
ip,;Ir 

- : ' ,<, , .... \ !'+UF2..' . .. ' 8  .,?*- # ; --? ;:?;; 2i :": :7:t:m 7;, , *, , , , ; >. ;: . ., , <.A,'. .: .?<#.&>.-~y.. =.,, - - 8 ;  =*. 
, .&) ; 
3;; PROGRESS REPORT AN3 RENEWAL PROPOSAL *$, 3 

G%$? :; 
SUBMITTED TO THE .DEPARTMEYT OF ENERGY \i>; 1,>-G2;, -- 

9;. !(,,:: 
.'... DIVISION OF MATERIALS SCIENCE 
$2;; 
L . ,r - , ~: , .$ 
. ": OFFICE OF BASIC PERGY SCIENCES 

Emory University 

Atlanta, GA 30322 

Title: Far Infrared Studies of Superconducting V Si Nb Ge, and Nb 
3*3 

Department of Energy Number : D E - A S O ~ - ~ ~ E R ~ O ~ ~ &  

Total amount requested: $77356 Starting date: June 1, 1980 

Estimated residual, current contract : $25000 Duration: 1 year 

Net amount requested: $52356 I 

Principal investigator: Sidney Perkowitz, Physics Department, Emory University 

Atlanta, GA 30322 

Telephone rnmber : (404) 329-6584 Social security number: 

Endorsements : 
Authorized University 

Principal Investigator Chairman 

Professor Professor 
..I 

Acting Dean, Graduate 
School 

8 %  tc:e 
('4 -- 4 ltbl* 

Date Date 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



Far i n f r a r e d  techniques i n  t h e  range 10 t o  200 cm-l (1 t o  2 5   me^) w i l l  

be used t o  examine t h e  high t enpera tu re  superconductors V S i  , Nb Ge , and Nb, 
3 3 

and t h e  high-temperature g ranu la r  superconductor P b N .  Four ier  and l a s e r  

spectrometers  and the  new technique of  l a s e r  thermal spectroscopy . w i l l  

. y i e l d  information about t h e  electron-phonon spec tya l  func t ion , : the  temperature 

dependence of  superconducting p r o p e r t i e s ,  and. .other  fundamental aspects  of 

high temperature homogeneous and inhomogeneous superconductors.' A d e t a i l e d  ' 

t h e o r e t i c a l  ana lys i s  w i l l  com2lement t h e  experimental work. The information . ' 

gained may he lp  i n  t h e  ' b a s i c  understanding o f  high temperature s u p e r c o n d ~ c t i b i t ~  

and i n  the  development of  improved superconducting m a t e r i a l s  f o r  app l i ca t ions .  
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DISCLAIMER I 

This book w a  prepared as an acmvnl of  w k  mnmred by 8n of the United Stater Gmrnment. 

Neither the United Stater tovernmnl mr any agenw thereof. nor any 01 their employeer. makelanv j 
warranty. exprw or implied. or swm any 1-1 liability or raponlibilily lor the - r a y .  , 
mmpletenw. or urelvlnw of any information. appsrlur. product, or Droces didored. or 1 
reprents  !hat its -14 not inlr inp privately owned rights Referee herein to anv ylmilic 
mmmercial produn. proceu. or rrvice by trade -me. tradamark. mn~f8clurer. or olherwir. doer 
mt ngeuarily mmzi!v!e w imply its endorremeni. remmmendalion. or fevoring by the United 

' 

Stater Gowrnmenr or any a g c m  thereof. The view. and opinions of avtmrr exprered herein do mr 
n e w w i l y  stateor reflec! thoceol Ihe United Stater Gwernmnt or any agency thereof. , 

High temperature superconductors have gap energies which l i e  well  

wi th in  t h e  f a r  i n f r a r e d  range 1 0  t o  200 cm-l, and spectroscopy i n  t h i s  

region i s  an e f f e c t i v e  t o o l  f o r  probing these  mater ia ls .  Since t h e  

high temperature mate r i a l s ,  e spec ia l ly  t h e  A-15 family, a r e  not  y e t  

f u l l y  understood and o f f e r  i w o r t a n t  t e c h n i c a l  p o t e n t i a l  t h e i r  study 

i n  the  f a r  i n f r a r e d  i s  w e l l  worthwhile. Although f a r  infra-red methods 

were used e a r l y  i n  t h e  inves t iga t ion  of  superconductivity1 recent  

advances i n  instrumentation--notably Four ier  transform spectroscopy 
2 

and t h e  advent o f t h e  f a r  i n f r a r e d  laser3--have v a s t l y  increased t h e  

sco2e of  poss ib le  experiments. 

Far i n f r a r e d  methods can a l s o  contr ibute  t o  another current  a r e a  

of superconductor research,  t h a t  o f  inhomogenous o r  granular  systems. 
4 

Some of these  systems include high-temperature superconductors such a s  

V Si o r  N b N .  The granular  systems a re  o f  major fundamental importance 3 - 

because of  t h e  many unanswered q u e ~ t  ions abo1.1~ grain-to-grain coupling 

and t h e  p o s s i b i l i t i e s  of one- and two-dimensional behavior. There a r e  

a l s o  s t rong  device p o s s i b i l i t i e s  on two f r o n t s .  F i r s t ,  t h e  e x t r a  degree 

o f  .freedom involved i n  mixed systems l i k e  a superconductor/insulator com- 

b ina t ion  encourages new kinds of  mate r i a l  t a i l o r i n g  as  has been discussed 

by ~ s u e i . ~  Second, any system which may i n  some respect  conta in  a l a r g e  

number of coupled Josept~son o s c i l l a t o r s  has most i n t r i g u i n g  p o s s i b i l i t i e s  
. - - - .  

f o r  microwave/milliiuster wavc devices. The presence o f  Josephson 

coupling may a l s o  produce f a r  i n f r a r e d  Vi r tua l ly  no f a r  

i n f r a r e d  work has been done i n  ..:high temperature granular  systems. 



This proposal reviews a  yea r ' s  a c t i v i t y  under Deoartment o f '  Energy 

auspices i n  t h e  f a r  in f ra red  study of the  high temperature superconductors 

V S i ,  Nb Ge, Nb, and granular I b N .  Following the  progress repor t  a  
3 3 

proposal f o r  a  second (renewal) year w i l l  be presented. 

. . .  
' PR9GRESS REPORT 

A c t i v i t i e s  i n  t he  contract  year now ending include: t h e  f i r s t  l a s e r  

6 
thermal spectroscopy measurements i n  V S i ,  e s tab l i sh ing  t h e  v a l i d i t y  

3 .  

of t h i s  new method and .giving add i t iona l  information about t h i s  important 

A-15 compound; t h e  i n i t i a t i o n  o f  de t a i l ed . t heo re t i c a1  analyses of our 

da ta  t o  give more r e l i a b l e  values o f  t he  electron-phonon- s p e c t r a l  

function ct2~(w) and t o  con f i rn ' t he  v a l i d i t y  o f  our.  experimental methods; 

t he  f i r s t  f a r  in f ra red  transmission measuremerits i n  Nb 3 Ge; t h e  launching , , 

of an e f f o r t  i n  high temperature granular  mater ia ls  with t h e , f i r s t  f a r  

i n f r a r ed  measurements i n  granular  N b N ;  and t he  improvement of our  f a r  

i n f r a r ed  instrumentation t o  give b e t t e r  data.  

1. Laser thermal s p e c t r o s c o ~ y  i n  V S i  
3- 

In  t h i s  method, the  sample i s  i r r a d i a t e d  with one of t h e  f ixed  
. . .. 

frequencies ava i l ab le  from our o p t i c a l l y  pumped f a r  in f ra red  laser whilc 

t he  temperature i s  swept through T . Thus t h e  high l a s e r  power can be 
C 

used t o  give an excel lent  signal-to-noise r a t i o .wh i l e  t he  temperature 

' var-iat ion of the gap prov5d.e~ a form of continuous t unab i l i t y .  We have 
. . . . . . , , 

successful ly  analyzed two t h i n  f i lm  samples o f  v S i  i n  t h i s  way. The 
3 

l a s e r  frequencies were s e t  within t he  c r i t i c a l  regimes bw<<2A, fiw % 2A, 

and hw. >> 2A while the  tempera%ure was. swept from 5 t o  20 K. The onset  " 

and disa.ppoarance of superconducting. behavior ,could be c l e a r l y  and 

. . 



b e a u t i f u l l y  seen i n  these  runs with exce l l en t  signal-to-noise values.  

We have arialyzed t h e  d a t z  wi th  t h e  BCS theory i n  t h e  d i r t y  l i m i t  

and f i n d  t h a t  although a main peak a t  t h e  cor rec t  gap energy can be 

s o  explained, t h e r e  remain severa l  anomalous fea tu res .  The observed 

temperature dependence of  t h e  gap i s  not  BCS-like, and. s t r u c t u r e  o the r  

than t h e  main peak i s  observed. These anomalies may be 'connected with 

t h e  f a c t  t h a t ,  as has been shown e a r l i e r Y 7  these  samples a r e  not  . t r u l y  

i n  t h e  extreme d i r t y  l i m i t  and f i n i t e  s c a t t e r i n g  time e f f e c t s  a r e  

s i g n i f i c a n t .  The a n o ~ k l o u s  f s a t u r e s  a l s o  suggest t h e  presence of a 

second gap and poss ib ly  some electron-phonon behavior. These r e s u l t s  
. . 

and o t h e r  d a t a  i n  NbN ( t o  be described show t h a t  l a s e r  thermal 

spectroscopy i s  a :useful  t o o l .  

t 
1 .  2. Theoret ica l  ana lys i s  o f  a2F'(w) i n  V 3- S i  

. . 

We previously published a d e t a i l e d  ana lys i s  of normal s t a t e  f a r  

i n f r a r e d  transmissi.on i n  V ~ i '  which, using Allen1 s formulation f o r  
3 

Hols te in  processes ,' yie lded  t h e  t r a n s y u r t  electron-phonnn s p e c t r a l  : 

funct ion ktr2F(w). Rela t ive  t o  t h e  phonon funct ion ~ ( w )  from neutron- 

s c a t t e r i n g  d a t a  our derived a t r 2 ~ ( o )  showed a general  s h i f t  t o  lower . - .  - 

energies  and t h e  emergence of  an a d d i t i o n a l  low energy peak a t  6 mV. 

These low energy enhancements app'esred t o  be c r i t i c a l  i n  t h e  super- 

conducting behavior of  V S i ,  but  it would be very des i rab le  t o  confirm 
3 

them by o t h e r  evidence. 
. . . . . . . . . . . . . .. . - - .  - 

We had earl i .er  published supercondueting and norma.1 absorption d a t a  

f o r  good qua l i ty .  bulk V ~i .lo These r e s u l t s  showed s i g n i f i c a n t  s t r u c t u r e  
3 

which i s  a l s o  apparently r e l ~ t e d  t o  t h e  electron-phonon funct ion. '  .These 



da ta  were then only ske tch i ly  analyzed, but i n  t h e  pas t  year  we have 

s t a r t e d  t o  make a d e t a i l e d  f i t  t o  them. We use Al len 's  simple theory 9 

which i s  not wholly cor rec t  i n  t h e  su?erconducting s t rong coupling l i m i t  

but  which has never theless  worked wel l  i n  explaining f a r  i n f r a r e d  r e s u l t s  

i n  l e a d ,  a strong-coupling material. '  The ana lys i s  i s  not complete but  

t o  da te  it confirms t h e  s h i f t  t o  lower energies ,  although t h e  r o l e  of  

t h e  6 mV peak i s  unclear .  , . 

This t h e o r e t i c a l  e f f o r t  can be c a r r i e d  out  because we have 

acquired a t h e o r e t i c a l  p o s ~ - d o c t & r a l  research '  a s soc ia te  ,' G.  De. Although 

she has been a b l e  t o  provide only a part-time e f f o r t  so f a r ,  she gives 

us 'an important a n a l y t i c a l  capab i l i ty .  

. . 

. . 3. Far  i n f r a r e d  transmission i n  Nb* 

..... . We have used t h e  f a r  i n f r a r e d  1 a s e r . t o  measure t h e  superconducting 

t o  normal transmission r a t i o  T /Tn f o r  one f i l m  of  Nb Ge wi th  frequencies s 3 

between 11.2 and 104  cm-l. The r e s u l t s  seem t o  exh ib i t  smal ler  s t r u c t u r e  

than  BCS theory p r ed i c t s ,  h ~ ~ t ,  t h e  data have not  ye t  been ex tens ive ly  

analyzed. 

. .. . 
4. Far  i n f r a r e d  l a s e r  th_grga&-,,-s,pe-ctroscop?r i n  granular  NbN 

NbN w a s  chosen f o r .  an i n i t i a l  examination- because o f  i t s  high 

T (2 15.5 K )  and because an exce l l en t  s u i t e  o f  samples was a v a i l a b l e  
C 

from D. Gubser and S. Wolf of  t h e  Naval Research Laboratory. The 

sanples  a r e  made ,with a v a r i e t y  of  g ra in  s i z e s  and . separa t ions .  so  t h a t  . . 

t h e  in te r -g ra in  coupling v a r i e s .  



An important feature  of granular NbN i s  t h e  existence' o f  several  

11 
cha rac t e r i s t i c  temperatures. I n  recent DC measurements Gubser e t  a l .  

have observed s t ruc tu r e  a t  t e q e r a t u r e s  denoted as T i den t i f i ed  
cg ' 

as  t he  superconducting t r a n s i t i o n  temperature f o r  individual  gra ins ;  

Tcj  
i den t i f i ed  a s  t he  temperature of t h e  two-dimensional phase 

ordering t r a n s i t i o n ;  and T*, where a sharp increase i n  t h e  c r i t i c a l  

current  i s  observed. 

I n  our search f o r  these  c r i t i c a l  temperatures we exarhhed one 

sample of NbN, with a surface res i s tance  of 6000 ohm/kquare, with 

l a s e r  thermal spectroscopy. Transmission data  were taken between 

11.'2 and 104 cm-l a s  t h e  temperature was' swept from 5 t o  20 K. P a r a l l e l  

data  were taken with our Fourier transform system. The Fourier 

r e s u l t s  confirmed t h e  l a s e r  dz ta ,  although t h e  signal-to-noise was 

much i n f e r i o r .  

The i n i t i a l  analys is  of the  data  i s  very encouraging. The presence 

of -Lhc supcrconibu~~ing t r a n s i t i o n  f o r  t h e  individual  gaps i s  de f in i i e ly  

seen, with more c l a r i t y  than .kn. t h e  ". . DC data  and t h i s  alone i s  

a worthwhile r e s u l t .  I n  addi t ion a second well-defined peak occurs a t  

a lower temperature 5 Tcj. 0-0 data  may u u t  go t o  3 low enough temperature 

t o  include T*, bu t  a t h i r d  fea ture  i s  observed which has no p a r a l l e l  

i n  t h e  DC r e s u l t s .  

5 .  Instrumentation improvements 
. . .. - - .. . . - 

Both 'the Fourier  and t he  l a s e r  systems .have received a t t en t i on  i n  

t h e  pa s t  year  which should l e ad  t o  improved signal-to-noise r a t i o s  i n  

our  experiments. The Fourier  op t ics  have been redesigned t o ' a l l o w  



subs t an t i a l l y  g rea te r  throughput fo r  transmission measurements, and we 

have ordered a  cooled 'detector.  , The 'output qua l i ty  f o r  t he  f a r  

in f ra red  op t i ca l l y  pumped l a s e r  depends c r i t i c a l l y  on t h e  purrrping C02 

l a s e r .  The l a t t e r  has been overhauled and more massive op t i ca l  mounts 

f o r  the  grat ing and mirrors have been i n s t a l l e d .  A s  a  r e s u l t  t he  

power output has increased by some 20% and t he  output s i g n a l  i s  noticeably 
, . 

. . 

more s tab le .  

PROPOSAL FOR THE COMING' YEAR 

Most of t he  l i n e s  of research explored i n  t h e . p a s t  year  appear 

promising and s e t  na tura i  d i rec t ions  f o r  fu twe 'w6rk ,  a s  described . 

below. 

1. Further f a r  in f ra red  measurements and analysis  t n  V,Si, Nb, ' ~ b  Ge 
2 3-' 

$ .  

and NbN 

We w i l l  continue t h e  de ta i l ed  analysis  of t h e  V S i  r e s u l t s  where 
3 

we have extensive bulk and . thin f i lm data  t o  give a  de f in i t i ve  a2 .tr ~ ( w  ) . 
Unless t h e  analysis  ind ica tes  t h e  need f o r  more data,  no. , fur ther  measure- 

ments w i l l  be made i n  V S i .  
3 .- 

. . - ' 

The nexL p r i o r i t y  would be I%, because the analysis  should provide 

a  good t e s t  of  our ana ly t ica l  nethods and because of t h e  long-standing 

i n t e r e s t  i n  i t s  c i 2 F ( w ) .  We already h&e data  on one t h i n  f i lm sample 

and w i l l  examine a  second one of somewhat b e t t e r  qua l i ty  which f s  on 

. .. . . -... . . - . - - - .  . .  . -  hand. - - 

. The Nb Ge measurements a r e  espec ia l ly  d i f f i c u l t  because t h e  samples 
3 

have exceptionally low tr'ansmissions. We,wiil attempt an ana lys i s  of . 

t h e  data  on hand and then make'a judgement a s  t o  whether f u r t h e r  



measurements a r e  necessary. 

' . The NbN r e s u l t s  t o  date can be considerably c l a r i f i e d  by examining 

a t  l e a s t  one more sample with d i f f e r e n t  coupling behavior. We recognize 

t h a t  t h e  granular  mate r i a l s  have many complexit ies ,  some of  which may 

not much i l luminate  t h e  bas ic  superconducting behavior. The high l e v e l .  

of bas ic  i n t e r e s t  and t h e  poss ib le  t echn ica l  app l i ca t ions  j u s t i f y  some 

e f f o r t  i n  t h e  next yea r  but  t h i s  e f f o r t  w i l l  not be allowed t o  over- 

shadow t h e  work on t h e  homogenous mater ia ls .  
. . 

2. Further development of l a s e r  thermal spectroscopy 

The l a s e r  thermal method worked wel l  i n  V S i  and NbN, where i t .  . 3 

proved capable of  following saperconducting behavior.  i n  d e t a i l .  Added 

s e n s i t i v i t y  could be gained by modulating t h e  sample temperature s o  

t h a t  ' one could d i r e c t l y  measure t h e  de r iva t ive  of f a r  i n f r a r e d  transmis- 

s ion with respect  t o  temperature. .Exce l l en t  temperature s t a b i l t t y  and 

con t ro l  a r e  required  and appropr ia te  equipment has been requested i n  t h i s  

proposal .  An addit ' ional f a c t o r  i s  the nzed Lo provide a simple mews t o  

modulate t h e  sample temperature a t  a frequency high enough f o r  p r a c t i c a l  

lock-in detec t ion.  We have d e v i ~ e d  a method which shduld work r e l i a b l y  - -  - 

with v i r tual - ly  no modificat ion i n  the. samples o r  i n  t h e i r  mounting, 

.' and w i l l  implement it t h i s  year.  

3. Continuing t h e o r e t i c a l  - ana lys i s  of  f a r  i n f r a r e d  da ta  

We a n t i c i p a t e  a s t rong  i n t e r a c t i o n  between experiment A d  t h e o r e t i c a l  

ana lys i s  i n  t h e  coming year and reques t  f u n d s . f o r  both experimental and 

' t h e o r e t i c a l  post-doctoral  support .  Because f a r  in f ra red  methods a r e  not 



as  wel l  es tabl ished as  tunneling ca r e fu l  t heo re t i c a l  analys is  i s  needed t o  

help confirm t h e i r  va l i d i t y .  Also many of t he  .necessary calculations-- 

f o r  ins tance,  t h e  op t i ca l  response 0 f . a  BCS superconductor f o r  a rb i t r a ry  

temperature and s ca t t e r i ng  the--simply do not ex i s t  i n  the  l i t e r a t u r e .  

Thus extensive t heo re t i c a l  a c t i v i t y  i s  necessary t o  support t he  

experimental e f f o r t .  

For data  analysis  where a 2 ~ ( w )  en t e r s ,  we w i l l  use the  Allen formula-. 

t i o n  f o r  a t  l e a s t  a f i r s t  look a t  t h e  data.  I f . k l l e n t s  theory appears 
. . 

t o  f a i l  we w i l l  t u rn  t o  t he  f a r  in f ra red  'ca lcula t ions  of  Syihar t  .and co- 

l2 I n  recent  work13 they have reported increasi ,ng success i n  workers. 

de t a i l ed  f i$s  f o r  lead. as  they take in to .account  ver tex correct ions  f o r .  

t he  theory of Holstein processes. We have maintjined contact with Professor 

Swihart and a r e  assured of h i s  continuing i n t e r e s t  i n  our data  fo r  V S i  3 
. . 

and Nb. ' 

We w i l l  use our measured values of a 2 ~ ( h )  t o  derive superconducting 

i 4 
parameters such a s  t h e  coupling constant  v i a  t h e  MclJIillan approach, 

thus making t h e  connection between op t i ca l  r e s u l t s  and basic  superconducting 

behavior. Some e f f o r t  i n  t h e  theory of granular mater ia ls  w i l l  a l s o  be 

. ___-  . 
necessary ,Lu i n t e rp re t  t he  KhN r e s u l t s .  

4. F'urther improvements fn .  far in f ra red .  instrumentation 

Because f a r  in f ra red  measurements a re  made i n  an extremely d i f f i c u l t  

region of t h e  s p e c t ~ ~ u u ~ ,  w e  congider imprnvements i n  t he  f a r  in f ra red  . .  

. . .  - .  . - . - 

instrumentation 811 illlpljrtant eontinujng part, of our a c t i v i t y .  . Next year  

we intend t o :  i n s t a l l  a more powerful and s t a b l e  power supply f o r  t h e  

pumped l a s e r ;  i n s t a l l  t h e  newly designed high throughput op t lca l ;  system i n  

t h e  Fourier spectrometer; and p r ~ v i d e  on-line da ta  analysis  f o r  . the  Fourier  

spectrometer. 



5. Poss ib le  i n t e r a c t i o n s  with o p t i c a l  research elsewhere 

The research repor ted  and proposed here  appears'  t o  b e ' t h e  only recent  

work c a r r i e d  .out near t h e  gap energy and ,aimed a t  determining c 1 2 ~ ( w ) .  

Nevertheless, o the r  recent  o p t i c a l  work elsewhere may be re levan t  t o  

t h e  proposed a c t i v i t i e s .  Tamer .- e t  - al. have made f a r  i n f r a r e d  measurements 1 5  

i n  a low Tc 'granular  system, Sn i n  a K C 1  matr ix ,  with puzzling fea tu res  
' .  

t h a t  may a l s o  occur i n  our Nb?T data .  ~ r o f e s s &  Tanner w i i l a l s o  begin a 
. . 

s e r i e s  of f a r  i n f r a r e d  Four ier  measurements i n  ' ~ b  Sn a n d ' w i l l  even tua l ly  
3 

provide these  samples f o r  exanination by .our l a s e r .  Ramm s c a t t e r i n g  has 

been c a r r i e d  out  i n  V S i  by Schicktanz -- e t  a 1 . l 6  and by KLein and co-workers. 1 7  
3 

Both groups observed t h e  E o p t i c a l  phonon near  300 cm-l. Recently Klein 
g 

and co-workers repor ted  phonon hardening observed by Raman s c a t t e r i n g  i n  

proton- i r radia ted  V ~i .I8 These high frequency r e s u l t s  may eventually 
3 

connect .with our low frequency electron-phonon information. Klein has a l s o  
. * 

r e p o r t e d o n   an s t i d i e s  i n  superconducting 2 H  NbSe ,I9 where charge densi ty  
2 

waves appear t o  p lay  an important r o l e .  We have discussed with Professor  

Klein whether Yar i n f r a r e d  11leasur.er.fierlts might add t o  t.hp ~ ~ n d e r s t a n d i n g  of 

t h i s  behavior. 
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