f i e l d s  i n  t h e  near  future .  

W e  hope to. be a b l e  t o  extend the  measurement t o  higher 

E. Growth of Nb Sn from Tin Flux 
(J. J. Hanaz and D. E. Johnson) 

A t t e m p t s  t o  grow l a r g e  s i n g l e  c r y s t a l s  by decreasing the  sur face  

a rea  of t he  nuc lea t ing  s u b s t r a t e  i n  a Czochralski type apparatus were 
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unsuccessful  because of ex tens ive  nuc lea t ion  a t  t h e  c r u c i b l e  w a l l s .  

Two approaches now under eva lua t ion  include poss ib l e  e p i t a x i a l  

growth on a s i n g l e  c r y s t a l  niobium seed and the  r e c r y s t a l l i z a t i o n  of 

dense p o l y c r y s t a l l i n e  Nb Sn grown by l i q u i d  t ranspor t .  3 



APPENDIX 

CHARACTERISTIC PARAMETERS OF B-W SUPERCONDUCTORS 
G .  D. Cody, R. W. Cohen, and L. J. Vieland 

There has been considerable  success  i n  understanding the  un- 

RCA Laborator ies  , Princeton,  N e w  J e r sey  08540 

usual p rope r t i e s  of t h e  high temperature cubic  phase of t he  high 

T 0- tungsten superconductors . I n  p a r t i c u l a r ,  t he  temperature 

dependence 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 ,  e las t ic  cons tan ts  Cnr(T) 

and Cl*(T), and t h e  magnetic s u s c e p t i b i l i t y  x(T)  above t h e  l a t k i c e  

t ransformation temperature TM have been ca l cu la t ed  from a model 

of t h e  e l e c t r o n i c  dens i ty  of s t a t e s .  

( f o r  both sp ins )  has the  form 

1 
C 

The model dens i ty  of s t a t e s  

(1) N(E) = No, E > 0 
= mo, E < O  

where the  quan t i ty  CX is  assumed t o  be much less than uni ty .  Phy- 

s i c a l l y ,  the  model can be i n t e r p r e t e d  as a high densi ty  of states 

d-band overlapping a wide, low dens i ty  of s t a t e s  s-band. The d- 

band i s  assumed t o  be near ly  empty ; the  t o t a l  number of e l ec t rons  

i n  t h i s  band a t  T = 0 i s  given by N = (1-ol)N kT 

much less than t h e  width of the  band. Furthermore, following 

Labbe and F r i e d e l  , we assume t h a t  t h e  d-band c o n s i s t s  of t h r e e  

independent equal con t r ibu t ions  from the  orthogonal chains  of the  

B-tungsten l a t t i c e .  Due t o  the  assumed independence of the  sub- 

bands, under a un iax ia l  s t r a i n  sii d i r ec t ed  along t h e  i ' t h  chain 

(i = 1,2,3), only the  sub-band a s soc ia t ed  wi th  t h a t  chain is  p e r -  

turbed. I n  t h a t  case, t h e ' s h i f t  of the  edge of t h e  p a r t i c u l a r  

sub-band i is  given by 6E 

t i a l .  By applying t h e  model t o  t h e  experimental  q u a n t i t i e s  of 

t h e  cubic  s t a t e  of N b  Sn, the  parameters of t he  model were found 

t o  be 

e. v. 

2 

where kTo i s  o 0' 

3 

= Usii ,  where U i s  a deformation poten- i 

3 4 No = 5.6 sfates/e.v.-atom, a = 0.04, To = 80°K, and U = 4.1 



The unusual a spec t s  of t h e  model a re  t h e  sharp drop i n  the  den- 

s i t y  of s t a t e s ,  t h e  very small  number of c a r r i e r s  i n  the  d-band, 

and the  response of t h e  d-band t o  l a t t i c e  d i s t o r t i o n .  The sharp 

drop i n  the  dens i ty  of s t a t e s ,  which g r e a t l y  f a c i l i t a t e s  ca l cu la -  

t ions ,  appears t o  be necessary i n  order  t o  accu ra t e ly  reproduce 

t h e  temperature dependence of experimental  q u a n t i t i e s  i n  the  cubic  

phase. 

g ive  good results f o r  small  s t r a i n s  i n  t h e  cubic  s t a t e  . The pre-  

The independent sub-band approximation has been shown t o  
1 

s e n t  paper app l i e s  the  band model t o  t h e  t e t r agona l  s t a t e  (T < T ) M 
using the  parameters obtained from the  cubic  s t a t e  data .  We c a l -  

c u l a t e  the  magnetic s u s c e p t i b i l i t y ,  s p e c i f i c  heat ,  e l a s  t i c  con- 

s t a n t s ,  and the te t ragonal  d i s t o r t i o n ,  and compare with experimen- 

t a l  data .  The agreement between theory and experiment is, i n  some 

cases,  exce l l en t .  However, c e r t a i n  discrepancies  suggest t h a t  the  

transformed s t a t e  can not  be described s o l e l y  by a te t ragonal  

s t r a i n  imposed on the  cubic  s t a t e  model. 

I n  order  t o  c a l c u l a t e  the  experimental  q u a n t i t i e s  i n  the  tetra- 

gonal s t a t e ,  w e  make u s e  of t he  expression f o r  the  f r e e  energy of 

t he  system i n  the  presence of a magnetic f i e l d  H, t e t r agona l  s t r a i n  

e, and un iax ia l  s t r a i n s  ‘Q. Neglecting the  small  con t r ibu t ion  of 

the  s -e lec t rons ,  t h e  f r e e  energy i s  given by 

5 

m 
where 

I n  Eqs. (2) and ( 3 ) ,  All and A12 a r e  temperature independent l a t -  

t i ce  cont r ibu t ions  t o  C and C12, r e spec t ive ly  

pera ture  independent o r b i t a l  con t r ibu t ion  t o  the  s u s c e p t i b i l i t y ,  

i s  the  t e m -  6 
*orb 1 11 



E i s  the  Fermi energy, M is  the  t o t a l  number of d-band e l ec t rons ,  

and B=(kgT) 

the  condi t ion  aF/aE,=o. 

-1 . F 
The pos i t i on  of t he  Fermi l e v e l  i s  e s t ab l i shed  by 

The value of t h e  t e t r agona l  deformation c0(T) i s  found from the  

condi t ion f o r  equi l ibr ium ( i n  the  following, a l l  de r iva t ives  a r e  

evaluated a t  = H = 0 and E: = co(T)) :  

aF/ac = 0. (4)  
Below the  l a t t i c e  t ransformation temperature T the re  a r e  two so lu-  

t i ons  f o r  E which correspond t o  f r e e  energy minima; t h a t  f o r  which 

> 0 has the  lower f r e e  energy and corresponds t o  the  s i g n  of the  

M 

0 

7 "0 

t ransformation f o r  NbgSn. The t ransformation temperature T i s  

given i n  terms of the  parameters of the  theory through the  appro- 

ximate r e l a t i o n  

M 

2 -1 
TM w -To~ln[l-3(A,,-A,,)/NoU 13 . (5) 

I n  Fig.  (1) i s  shown the  t h e o r e t i c a l  curve of E: as a func t ion  of 

T/TM. The experimental  values of Mai l f e r t  e t .  aL. are given i n  

the  f igure .  The agreement between theory and experiment is good 

over most of t he  temperature range. It is  noteworthy t h a t  t h e  

value of eo a t  T = 0°K has not  been f i t t e d  t o  t h e  d a t a ;  i t  i s  

based on parameters of the  model ex t rac ted  from cubic  s t a t e  data .  

A t  the  t ransformation temperature, the  theory p red ic t s  a f i r s t  

order  t ransformation with a l a r g e  jump i n  E The temperature re- 

s o l u t i o n  i n  the  x-ray measurements i s  not  s u f f i c i e n t  to d e t e c t  a 

O 7  

0' 

I d i scon t inu i ty  i n  e but  no h y s t e r e s i s  was observed . Fur ther -  
0' 

more, the  x - r a y  da ta7  i n d i c a t e s  t h a t  T 

t i c  cons tan t  da ta  [Eq. (5)] p red ic t s  T = 50°K.  A t  present ,  we 

do  not know the  o r i g i n  of t h i s  d i f fe rence .  

= 43"K,  whereas the  e l a s -  M 
M 

The e l a s t i c  constants  i n  the  t e t r agona l  s t a t e  can be der ived 

from the  f r e e  energy func t ion  (2) according t o  the  r e l a t i o n s  



The s o l u t i o n  t o  Eqs .  (6) i n d i c a t e s t h a t  t he  e las t ic  constants  re- 

t u r n  t o  the  Zattice values a t  low temperatures. Physical ly ,  t h i s  

r e s u l t  comes about because of t h e  f a c t  t h a t  t h e  s t a b l e  s t a t e  of 

t he  system a t  low temperatures i s  one i n  which a l l  e l ec t rons  are  

i n  one sub-band. Thus, t h e r e  i s  no term i n  the  e l e c t r o n i c  con- 

t r i b u t i o n  t o  the  f r e e  energy which is quadrat ic  i n  E o r  q. The 

predicted r e t u r n  of t h e  e l a s t i c  constants  t o  t h e  l a t t i c e  values 

been observed i n  Nb Sn by Rehwald8, and f o r  completeness, t h e  3 
au thor ' s  resul ts  are  reproduced i n  Fig. (2). 

The e l e c t r o n i c  s p e c i f i c  hea t  a t  constant  volume i n  the  t e t -  

ragonal s t a t e  i s  obtained from the  equation 
2 2  Cv(T) -Ta P /aT . (7) 

I n  Fig. (2) is shown the  ca l cu la t ed  curve of C (T) obtaine6 from 

Eqs. ( 2 ) - ( 4 )  and ( 7 ) .  Since the  major cont r ibu t ion  t o  t h e  spec i -  

f i c  hea t  comes from the  l a t t i c e  modes, i t  i s  necessary t o  f i t  t h e  

curve f o r  t he  cubic  s t a t e  near T by choosing a n  appropr i a t e  Debye M 
temperature. Otherwise, t h e r e  are  no a d j u s t a b l e  parameters. It 

i s  g r a t i f y i n g  t h a t  t h e  s p e c i f i c  hea t  jump a t  T and the  magnitude 

of t h e  energy a s soc ia t ed  with t h e  r ap id ly  changing s t r a i n  j u s t  be- 

l o w  T are  i n  e x c e l l e n t  agreement wi th  theory. However, theory 

p red ic t s  a d i s t i n c t l y  f i r s t  order t r ans i t i an .  a t  T with a l a t e n t  
M' 

h e a t  of 2 Joules/g-atom, which i s  no t  observed. The f a i l u r e  t o  
observe a l a t e n t  h e a t  cannot be a t t r i b u t e d  t o  a smearing of t he  

t r a n s i t i o n  which would d i s t r i b u t e  t h e  l a r g e  l a t e n t  h e a t  over t h e  

region below T 

V 

MY 

M 

M' 

(3) according t o  t h e  r e l a t i o n  

The paramagnetic s u s c e p t i b i l i t y  is obtained from Eqs .  (2) and 



The r e s u l t  i s  

( 9 )  
2 X U )  = @owB {f ( -UE0) 4- 2 f ( $ J € o ) 3  -t Xorb, 

where f ( E )  i s  t h e  Fermi funct ion.  I n  Eq.  ( 9 ) ,  the  quant r ty  fi re- 0 

presents  a weakly temperature dependent dens i ty  of s t a t e s  which 

has been renormalized i n  order  t o  take  i n t o  account many-body e f -  
9 f e c t s  . 

e ,v .  atom. Fig.  ( 4 )  shows the  normalized s u s c e p t i b i l i t y  a s  a 

func t ion  of temperature f o r  a sample which was s i m i l a r  t o  t h a t  

shown i n  Figs .  (1) - ( 3 ) .  The t h e o r e t i c a l  curves a r e  f o r  t h e  

cubic  s t a t e  eo = 0 and the  t e t r agona l  s ta te  [Eq. ( 4 ) J .  The un- 

u s u a l  low temperature maximum i n  the  s u s c e p t i b i l i t y  follows 

from the  theory and a r i s e s  because a s  the  temperature is lower- 

e d  a l l  e l ec t rons  s p i l l  i n t o  one sub-band with e f f e c t i v e  dens2t:y 

of s t a t e s  fl /3.  However, the  observed decrease i n  the  suscep- 

t i b i l - i t y  is only about two-thirds of the  expected drop. Also, 

t h e  s u s c e p t i b i l i t y  of a c r y s t a l  which shows the  e l a s t i c  con- 

s t a n t  

independent below approximately 60°K. Thus, t he  s u s c e p t i b i l i t y  

of t h i s  c r y s t a l  depar t s  from the  cubic  s t a t e  theory a t  tempera- 

t u r e s  well. above the  predicted T 

Analysis of cubic s t a t e  d a t a l  shows t h a t  io = 3 . 3  s t a t e s /  

0 

(Cl r -Cr2)  going t o  zero  a t  3 2 ° K  i s  roughly temperature 10 

M’ 
W e  have seen t h a t  using cubic  s t a t e  parameters and a s i m p l e  

band s t r u c t u r e  model, w e  a r e  a b l e  t o  obta in  good agreement wi th  

the  ove ra l l  behavior of t he  t e t r agona l  s t a t e  proper t ies .  I n  

some cases,  such as the  value of t he  t e t r agona l  deformation 

and the  magnitude of the  e l a s t i c  constants ,  s t r i k i n g  yuant i -  

t a t i v e  agreement i s  obtained. I n  s p i t e  of t h i s  success,  i t  i s  

f e l t  t h a t  t h e  d iscrepancies  t h a t  do e x i s t  a r e  fundamental i n  

nature .  I n  p a r t i c u l a r ,  t he  absence of a l a t e n t  heat ,  the  



discrepancy between t h e  values  of T determined from various exper- 

iments, and the  l ack  of q u a n t i t a t i v e  agreement f o r  the  s u s c e p t i b i l -  

i t y  suggest  t h a t  the  theory i s  incomplete. 

of t he  observed‘’ temperature v a r i a t i o n  of [CI1(T) -Cl2(T> ] f o r  

V S i  shows exce l l en t  agreement with Eq. (6a) using V S i  parameters 
12 and ind ica t e s ,  i n  c o n t r a s t  t o  t he  resu l t s  of x-ray experiments 

t h a t  no te t ragonal  t ransformation should occur i n  t h i s  ma te r i a l .  

It  is bel ieved t h a t  t he  mechanism which t r i g g e r s  t he  t e t r agona l  

t ransformation has no t  been completely i d e n t i f i e d .  

M 

Moreover, an  ana lys i s  

3 3 
, 
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