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ABSTRACT 

A high pressure research group has been 
formed at Bangalore and this paper reports 
the work done by this group. It deals with 
(a) the experimental facil~ties set up, (b) 
the determination of the unified magnetic 
phase diagram of chromium and its dilute 
alloys, (c) the semiconductor to metal 
transition of rare-earth chalcogeniden nnd 
(d) the studies on the electron collapsc 
in liquid caesium. 

At the 2kterials Science Division of the llatioaal 
Aeronautical Laboratory we have a group working on the 
properties of materials at very high pressures. The pro- 
ject got impetus when we invited. A. Jayaraman of the Bell 
Telaphcne Laboratories to spend some time with us. The 
actual work on the setting up of the 1000 tbn press ivaa 

commenced in March 1971 under his guidance and the entire 
iabrication was done in the workshops of our laboratory. 
Xxtensive facilities for high pressure X-ray research have 
: ~ l s c  been built. I..Jayal'a;rran left in Septezber 19.71 ni;;,r 
erecting the press, initiating us into many problems and 
obtaining for us many materials for research. 

In this paper I hope to mention briefly the equip- 
ment that h e  been constructed and review the investi- 
gations done in our laboratory, on problems relating to 
the metallic state. These are: (a) the determinat~on of 
the unified magnetic phase diagram of chroniun and its 
dllute alloys. (b) the atudy oP the electronic transfor- 
mation of rare-earth chalcogenrdes and (c) the theoretical 
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Pig.1 (top): The 1000 ton press at NAL. 
Pig.2 Details of the parU. The maximum hydraulic 
pressure is 30,000 psi. The connecting stainless steel 
plumbing can withstand 60,000 psi. EN 24/4340 steel 
is used for the c linders, rams, tie rods and platens. P The piston and cy inder of the pressure chamber are 
made of tungsten carbide. 



i n t e rp re t a t ion  of the strange behaviaur of l i qu id  caesium 
under pressure. I n  each case before presenting our r e s u l t s  

I hope t o  give the experimental and theo re t i ca l  posi t ion 

i n  these fasc ina t ing  f i e lds .  

Besides A. Jayaraman many s c i e n t i s t s  of our labora- 

tory  have been ac t ive ly  engaged i n  these problems. IJention 
must be made of R.V. Ekmani and N.Narayana I y e r  ( instru-  
mentation), A.K. Singh and A. Chatterdee (X-ray s-ludic-s 

on rare-earth cholcogenides), Hajaram liityananda and A.S. 

Keohamwala ( the  magnetic phases of O r  and i t s  a l loys )  and 
T.G. Ramesh (propert ies  of l iqu id  oaesium). I n  the pro- 

para t ion  of t h i s  paper each one of them has contributed a 
s r e a t  deal. They have a lso  kindly permitted me to  r e fe r  

t o  many of t h e i r  .unpublished r e su l t s .  

2 .  INSTRUT.BENTATIOIT AND TECHNIQUES 

(i) 1000 ton Press: 

Very high pressures a re  generated by the advance 
of a 1 inOh or 3 inch diameter pis ton i n t o  a cylinder both 
made o f  tungsten carbide (wC). The p is ton  assembly i s  

advanced by a 1000 ton master-ram. Since tungsten carbide 
i s  s t rong i n  compression (40 t o  60 kbar) and weak i n  ten- 
s ion  o r  shear,precautions have. to be taken t o  see t h a t  the 

material i s  always under compression. 

The WC core (with the cy l indr ica l  ho1e)is f i t t e d  

in to  binding r ings  of hardened s t ee l .  It i s  also clamped 

a x i a l l y  by a 750 ton end-load ram. The purpose of t.he 

binding r ings  and the end load i s  to  provide' support f o r  
the  core. I f  the  core i s  not ins ide  the binding r ing,  
when the high pressure is generated within the cylinder 
a compressive r ad ia l  s t r e s s  and a t ens i l e  hoop s t r e s s  a re  

created which cause a shear along which the carbide may 
f a i l .  With the binding r ing  both become compressive so 
t h a t  the shear i n  the  xy plane perpendicular to the ram 



Fig.3 ( l e f t ) :  D e t a i l s  of the  t e f l o n  c e l l .  Yhe arrangement 
f o r  4 probe r e s i s t i v i t y  measurement ( r e f . 2  and 3 )  

Fig.4 ( r i g h t ) :  The t e f l o n  c e l l  pos i t ioned  i n  t h e  p ressu re  
chamber g i v i n g  d e t a i l s  of t h e  b inding r i n g ,  VIC p i s t o n  and 
c y l i n d e r .  

Pig.5 (a )  Diamond a n v i l  camera f o r  pressurca  upto 300 kbar  
w i t h  t h e  two f i l m  method f o r  p r e c i s i o n  l a t t i c e  para- 
meters  
Big.5 (b) Typica l  Photograph. Note r e f l ex ions  from 
diamond. 



movemerit z is minimised. However if there is no stress 
along the z axis there would again be a shear in the 
vertical plane which the end load ram counteracts by 
providing a compressive stress. It must be noted that 

the binding rings and the end load ram by providing 
static compressive load in all directions permit the 

use of the material with which the pressure chamber is 

nude (WC) much beyond its normal operational cap&-uility. 
It is interesting that both the principles of the binding 
ring and end loading are to be found in Bridgenan'a v;or!ql.. 
Fi3.l shows the press and the control panel that were. 
fabricated in our laboratory and Fig.2 is a line diagraai 
detailing the different parts of the press. 

(11) Teflon cell technique for hydrostatic presnur~,: 

Before 1967 one caul? attain hydrostatic pressures 
upto 30 kbar in the experimental chamber. The main dilfi- 
culties in making measurementsunder hydrostatic ccndi-tions 
are the sealing cfthe liquid pressure medium and the 
introduction of eleetrical leads into the pressure chamber. 

2 A. Jayaraman et a1 made an important advance when they 
aeveloped the " teflon cell" technique which extended the 
range of hydrostatic pressure studies -to 50 kbar. This 
ewbled their group to study &ny new solid state pheno- 
: i l t  -1.1 at hieh hydrostatic pressures. A specially uesl,l;ed 
-teflon cell (Fie;.?) containing a liquid pressure medium is 
placed in the high pressure chamber where it is conpressed 
by the advancing piston. Pig.4 shows the assembled cell in 
the pressure chamb.er. The electrical connections are dravm 
out through the cap of thecell and under pressure the 
syetem seals itself by the flow-of teflon. The leads in 
the~.z&amic tube are gripped by pyrophyllite and stainless 
~teel~and this prevents their extrusion. 6 leads are taken 
out from the experimental chamber which makes four probe 
resistivity measurements and temperat?tres recording 



s imul taneously  p o s s i b l e .  Or ig ixn l ly  tile c e l l  v::?. ex te r -  

n a l l y  heated by pass ing a l a r g e  - A.C.current throu::h a 

g r a p h i t e  s leeve.  R.G. 111aines3 in t roduced the  i n t e r n a l  
hea t ing  system (See Big.3) which has  t h e  advantage of 
e l imine t ing  i n t e r f e r e n c e  from t h e  A.C. i n  t h e  measuring 

0 
c i r c u i t s  and extending t h e  temperature range t o  350 C.  

A l l  the  measurements made a t  Bangalore n t  hydro- 

s t a t i c  p ressures  use t h e  t e f l c n  c e l l  technique. The 
l i q u i d  p ressure  media a r e  i s o  amyl a lcohol  ( - 5 0 ' ~  t o  
150°C), n pentane ( - 1 2 0 ~ ~  t o  1 2 0 ~ ~ )  and s i l i c o n e  o i i  

0 (upto  3 5 0 ' ~ ) .  Lox! temperatures dovrn t o  -120 C a r e  

a t t a i n e d  by pouring l i q u i d  n i t rogen  over t h e  pre- -sure 

p l a t e  (Fig .4) .  

( i i i )  IIigh p ressure  %-rag d i f f r a c t i o n  ins t rumenta t ion:  

Hish p ressure  X-ray cameras a r e  t h e  most convenient 

ins t r iunents  f o r  s tudying s t r u c t u r a l  changes a s  wel l  a s  the 
pcessure-volume r e l a t i o n  upto 300 kbar4'5. S t r u c t u r a l  
changes occurr ing a t  h igh  p r e s s u r e s  can e a s i l y  be detected 
by t h e  appearance of nevi s e t s  of l i n e s  i n  t h e  d i f f r a c t i o n  
p a t t e r n .  Since most h i g h  p ressure  cameras g ive  ~ ) e b ~ e -  
Scher re r  pv:ider p a t t e r n s ,  simple s t r u c t u r e s  can e a s i l y  he  

i d e n t i f i e d .  The de te rmina t ion  of complex phases i s  made 
more d i f f i c u l t  because t k e  accuracy i n t h e  d-spacings 
determined i n  h igh  p ressure  cameras i s  poor. Yiiin i s  becn~s i .  

A!oK r a d i a t i o n  i s  i n v a r i a b l y  used t o  minimise absorp t ion  by 

t h e  p r e s s u r e  ve'ssel so t h a t  only low angle  r e f l e x i o n s  a r e  

recorded.  I n  s p i t e  of these  d i f f i c u l t i e s  extremely 

i n t e r e s t i n g  r e s u l t s  on p ressure  induced phase t r a n s i t i o n s  
and i n  pressure-volume r e l a t i o n s  have been obtained.  Recently 

6 s i n g l e  c r y s t a l  h i g h  pressure  X-ray cameras have been 
developed bu t  t h e  p ressure  range i s  l i m i t e d  t o  70 kbac. 

( a )  Diamond a n v i l  cameras: The hardneas and t h e  
s t r e n g t h  of diamond a s  a l s o  i t s  low X-ray absorpt ion,  make 



it the beet substance f o r  making high pressure X-ray 

We have constructed a diamond anvi l  camera 
9 based on the design of Basset t  e t  a 1  . The basic features  

a re  schematicslly shown i n  Big.5. The sample i s  placed 

'between two diamond faces and pressure i s  applied by 

t ightening the nut N. The collimator C permits a narrcvr 
beam (lO0!~ o r  5 0 ~ )  t o  pass through the diamond anviln and 

thc specimen. The d i f f rac ted  beam (28 < 45O) escapes 
tl-zough a small sl i t  i n  the diamond holder II and s t r i t k s  

the photographic film. The s tat ionary diamond fac t  i;i 

2 mm i n  diameter while tha t  on the collimator s ide i s  
smaller and about 0.3 t o  0.5 mm across. 'llith t h i s  v:e 

have been able to  reach pressures upto ,300 kbar. Tk.2 

ill'issure a t ta inable  and the  l i f e  of the diamond anvi1.z 

cicpend very much on the paral lel ism of the two faces 

which f o r  optimum periormance have t o  be alignea oQticall<'. 

(b) Tungsten carbide anv i l  cameras: Unlike i n  a 

diamond camera t h e  X-ray beam has t o  pass perpendicular 

t o  the  preisure a x i s  i n  a tungsten carbide anvi i  caaera 

becausk of the bigh absorption of WC to  X-rays,. i3ased on 
the designs of 1,IcWhan and ~ond" and of Lavlson and Jarnieson 11 

12 wc have constructed (Fig.6) a tungsten carbide anv i l  carnera . 
The sample i s  inser ted  i n  a small hole ( 7  mils? drilleri 3.1, 

:;:::.I1 Lorcn-epoxy (3 : l )  d i sc . '  The boron disc i s  pleced 

between two tungsten carbide. pis tons and the pressure i s  

applied with a 5-ton llydraulic ram. The special ly desi-ped 

f i lm  casse t te  is  shown i n  Pig.6b. The qual i ty  of the dif-  
f r ac t ion  pa t te rn  i s  i n  general poor due t o  the background 

produced by the  sca t t e r ing  from the  boron disc. The use of 
f i l t e r e d  o r  c rys t a l  monochromated radiat ion improves the 
background but increases theexposure  time considerably. 

. ( c )  Precision l a t t i c e  parameter measurement: 
A cyl indr ica l  or  a f l a t  f i lm casse t te  is  normally used 
with the high pressure cameras. However, the uncertainty 



Fig.6(a) left: : Tungsten carbide andl canera. TILC 5- ts r ,  
hydraulic ram, the tie rods, the WC pistons, c o l i i ~ ~ ~ t o r  
and the track for the cassette are sten. 
L.'ig.6(b) right: The special sector cassette which can be 
slided in and removed without disturbing the p.-, . .  L~~~ etc. 

Pig.7 (a) The commensurate (C), incommensurate (I) and 
spin flip (SF) antiferromagnetic structures for a bcc 
lattice. 

(b) One' nuclear reciprocal lattice point and the 
aeeociated points of magnetic origin shown in projection 
for the C. I and SP 

(c) The neutron diffraction peaks of magnetic origin 
observed in a single(multidomsin)crystal rotation pattern 
for C, I and SF. 



in the sample-to-film distance and the absoeption of the 
radiationin the sample introduce errors in the d- 
spacihgs. These errors are appreciable since only low 

angle lines are recorded in these cameras. These errors 

can be eliminated by recording the aiffraction pazterns, 
first on flat film and then giving a second exposure 
after displacing the film throughi an accurately h o w n  
iiintuuoc X. The diffraction angle28 can be calculated 
li'orri a simple relation 

: ! .  (1, and d2 are the ring diameters of a particular 
'i.ne Tor ~anple-to-film distances X1 and X2 respectively. 
.La v i z r i  of long exposures required inhigh pressure cameras 
this is not very practicable. A film cassette has been 
aonst~ucted~~ which permits the simultaneous recording of 
-the X-ray diffraction patterns on two flat films separated 
h:~ an accurately known distanoe X. The principle is-shown 
la Pig.5. Two films are placed in tandem. Since IdoK 

r:idiation is not absorbed much by X-ray films, two. good 
i:i~-ttexi~s are recorded simultaneously .on the films F1 and 

. 6 typical pattern obtained with the two-film casiie tt, -~ . , 
2 ,  . . 1- 5 This arrangement is now routinely 

nded in our investigations and the higher accuracy is 
expected to be valuable in the p-v relation as also in 
iaontifying complex structures. 

(dl Pressure estimation: The'pressurs on the 
sample is commonly estimated by mixing with the sample 

some substance of known compressibility. Obviously the 
pressure marker should give a simple diffraction pattern 
and should A%Lh&gh compressibility and the pressure 
volume relation hovm accurately. NaCl is commonly used I, 



a s  a pressure marker. It has a high compressibili ty and 
14 

i t s  p-v r e l a t i o n  i s  known accurately . Other substances 
such as  s i l v e r  a re  cornonly used i n  high pressure ranges 
( c;: 100 kbar) i n  diamond anvi l  cameras. The accuracy Of 

volume obtained i s  0.6 percent while t h a t  of pressure i s  
only 5 percent. 

7 .  MAGNETIC PHASES OF CIiROIfiIUhl AND ITS ALLOYS 

Some ra the r  novel methods of es tab l i sh in5  the 
phase diagrams of the antiferromagnetic phases of ehro!ilium 
ar.d i ts  a l loys  have been undertaken iri our laboratsry.  

Before reporting these i t  seems relevant t o  revier! ve ry  

b r i e f l y  the present s t a t e  of knol.rledge i n  t h i s  f i c l a ,  

(i) Magnetic propert ies  of pure chromium 15,16 

Pure C r  i s  antiferromagnetio a t  room temperatllre 
and i t s  Neel temperature T a t  atmospheric pressure is  N 
311°1c.above which it i s  paramagnetic (P)  . The magnetic 
s t ruc ture  i s  incommensurate antiferromagnetic. Pig. 7a 
shows the case when a bcc l a t t i c e  x d z i d  i s  colume~lsuratc 
antiferromagnetic (C),where a l l  the atoms a t  the cube 

v e r t i c e s  have iden t i ca l  up magnetic moments, while those 
a t  the 'body centres  have equal dol%n moments. i i iapetic 
neutron d i f f rac t ion  s tudies  give typical  values of 0.5 
-1- mgne-con pe r  atom along the (100) and the equivalrrit 
cubic direct ions.  Pure C r  does not exhibi t  the commen- 

sura te  phase. This phase occurs, however, i n  many of the 
17 a l l o y s  of chconium . The incommensurate phase (I) of 

chromium a i f f e r s  from the commensurate ( C )  i n  t h a t  the 

moments i n  both the sub-lat t ices  a re  modulated with a 
per iodic i ty  of 2 l a t t i c e  spacings where _n need not be 

in tegra l .  Further 2 i s  a function of temperature. Pig.78 
i l l u s t r a t e s  a case where n=8 whereas i n  chromium n i s  
close t o  20. Below 1 2 0 ' ~  i n  pure C r  a t  atmospheric pres- 
sure the polar i sa t ion  changes from transverse t o  



longi tudina l  and t h i s  i s  ca l led  the sp in  f l i p  (SF) 
t rans i t ion .  

These 7 b s e s  mag be described i n  terms of the reci-  

procal l n t t i c e  through which one may v isua l i se  the neutron 
c i i f f rac t ionpat te rns .  The nuclear ref lexions and the 

itingmetic ref lexions of ..the commensurate phase form brc 
:iepsmte Icc  l a t t i c e s .  When both the nuclear and ma@atiC 
i.efl-. exlone - a re  considered the reciprocal  l a t t i c e  i s  simpla 

cubic. b'or the incommensurate phase one a l so  haa a  reci-  

.!toc:rl l n t t i c e  vector  of 271jna so t h a t  a  la rge  number of 
! t i  ref lexions can, i n  theory, occur bekgreen t h e  

..uc?,?:?r reflexions. I n  prac t ice  however, the magnetic 
. ' ... t z . i lo~~s  occur only a t  (2rr/a) ( 1  2 l/n) vrhich would 

.:orri~ipond t o  the  s p l i t t i n g  of the magnetio ref lexion of 
the commensurate phase i n t o  two. The c rys t a l ,  i n  r e a l i t y ,  
cons is t s  of three types of domains with the  s inusoidal  

niodulntion along the ( l o o ) ,  (010) and (001) direct ions.  
.. . 2.lg.7b presents.  projections i n  ~ e c i p r o c a l  space of a  

tingle nuclear ref lexion and the associated magnetic 
reflexions. P i g . 7 ~  gives the magnetic ref lexions (observed 
.;;ith s nrdltidomain c rys t a l ]  associated with one nuclear 

reflt:-ricn. The commensurate phase (C) gives one mametic 
-- - ;-ef!:.-??fin vrhile I gives f ive  and SF three. 

17. (ii) 1;lagnetic propert ies  of C r  a l l oys  . 
I f  pure C r  i s  alloyed with elements l i k e  V, Zm 

o r  Ta with e lec t ron  t o  atom r a t i o  (s /a)  l e s s  than 6 the 
lleel tzmnperature TN i s  depressed and the  magnetio moment p 

decrenees. When (e/a) = 6 f o r  the addit ives (Ma, VI) 

ZIT and & behave i n  a s imi lar  manner. In  %oth the cases 
i t  is found t h a t  & a l loy  /& c r  = @ 3 

N a l loy  / C T ~ ) c r  - The addi t ion  of elements with e / a>  6 (v~z. h, 
nu, fie, Tc) r a i se s  'Ix . When the  n e t t  (e/a) of the a l loy  
18 l e n s  than 6.005 one observes the incommensurate phaoe I 



Pir;.d ( l e f t ) :  A schematic phase diagram showing the 
ub:;ervcd magnetic phases of C r  a110 s aa temperature 
( P I  and e l e c t r o n  t o  atom r a t i o  (e/ay a r e  v a r i e d .  

i l l  ( i t :  Yhc e i f e c t  of p ressu re  on Tll aiid 
'Pic f o r  an  a l l o y  w i t h  e/a = 6.01 (Schematic) 

Pig .9 .  A phase diagram shoviing 
t h e  observed magnetic structure: .  
of Cr-Pe a l l o y s  a s  temperature 
(I) and t h 8  oercentane of Fe a r e  
Gaiied.  Schimatic a&er  
I s h i h r a  e t  a 1  ( r e f  .l8) 

Pi::.lO ( l e f t ) :  The resistivity of: pure  C r  a s  a  
f u n c t i o n  of tcmpcra ture  (Schematic)  

Pig.12 ( r ie ;h t ) :  The r e s i s t i v i t y  of C r  3 percent  Pe 
aa a f u n c t i o n  of temperature (Schematic)  
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' '  a s  i n  C r  (F~~.o). For a s l i g h t l y  kugher concen t ra t ion  
'PN shoo t s  up and thecommensurate phase appears  a t  h igher  

temperatures.  This i s  i l l u s t r a t e d  schemat ica l ly  in  Big.8. 

:'he o r a e r i n g  sequence  hen an a l l o y  of (e /a)  = 6.01 i s  

cooled (do-Lted l i n e  i n  Yig.0) would be P-C-I. Vlien (e /a)  
." 

i n c r e a s e s  t o  6.02 ( s a y )  t h e  f i e l d  of t h e  C phase widens 

and t h e  I phase disappears .  

(iii) i : m ~ e t i c  p r o p e r t i e s  of Cr-2e a l l o y s  1 8 , l g .  

'i'1ie;;e a l l o y s  behave i n  a manner v e r y  d i f f e r e n t  froLl 
the Cr-it11 a l l o y s  a l though b o t h  Pe and Ru have (e /a)  = 8. 

?o:: P e  l e s s  than 2 per  c e n t  Ti{ decreases  whereas the  
1,. . :+~et i ; .  utoment inc reases .  The a l l o y s  a r e  inconmensurate 
; ! i  ;Pie ;.!ioie temperature range. ';?hen t h e  i r o n  content  i3 

bir',:.~ac:~ ? percent  and 3 percen t ,  TN cont inues  t o  decrease 

ililll on cool ing ( d o t t e d  l i n e )  t h e  o r d e r  of phases  i s  P-I-C 
i n  c o n t r a s t  t o  P - C - I i n  Cr-Ru a l l o y s .  When the  i r o n  
c o n t e n t  i s  g r e a t e r  t h a n  5 percent  t h e  P - C t r a n s i t i o n  i s  

on ly  seen.  A l l  t h e s e  e f f e c t s  a r e  sehemat%cally shorm i n  
171:;.9. 

( . i .  , . ) 'Yransport p r o p e r t i e s  ana t h e  p r e s s u r e  e f f e c t s  on 
<!:L, nna i t s  a l l o y s :  20 

~ A t  t h e  Nee1 temperature pure C r  e x h i b i t s  a r e s i s t i -  

i ~ ~ y  .ttiuuZaly a s  shovsn schemat ica l ly  i n  Big.10 and t h e  
anomaly is  approximately 1 t o  2 percent .  Since r e s i s t i v i t y  

c a n  be measured under h i g h  p ressure ,  it can  be used a s - a  
probe t o  fo l low T.N a s  a f u n c t i o n  of p ressure .  I t  i s  found 
that Tll decreases  w i t h  pressure  and under c e r t a i n  circum- 
s t a n c e s ,  t h e  antiferrornagnetism i s  even suppressed 

21  completely . I n  an a l l o y  l i k e  C r  1 percen t  Nn o r  C r  0.6%. 
. Ru a t  atmospheric p ressure  two t r a n s i t i o n s  P - C and C - I 

have been observed by neutron d i f f r a c t i o n  (Fig.11).  
R e u i s t i v i t y  measurement r e v e a l  only  t h e  P - C t r a n s i t i o n .  



Unfortunately the  I - C t r ans i t i on  does not exhibi t  i t s e l f  
a s  a r e s i s t i v i t y v b n g e .  In these a l loys  TI$ f irst  f a l l s  

rapidly with pressure. A t  a par t icu lar  yalue of P there 

i s  a sudden break i n  the  slope d TN/@ a f t e r  whioh the 
r a t e  of f a l l  of TN is  very much slower (Pig.11). This 

slope corresponds t o  t h a t  seen i n  pure C r .  I n  f a c t  it 
i s  found t h a t  the slope dTN/dP can be used a s  an ef fec t ive  
c r i t e r i o n  t o  decide whether a P - C o r  a P - I t r a n s i t i o n  
i s  being observed, the  l a t t e r  havlng a very much smaller 
slope. 

ileverting back to  Pig.11, i f  one in t e rp re t s  the 
break i n  t h e  slope a s  a t r i p l e  point then there a re  two 
known points on t h e  I - C l i n e ,  the  other being the one 
a t  P=O obtained from neutron scat ter ing.  The l i n e  joining 
these two points  gives an approximate phase boundary. The 
slope of t h i s  l i n e  i s  confirmed by thermal expansion 
experiments a t  higher pressuresz2. The basic  phase dia- 
gram show schematically i n  Pig.11 i s  well  substant iated 
even Chough neutron sca t t e r ing  experiments under pressure 
have not been done. It i s  most in te res t ing  to  compare the 
TvsPphase diagram (Pig.11) with t h a t  of 'I against  e/a 
(Pig.3) obtained from neutron scat ter ing.  One sees t h a t  
these two diagrams a r e  roughly mirror images of each 0tke.r. 
There appears t o  be an empirical correspondence betusan & 
increase and pressure decrease o r  vice versa. An addit ion 
of 1 percent Ian o r  & percent Ru t o  C r  increases the (e/a) 
r a t i o  by 0.01 and the e f f ec t  of t h i s  can be off-set by 
approximately 6 kbar pressure. 

(v) Resistivit:. of Cr-Pe a;loysz2: 

Again Cr-Be a l loys  behave very d i f f e ren t ly  from 
the other  al loys.  The typica l  schematic curve of ! vs T 
i s  shown i n  Fig.12 and t h i s  nay be compared with the curve 
f o r  the other  C r  a l l oys  (Pig.lO)., The following a re  the 



sa l i en t  fea tures  of the r e s i s t i v i t y  cu-ve f o r  C r  9 percent 

e : ( 3 )  I t  sh01~~5 a minimum corresponding' the  value o f  TI, 

3s cbtnined from neutrons scat ter ing.  (b)  On fur ther  

coolin?; a sharp rise i n  the r e s i s t i v i t y  i s  observed and 

.;his .i;enlperature agrees mith TIC. (c)  both and TIC 

Tal l  v ~ i t h  pressure ; 1 3  and ( a )  the sharp anomaly 

nisappenrs above 2.5 kbar. 'The phase diagram i s  shovm 

scheoi~~t ica l ly  i n  Pig.1'5. 

( x r i )  General uni f ied  phase diagrax of C r  and the e f f ec t  

of d l ~ o y ~ q :  with iron2': 

From t h e  b r i e f  revie1-3 many questions mag be raised 

concernmi: the Cr-Pe al loys.  ( a )  Thy is  the orderins 

Gcquence on cooling P - I - C and not P - C - I as i n  

Cr-Xu al loys? ( b )  Why do not the Cr-Pe a l loys  exhibi t  

a t r ~ p l e  point b e b ~ e e n  P, C and I? 

Rajaram Nityananda, A.S. aeshamrala and A. 

~ a ~ a r a m a n ~ ~  fo&d from extrapolating the boundaries 

of C r  7% Pe (Pig.13) t h a t  there i s  a t r i p l e  point 

a t  about -2 kbar. They deduced t h a t  the addit ion 

of & percent Ru o r  1 percelit L3i would be equivalent 

-to a negative pressure and ivould make t h i s  t r i p l e  
-. .. . . ..ill-: i~L~erv2tble. Pressure experiments on C r  3% 

Fa. 0 . 5 % ~ ~  and C r  3 % Fe 1% &In s t r ik ing ly  confirmed 

t h e i r  expectation. 

The r e s i s t i v i t y  curves a t  various pressures f o r  

the  f i r s t  a l loy  a re  shown i n  Pig.14. It can be seen 
from the atmospheric pressure cume tha t  the  r e s i s t i v e  

anomaly has been considerably rounded off and the Nee1 

tenperature raiseo by 100' from the value f o r  C r  3 per- 
cent Te. Application of pressure lowers TN and the  slope 
suggeats t h a t  we are seeing the P - C t rans i t ion .  



=SKe . 
Big.13 ( l e f t ) :  The ef fec t  of pressure on TN and 
TIC f o r  C r  3 percent Fe (Schematic) 

Fig.14 (right'): The r e s i s t i v i t y  temperature curves l o r  
C r  3 percent Fe 4 percent21ju a t  various pressures 
(Ra jaram Nityananda e t  a1  

Pig.15: The e f f e c t  of pressure 
on TN and TIC f o r  C r  3 percent 
Pe $ percent Ru ( re f  .23) 

L W  

Fig.16: The unif ied phas-e diagram 
f o r  O r  a l loys  showing the e f fec t  

of Pe addit ion on the I - C 

boundary 

P 



Between 8 and 1 2 k b a r  pressure the r e s i s t i v e  anomaly i s  
v&ry steep, this being PBrhaps the f i r s t  C r  a l l oy  to  
exhib i t  a sharpening of the r e s i s t i v e  anomaly under pres- 

sure. A t  8 kbar there  i s  bre,ak i n  the s lope of the  TN-P 

curve indica t ing  a t r i p l e  point. The reduced slope above 

t h i n  pressure corresponds to  a P - I t r ans i t i on .  Further 
the  locat ion of  the steep r i s e  i n  r e s i s t i v i t y  @vesthe 
ti;nipcmture of the I - C t rans i t ion .  Above 12 kbar the 
'~-sisi; ive anomaly again ~\WLXIXK rounds off .  The r e s u l t s  
di.i.iveu irow these experiments a re  a s  a phase 
di ii:;ra~~! in 2ig.15. 

'1:l-ts suthors  could unify the behaviour of Cr-Fe 
~ l i . o y 3  ?,with t h z t  of the other a l loys  on a s ingle  phase 

~ii:~;;ram ~uhicll i s  shoivn sch~mat i ca l ly  i n  i.lig.16. 

The f u l l  l i n e s  represent the phase diagram of pure 
chromium. I n  the  pos i t ive  pressure region ose observes 

only the P a n d 1  phases. The ef fec t  of V, W, 'Ya (e/aC 
6 )  can be represented by displacing the zero pressure 
ax i s  to  the r i g h t  (lo7*vering TN). The e f f e c t  of al loying 

1:rith element Ru, Mn, Re,% (e/a> 6)  can be represented 
ij:. d isplacing the zero pressure axis  t o  the l e f t .  Yhis 
a s  . and introduces the comncnsurate phase a t  higher 

li 
-- tc:r;?eratures making the t r i p l e  point observable. 

On this phase diagram we represent the e f f ec t  of 
-the a d t i t i o n  of i ron  a s  a ro t a t ion  of the  I - C boundary. 

Belour a c r i t i c a l  concentration of i ron  we \~roulci s t i l l  
observe only the  P and I phases. For C r  J percent Pe a l loy  
the  phase boundary would have reached the pos i t ion  shown 
i n  the  pos i t ive  pressure region accounting f o r  the P - 
I - C sequence. 

This work has many in t e re s t ing  implications with 
regard t o  the t ranspor t  propert ies  and the entropy of Che 



I and C phases as influenced by the local mcment known to 
exist on the iron atomz3. But these questions will not 

be dealt with here. 

4. RARF: EARTH CKALCOGEWDES - HIGH PPSSSURF X-RAY 
STUDIES 

Rare-earth chalcogenides are metallic or semi- 
conducting depending on whether the rare earth ion is 
in the trivalent or the divalent statez4. Most semi- 
conducting rare earth chalcogenides exhibit pressure 
induced semiconductor-metal transition. SmSe and SmTe 25 

which crystallise, as most rare-earth chalcogenides do, 
in the NaCl structure, undergo a continuous semiconductor- 
metal transition in the 1 - 30 kbar-range vihile SrnS 2 b 

becomes conducting at 6.5 kbar. These transitions are 
due to the promotion of the 4f electrons to the 5d state 
which results in the conversion of the divalent ion to 
the trivalent state. Such a change should obviously be 
acconpanied by a large volume change. We have undertalcen 
the investigation of the pressure-volume relation of souie 
rare-earth chalcogenides near the semiconductor-metal 
transition. 

The pressure volume r i l a t i o n ~ ~ ~  for Sm'Pc lire :;ho~!r; 

in Fig.17. The pressure volume curve for ;jin'Lle is nno- 

malous in the range 20 to 60 kbar. The measurement of 
resistivity as a function of pressure indicates that in 
this pressure range the resistivity drops by four ord!ra 
of magnitude. The anomalously large volume change in 
this pressure range is due to the continuous conversion 
of Sm++ to Smf++,. The large discontinuity near 100 kbar 
is due to the structural transformation from NaCl 'to 
CsCl phase. 



,.. 7 Pressure-volume relation for some rare- 
errth chalcogenides. EuTe shows a normal p-v 
curve. Anomalously large volume changes in the 
case of SmSe, Sm!l'e and TmTe are due to electronic 
transition involving 4f-5d electron promotion 
A.K. Singh et a1 (ref. 27, 28, 29, 30) 

liquid 

Pig.18: Fusion curve of oaeeium 
(3ayaram.n et al. ref.34) 



SmSe, SmS, TmTe, EuTe, YbTe have a l l  been 
examined 28*29930. A l l  except EuTe exhibi t  anomalous 

volume changes; EuTeshows no indicat ion of any appre- 

ciable EU+' XU+++ co.nversion upto 150 kbar. 

The. nature of the pressure-volume curve can be 
explainea by introducing a pressure dependent 4f-5a 
energy gap E(P).  It can eas i ly  be shown that the 
volume change associated with RE++ REff+ conversion 
i u  niven by 

where A a = 2 ( r f + +  -r++) exp -(Eo - UP)/ Y' !:,hi?:!.? 

r+++ and r++ a r e  the ionic r a d i i  of the t r i v ~ i l c i ~ t  u c i  

d ivalent  r a r e e a r t h  ions,  a i s  the i a t t i c e  pare,lll;ter n t  
0 

atmospheric pressure, a i s  the r a t e  a t  which the ei lerg< 

gap closes with pressure and Eo is  the energy gap a t  
atmospheric pressure. The value of Eo and a a re  
avai lable  i n  a few cases from opt ica l  The 
a c t u a l  pressure volume curve oan.be obtained by adding 
the normal compressibili ty term t o  eqn(1). The p-v 
curve thus obtained is i n  f a i r  agreement with experiuent. 

5 .  TIUIJSEOKT PliOPERTIES OP LIQUID C,2ESIUM hlElliiL 

Before present ing the mork done a t  3;nyfilor. is,; 

the two speciea model. of l i q u i d  caesium and the increase 
of i t s  r e s i s t i v i t y  with pressure due t o  resonant scat- 
t e r i n g  we s h a l l ' b r i e f l y  review the experiinental and 
theore t ica l  pos i t ion  i n  regard t o  t h i s  substance. 

(i) The phase diagram of ~ a e s i u m 3 ~ > 3 ~ :  

The melting curve of C s  (i.e. the melting tempera- 
t u re  TLI with pressure  is given i n  Fig.18 . A t  23 kbar 
the bcc s t ruc ture  transforms t o  the foc s tructure.  A t  

42.5 kbar there is a second t r ans i t i on  exhibiting a 



subs tant ia l  decrease i n  volume although the s t ruc ture  
continues t o  be fcc. This i s  a t t r ibu ted  t o  a phenomenon 

I* 
ca l led  electron collapse". The or ig ina l  suggestion. t ha t  
such a collapae s o i l d  take place i s  due t o  ~ e r m i ? ~ .  I n  

caesium the narrow and empty 5d band i s  above the  Eermi 
leve l .  With increase i n  pressure while the Fermi l eve l  
i s  raised,the 5d band i s  lowered due t o  o r b i t a l  overlap. 
A- t  42.5 kbar a l l  the 6e electrone i n  the conduction band 

arc  scat tered i n t o  the 5d band. Since 5d electrons are 
litore iGcillieed, there i s  a shrinkage i n  the atoijic volutnz. 
C.:xiuj i;i probably the  only other exanple i n  which electron 

36 e l  takes place . 
c11<z r;egative slopes following the two maxima i n  

tric i u s i u ~ l  curve imply t h a t  the density of the l iquid  i s  

higher than t h a t  of the  so l id  phase below. This i s  a 
d i r e c t  consequence of the Clausius-Clayperon equation 

(d'il/dP = A V/A S )  . The increase i n  density immediately 
a f t e r  the f i r s t  maximum may be explained a s  due t o  the 
packing of a t o m  'in the l i q u i d  being c loser  than the 

loosely packed bcc coordination in the sol id.  T h i s  

argument f a i l s  t o  explain. the increase i n  densi ty i n  the 
region a f t e r  the  second m a x i m  a s  the  so l id  phase below 
i p  i n  the .closest packed configuration. A simple aesump- 
I . L t i e  tirat e lectron collapse takes place $s~.iLen 

r .ntrr  
thekatonic dis tance equals t h a t  i n  the collapsed-fcc'  

phase in the so l id .  I f  t h i s  i s  taken a s  the empirical 

c r i t e r ion ,  it i s  obvious t h a t  in the l iquid ,  even a t  

very much lower pressures,  such a c r i t i c a l  distance would 
be favoured over shor t  ranges encompassing the first co- 
ordination she l l .  Thua i n  l iqu id  0s electron collapse 

could take place i n  these micro-regions. With increase 
of pressure the number of these micro-regions would 
increase, r a i s ing  the  concentration of the  collqpsed 
species.  



( i i )  ~ e 8 i a t i v i - t ~  v a r i a t i o n  of l i q u i d  c a e s i d 4 : .  

S ince  t h e  t r a n s p o r t  p r o p e r t i e s  a r e  expected t o  be 
s e n s i t i v e  t o  e l e c t r o n  c o l l a p s e ,  Jayaraman and his co- 
workersT4 measured t h e  r e s i s t i v i t y  of l i q u i d  C s  a s  a  

f u n c t i o n  of p ressure .  The experimental  curve i s  shown 
i n  Pig.19. Q u a l i t a t i v e l y  t h e ~ e  expcriloental r e s u l t s  

lerld suppor t  t o  t h e  two spec ies  However t h e r e  
a r e  many f e a t u r e s  of t h e  curve t h a t  r e q u i r e  d e t a i l e d  

s x ~ ~ l a n a t i o n .  These a r e  ( a )  t h e  shallovr r e s i s t i v i t y  
niniu~um a t  low p r e s s u r e s ,  ( b )  the  rap id  inc rease  i n  
rer , i : ; t ivi ty by a f a c t o r  of 4 i n  t h e  20 - 40 kbar  region 

aiid ( c )  t h e  f l a t t e n i n g  of t h e  curve a t  h igher  pressure:;. 

The i n v e s t i g a t i o n s  a t  Sangalore viere underza!;cn 
t o  understand t h e  mechanism of t h e  e l e c t r o n  co1l::pse in 

t h e  l i q u i d  s t a t e  and t o  e x p l a i n  t h e  main f e a t u r e s  of -the 

j' v e r s u s  P curve.  

( i i i )  v i r t u a l  bound s t a t e  and e l e c t r o n  collapse36: 

I f  t h e  two s p e c i e s  model of l i i u i d  C s  presented 
e a r l i e r  i s  b a s i o a l l g  c o r r e c t  one must enquire  vihetiizr 

t h a  l i f e t i m e  of t h e  c o l l a ~ s e d  atom i s  long: enough t o  

a l ' i e c t  t h e  p h y s i c a l  p roper t i e s .  \Ye give  a n  atomic viex:~ 
of tile e l e c t r o n  c o l l a p s e  i n  t h e  1.iquid s t a t e .  T"ig.20 
L,rtisi-iits t h e  p o t e n t i a l  energy diagram ~sc1:ematicaliy i o x  

both t h e  6 s  and t h e  5d e lec t rons .  An e l e c t r o n  possesz in r  0 

t h e  6 s  c h a r a c t e r  i s  ac ted  upon by t h e  a t t r a c t i v e  cbulomb 

p o t e n t i a l  Vb/b of  t h e  caesium ion. On t h e  o t h e r  hand, 
a s  the 5d e l e c t r o n  possesses  an  angular momentum 

( 1  = 2 )  it i s  a l s o  ac ted  upon by a  c e n t r i f u g a l  potential 
~ ( t + l ) /  ,t2- which i s  r e p u l s i v e  i n  charac te r  

and opposes t h e  coulomb i n t e r a c t i o n .  (The c e n t r i f u g a l  
term does n i t  e x i s t  f o r  t h e  s p h e r i c a l l y  symmetric 6 s  
s t a t e  a s  1 = 0 ) .  Thus, t h e  e l e c t r o n i n  t h e  5d s t a t e  can 
be considered t o  be a c t e d  upon by an e f f e c t i v e  po ten t i i l l  



Ve$$ = Vb + i c e r l )  i t =  . The important fea ture  

of the  Veff '8. r diagram (Fig.20) i s  the creat ion of 

a  b a r r i e r  of f i n i t e  height a t  a  pos i t ive  energy. I n  

t h i s  f igure ,  the energy s t a t e  of the  e lec t ron  i s  a lso  
shown. The 6s t o  5d electron collapse corresponds t o  
the tunnel ing of the p a r t i c l e  i n t o  the .potent ia1  well 
a s  vievred from the s ide corresponding t o  higher values 
of r. This r eau l t s  i n  the  formation of a  v i r t u a l  bound 
s t a t e  which ensures a  la rge  life-time f o r  the electron 
;n tile potent ia l  well. Since the electron corresponds 
-to ol~c of pos i t ive  energy, it w i l l  eventually tunnel 
out of t h i s  region. Thus there would be a  dynamic oon- 
version between the normal and the  collapsed species. 

( i v j  bsonance sca t t e r ing  and r e s i s t i v i t y  38: 

A l i qu id  metal unlike a  c rys t a l l i ne  one has only 
Jhort  range order. The sca t te r ing  of electrons near the 
Permi l eve l  by t h e  l i q u i d  s t ruc ture  gives r i s e  t o  the 
r e s i s t i v i t y .  T h i s  process i s  very much akin t o  the 
d i f f rac t ion  of X-rays o r  neutrons by a  l iquid .  The 
Ziman formula f o r  the  r e s i s t i v i t y  of a  l i q u i d  metal 
i s  given by 

~ l h e r e  S(x)  represents  the s t ruc ture  fac tor ,  V(x) , the 
form fac to r  o r  the  sca t t e r ing  f ac to r  and x = SinQ, where 
ZQ i s  the  sca t t e r ing  angle. T h i s  formula i s  f o r  a  one 
component system. 

Since the res i s tance  i s  due t o  the  l o s s  of momentum 
of the e lec t ron  i n  the  forward d i r ec t ion  it i s  c l ea r  t h a t  

s ca t t e r ing  through l a rge  angles (close t o  n) would con- 
t r i b u t e  most to  the  resistivity. The presence o f  the 



16 - Fig.19: Resistivity vs. 
pressure diagram of liquid 

caesium. Experimental curve 
14 jaya;aman et a1 . 
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Fig.20 (left): Potential enerD diagram for the EY and 5d 
states and the formation of the virtual bound state. 

Pig.21 (right) : Form factors VN(x) and V: (x) for Cs 
(ref. 38) 

Fig.22: Partial Structure 
factors ofqbinary system 

of normal and collapsed 

atoms of Cs (ref.36) 



The s t r u c t u r e  f a c t o r  S(x) desc r ibes  t h e  d i s t r i b u t i o n  
of t h e  d i f f r a c t e d  i n t e n s i t y  a s  a  func t ion  of t h e  sca t -  

t e r i n g  angle.  This- can be obta ined by s c a t t e r i n g  experi-  
ments w i t h  X-rays o r  neutrons.  h e  coula  a l s o  o b t a i n  it 
t h e o r e t i c a l l y  from a  knowledge of t h e  hard-sphere dia-  

m t t t , r  and t h e  packing f r a c t i o n .  This i s  dependen€ on 
-tile assumption t h a t  t h e  s h o r t  range o rde r  i n  a  l i q u i d  

i s  iizter!:lined mainly from ~ e o m e t r i c a l  packing con9idera- 
-9 t i o ~ ~ t i '  . The s c a t t e r i n g  f a c t o r  V ( x )  can  be  eualuuted by 

v n ~ i s u u  acthods  l i k e  t h e  model p o t e n t i a l  o r  t h e  paeudo- 
40 c t  . i i - t : i J  .~i?thod . The b a s i c  p r i n c i p l e  underlying theoc 

iu.:u!ud:: i:; t h a t  t h e  s t rong  p o t e n t i a l  of t h e  i o n  cisn be 

~ . i i l l aoec  by a  weak poten.bia1 possess ing t h e  same scat -  

t e r i n g  p r o p e r t i e s  as t h a t  of t h e  o r i g i n a l  p o t e n t i a l .  
Vhc screened form f a c t o r  a s s o c i a t e d  w i t h  t h i s  weak 
p o t e n t i a l  i s  shown i n  Fig.21. 

I, t h e  case  of l i q u i d  C s  we have t o  consider  two 

:,;rcie:; of utonis ( i n  t h e  normal and t h e  co l l apsed  s t a t e s )  
%ii ti1 d i l ' f e ren t  hard-core d iameters .  The s t r u c t u r e  f a c t o r  
'l!;oiiid % a c r e f o r e  have t o  be modified t o  correspond t o  a  

4 1  ' o i r ~ q y  l i q u i d  The more cornp l i ca tedaspec t  of t h e  
i~L. . :~ , i~ ; .  i., -is compute t h e  d i f fe rence  i n  t h e   for^? factii.;  

uetv~een t h e  normal and t h e  co l l apsed  species .  The l a t t e r  

a r e  c h a r a c t e r i s e d  by a  l a r g e  s c a t t e r i n g  f a c t o r  which owes 

i t s  o r i g i n  t o  the  long  l i f e - t ime  of t h e  e l e c t r o n  i n  t h e  

v i r t u a l  bound s t a t e .  The s c a t t e r i n g  of e l e c t r o n s  by t h e  
normal s p e c i e s  can  be descr ibed by a  p o t e n t i a l  form 
f a c t o r  VN(X) .' %U()  while i n  the  case  of  the  col lapsed 
spec lcs  t h e  d  wave component of t h e  s c a t t e r i n g  amplitude 
goes through resonance. The s c a t t e r i n g  f a c t o r  f o r  t h e  
col lapsed s p e c i e s  t a k e s  t h e  form 



The n o t a t i o n s  a r e  s i n i i l a r  t o  those  used i n  t h e  ar,omalous 
s c a t t e r i n g  of X-rays o r  neutrons  42. The resonant compo- 

/ r, 
n e n t s  Vd and V can be c a l c u l a t e d  by t h e  p a r t i a l  wave 

/I 
a n a l y s i s  r n e t h ~ d d ~ ~ .  The v a r i a t i o n  Vd (x) with  x i s  e iven 
i n  Fig.21. The important  f e a t u r e  of this cur re  i s  t h e  
sudden d i p  i n  t h e  reg ion  corresponding t o  back s c a t t e r i n g  

on t h e  Permi s u r f a c e ,  vihich viould con t r ibu te  considerably 
t o  r e s i s t i v i t 2 ~ .  The formula f o r  r e s i s t i v i . t g  apprpr ia te  

44 t o  t h e  two s p e c i e s  systecl t akes  t h e  forrn 
1 .- 

C fi u- 
" 0  

2 
where = C S (xJ V (x) V;x)  + (I -c)  S Cx) yv(xl 

RR R NN 

Here C i s  t h e  concen t ra t ion  of t h e  co l l apse6  o r  resonant 
s p e c i e s  (R). N i s  t h e  s u b s c r i p t  used f o r  t h e  normal 
s p e c i e s .  StnT(x), S X H ( x ) .  and Sm(x) a r e  t h e  p a r t i a l  
s t r u c t u r e  f a c t o r s  of t h e  system. The p a r t i a l  s t r u c t u r e  

f a c t o r s  were eva lua ted  usinE t h e  Percus-Yevick theo ry  
1 09 binary  l i q u i d  mixture$ and these  a r e  given i n  Fig.22 

Using t h e  form f a c t o r s  shown i n  Pig.21, and t h e  concen- 

t r a t i o n s  c a l c u l a t e d  f o r  a  thermodynamic analys is37 t h e  

r e s i s t i v i t y  can be evaluated.  

( v )  The v a r i a t i o n  of  r e s i s t a n c e  wi th  p ressure  i n  
l i q u i d  csSY: 

In c a l c u l a ~ i n g  t h e  r e s i s t i v i t y  a s  a  f u n c t i o n  of 
p r e s s u r e ,  one has t o  cons ide r  the  e f f e c t  of t h e  volume 



ch is computed 

by changing the appropriate parameters in the Percus- 
Yevick expressions) and (c) the form factors (mhich are 
assumed not to be affected in our simplified mo.de1). 

In the low pressure region, the concentration of 
ills collspncd species is so small that, for most pur- 
pofies the liquid can be considered to be a one component- 
s:~-tam. The magnitude of the isothermal ccmpresaibility 
aec~easen with increase of pressure so that the long wave- 
1eii:;th lia~it of the structure factor ~ ~ ~ ~ ( 0 )  decreases in 
&e<ic;rdai~cc with the compressibility formula!' Thus the 
.;i;i.trii;liLiou to the resistivity integral from the low x 
 on ca l l ed  the plasma resistance decreases with 
ii~i:2eaui- of presyure. G n  the other hand, the increase 
in the magnitude of % causes the upper limit of inte- 
r;rnticn to sample regions of higher values of SIQT(x) so 
that the contribution due to structural resistance 
incrxasos. The skllow minimum in the resistivity is 
ciue to the slight preponderance of the former over the 
12-cser effect. As the pressure is further increased, 
A. ,~ 
I prcselice of the collapsed species cannot be ignored 
in vie?., af their si,gifican-k contribution to the resisti- 

~ 

i : .  The rtcep variation in the 20-40 ?;oar 
re~ion is due to the rapid increase in the concentration 
of the collapsed species. The tendency lor saturation 
in the resistivity above 45 kbar can be understood if 
one assumes that the process of electron collapse is 
nearly complete. F.ig.19 presents the experixental curve 
and the theoreticallycalculated curves for two values 
Ed-X=O (corresponding to the case of exact resonance) and 
Ed-E= r / 2  where i . represents the rridth of the d-mave 
resonance. It can be seen that both these curves have 



t h e  same g e n e r a l  f e a t u r e s  a s  that of t h e  experimental  

curve  g i v i n g  suppor t  t o  the  b a s i c  c o r r e c t n e s s  o f - t h e  

t b o r y .  
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