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‘SOME HIGH PRESSURE STUDIES IN MRTALS AND ALLOYS

- 3. Bamaspeshan
Materials Science Divieion
National Aeronautical Laboratory

Bangalore-17 :

ABSTRACH

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 facilities set up, (b)
the determination of the unifiled magnetic
phase diagram of chromium and its dilute
alloys, (e) the semiconductor to metal
transition of rare-earth chalcogenides and
{d) the studies on the electron collapse
in Iigwlid caesium.

1. TINTRODUCTION -

At the Materials Science Division of the Kational
Aeronsutical Laboratory we have a group working on the
properties of materials at very high pressures. ‘The pro-
jeet got impetus when we invited A. Jayaraman of the Bell
Telephone lLaboratories to spend some time with us. The
actiual work on the setiing up of the 1000 ton press was

. commenced in March 1971 under his guidance and +the entire
Iabrication was done in the workshops of our laboratory.
Bxtensive facilities for high pressure X—réy research have
also been bullt. A.dayaraman left in September 1971 afSer
erecting the press, inifiating us into many problems and
obtaining for us many materials for research.

In this paper I hope to mention'hriefly the equip-
ment that have been construected snd review the investi-~
gations done in our laboratory, on problems relating to
the metallic sb¥abe. These are: (a) the determination of
the unified magnetic phase diagram of chromium and ite
dilute alloys. (b} the study of the electronic transfor—
mation of rare-earth chalcogenides and (¢} the theoretical
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Fig.l (top): The 1000 ton press at NAL.

Pig.2 Details of the parts, The maxirmum hydraulic
pressure is 30,000 psi. The connecting stainless steel
plumbing can withstand 60,000 psi. EN 24/4340 steel
is used for the eilinders, ramg, tie rods and plastens.
The piston and cylinder of the preasure chamber are
made of tungsten carbilde.
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interpretation of the strange behaviour of liquid caesium
under pressure. Im easch cage before presenting our results
I hope to0 give the experimental and theorstical position
in these féscinating fields.

Besides A, Jayaraman mapny scilentists of our labora-
tory have been actively engaged in these problems. Mention
must be made of R.V. Hamani and N.Narayana Iyer {(instru-
mentation), A.K. Singh and A. Chatterjee {(¥-ray studies
on rare—-earth chalcogenides), Rajaram Mityananda and A.s5.
Reshawwala {the magnetic phases of Cr and i1ts alloys) and
T.%. Ramesh {properties of liquid caesium). In the pre-—
paration of this paper each one of them has contributed a
great deal. [They have also kindly permitted me to refer
to many of thelr unpublished results.

2. INSTRUMENTATION AND TECHNIQUES
(i) 1000 ton Preass:

Very high pressures are generated by the advance
of a 1 inéh or % inch dismeter piston into a cylinder both
made of iungsten carbide (WC). The piston assembly is
advanced by a 1000 ton master-ram. Since tungsten carbige
is strong in compression {40 to 60 kbar) and wesk in ten-
sion or shear, precautions have to be taken to see that the
material is always under compression.

The WC core {witk the cylindrieal hole)is fitted
into binding rings of hardened steel. It is also c¢lamped
axially by a 750 ton eand-load ram. The purpose of the
binding rings and the end load ie %o provide support for
the core. If the core is not inside the binding ring,
when the high pressure is generated within the cylindex
& compreagive redial stress and a tenslle hoop streas are
created which cause a shear along which the carbide may
fail. Witk the binding ring both become compressive so
that the shear in the xy plane perpendicular to the ram
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Pig.3 (left): Details of the teflon cell.

STAIMLERS STEEL  ——. i
ARG

P SRR

LEADS
... TOP END

POLYSTYRENE-| . LOADING PLATE
Ny P -PRESSUHE CHAMBER
e [ LA
VIR E I
N 'gigi
FIRE o R
. .: ¥ Sa =,
B - 1 N
“WlD HARD  TEFLOH Y\ CPYROBEYLLITE
STEEL STEEL U P Y ;f“h

¥

ALUFDUW G
CEI4ENT = -13  THENMOCOULE

v
o- T
FLLID - A5 =

TERLO - R i

Yhe arrangement

for 4 probe resistlvity measurement (ref.? and 3)

Fig.4 (righ?): The teflon cell positioned in the pressure
chamber giving details of the binding ring, WG piston and

cylinder.

fin v}

Py

F

i
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movémen{:zis minimised. However if there is no atress
glong the z axis there would again be.a shear in the
vertical plane which the end load ram counteracts by
providing a compressive streas. 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
made {WC) much beyond its normal operaticnal capabillity.
1% is interesting that both the prireiples of the binding
ring and end loading are to be found in Bridgeman’s workl.
Pig.l shows the press and the control panel that were
fabricated in our laboratory and Fig.2 is a line dliugraw
detailing the different parts of the press.

{ii) Teflorn cell technique for hydrostatic pressures:

Before 1967 one could atiain hydrostatiec pressures
upto 30 kbar in the experimental chamber. The main diffi-
culties in making measurementis under hydroststic conditions
are the sealing of the liquid pressure medium and the
introduction of electrlcal leads inte the pressure chamber.
A. Jayaraman et al made an important advance when they

developed the " teflon cell" technique which extended the
roange of hydrostatic pressure studies to 50 kbar. This
‘enmbled thelr group to study many new solid state pheno~
dvaa at high hydrostatle pressures. A speelally desizmed
teflon cell {Fig.3) containing a liquid pressure medium is
placed in the high pressure chamber where it is compréssed
by the adﬁancing piston. Fig.4 shows the assembled cell in
the pressure chamber. The electrical commections are drawn
out through the cap of the cell and under pressure the
gysten seals itself by the flow-of teflon. The leads in
thedgeramlc +tube are gripped by pyrophyllite and stainless
steelkand this prevents their extrusion. 6 leads are taken
out from the experimental chamber whiech makes four probe
resistivity measurements and témperatures recording
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éimultaneously possible. Origirally the cell was sxter-
-nally heated by passing a large A.C.current through a
graphite gleeve. R.G. Maine53 introduced the internal
heating sveten (See Fig.3) which has the advantage of
eliminafing interference from the A.C, in the measuring
circuits and extending the temperature range to 35GOG.

All the measurcments made at Bangalore at hydro-
static pressures use the teflon cell techniguc. The
liguié pressure media are 1go amyl alcohol (-5000 to
150%¢), n pentane (-120°C to 120%¢) &nd silicone oil
(upto 350°C). Low temperatures down %o -120°C are
attained by pouring liquid nitrogen over the pressure
plate (Fiz.4). ' '

(1ii) High pressure L~ray diffraetion instrumentation:

High pressure X-ray cameras are the most convenient
instruments for studying structursasl changes as well as the
pressure~volume reiation upto 300 kbar4’5. " Structural
changes dccurring/at high pressures can easily be detected
by the appearance of new sets of lines in the diffraction
pattern. Since most high pressure cameras give Deﬁye;
Scherrer powder patterns, gimple structures can easily be
identified. The determination of complex phases is made
more difficult because theﬁaccuracy in the d~spacings
determined in high pressure cameras is poor. “his is becnuse
MoK radiation is invariably used to minimise absorpiion by
the pressure vessel so that only low angle reflexions are
recorded. In spite of these difficulties extremely

. interesting resulis on pressure induced phase transitions

and in pressure-volume relations have been obtained. Recently
gsingle crystal high pressure X-ray cameras6 have heen
developed but the preasure range is limited to 30 kbar.

- (a) Diamond anvil cameras: The hardness and the
atrength of diamond as alsc its low X~ray absorption, make




1t the best substance for mak;ng high pressure ¥~=ray

camerasT’

We have constructed a diamond anvil camera

" based on the design of Basgseti et alg. The basic features
are schematically shown in Pig.5. The sample is placed
betweeﬁ two diamond faces and pressure is applied by
tightening the nut N. The collimator C permits a narrow
beam {(100g or 50p)‘to pass through the diamond anvils and
thoe specimen. The diffracted beam (20 < 45%) escapes
thirough a small s1it in the diamond holder H and sitrikes
the photographic film. The statiornary diamond face is’

2 am in diameter while that on the collimator side is
smaller and about 0.3 te 0.5 mm across. With this we
have been able to reach preasures upto 50C kbar. The
prezaure attainable and the life of the diamond awnvile
depend very much on the parallelism of the two face

whieh for optimum performance have to be aligned ODtlLalljJ.

(b) Tungsten earbide anvil cameras: Unlike in a

diamond camera the X-ray beam hdas Lo pass perpendicular
to the pressure axis in a tungsten carbide anvil cauers
because of the high absorption of WC to X-rays. DBased on
the designs of McWhan and Bond10 and of Lawson and Jamiesonl1
we bave constructed (Fig.6) a tungsten carbide anvil cameral?
The sample is inserted in a small hole (7 mils} drilled iu

swnil boren-—epoxy (3:1) disc.- "he boron disc is placed
between two tungsten carbide pistons and the pressure is
applied with a 5-ton hydraulic ram. The specially designed
film cassette is shown in Fig.6b. The quality of the dif-
fraction pattern is in general poor due to the background
produced by the scattering from the borom disc. The use of
filtered or crystal monochromated radiation improves the
background but increases the exposure time considerably.

(c) Precieion_lattiée parameter meagurement:
A cylindrical or a flat film cassette is normally used
.with the high pressure cameras. However, the uncertainty




Fig,6(a) left:: Tungsten carblde anvil camera. The S-tor
hydraulic ram, the tie rods, the WC pistons, collinutor
and the track for the casgseite are seen.

Fig.6{b)} right: The special sector cassette which can be
8lided in and removed without disturbing the press ete.
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Fig.7 {a) The commensurate (C), incommensurate (I) and
spin flip {5P) antiferromagnetic structuras for a bee
lattice, )

(b) One nuclear reciprocal lattice point and the

assocliated points of magnetic origin shown in projection
for the ¢, I and SF :

(¢} The neutron diffractlion peaks of magnetic origin

observed in a pingle{multidomain)crystal rotation patiern
for C, I and SPF. ‘ :
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* in the sample-to-film distance and the absorption of the
radiation in the sample introduce errors in the d-
spacings. These errors are appreciable since only low
angle lines are recorded in these cameras. These errors
¢an be eliminated by recording the Biffrasction patterns,
firat on flat film and then giving 8 second exposure
after displacing the f1lm through an accurately known
gigtance ¥. The diffrsetion angle 20 can be calculated
Trowm s simple relation

d,-d .-
ten 26 = T+ 2 o rE
2(X;-%.) 2%

N and d2 are the ring diametgrs of a particular
Jine for sample-to-film distances Xl and X2 reapectively.
fa wiow of long exposures reguired in high pressure cameras
this is not very practicable. A film cassette has been
canstructedl3 which permits the simultaneous recording of
‘the X~ray diffraction paitterng on two flat films aepérated
by an accurately known distance X. The prineiple is shown
in Fig.5. 2wo films are placed in {andem. Since MoK
radiation 1s 10t absorbed much by X-rsy films, two good
pabbezng are recorded simultaneously on the films F, and
Foe & typical patiern obtained with the two-film cassett.
T al.. la Fig.5b. ODhis arrangement is now routinely
used in our investigations and the higher accuracy is
expected to be valuable in the p—v relation as also in
ildentifying complex structures.

el d

(d4) Pressure estimation: The pressure on the
sample is commonly estimatéd by mixing with the sample
some substance of known compressibility. Obviously the
pressure marker should glve a simple diffraction pattern
and should hﬂm? high compressibility and the pressure
volume relatlonkknawn accurately. HaCl is commonly used
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as a pressure marker. I% has a high compressibility and
its p=v relation is known accurate1y14. Other substances
such as silver are commonly used in high pressure ranges
{ =~ 100 kbar) in diamond anvil cameras. The accuracy of
volume obtained is 0.6 percent while that of pressure is
only 5 percent. )

%, MAGNETIC PHASES OF CHROWIUM AND ITS ALLOYS

Some rather novel methods of establisphing ihe
phage dimgrams of the antiferrémagnetic phases'of chromium
and 1ts alloys have been undertaken in our laboratory;
Bafore reporting these 1t seems relevant fo review very
triefly the present state of knowledge in this ficld.

(i) Magnetic properties of pure dhromiumls’lS.

Pure Cr is antiferromagnetic at room temperature
and its Negl temperature TH at atmospheric pressure is
311°K.above which it is paramagnetic (F). ke magnetic
structure is Incommensurate antiferromagnetic. Tig. Ta
shows the case when a bee lattice mhdeb is commensurate
antiferromagnetic (C), where all the atoms at the cube
vertices have ldentical. up magnétic momenta, while those
at the body centrea have equal down moments. Iagnetic
neutron diffraction studies give typical values of 0.5
bolr magneton per atom along the {100) and the equivalent
cubic directions. Pure Cr does not exhibit the commen-
surate phase, This phase occurs, however, in many of the
alloys of ohromium™’. he incommensurate phase (1) of
chromium differs from the commensurate {€) in that the
moments in both the sub-lattices are modulated with a
periodiclity of n lattice -gpacings where n need not be
integral. Purther n is a function of temperature. Fig.7a
illustrates a case where n=8 whereas in chromium n is
close to 20. Below 120°K in pure Cr at atmoaspheric pres—
sure the polarisation changes from iransverse to
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longitudinal ané this is called the spin flip (SF)

transition.

These phases may be described in terms of the reci-
procal lattice through which one may viswalise the neutron
diffraction patterns. The nuclear reflexions and the
panetic reflexions of ‘the commensurate phase form two
separate fec lattices. When Dboth the nuclear and magnetic
veflexions are considered the reciprocal latiice is simple
cubic, For the incommensurate phase one alsc has a reci-
crocal lattice vector of 2u/na so that a large number of
waignetic reflexions can,'in theory, oceur between the
uclenr reflexions. In practice however, the magnetic
coflexions cecur only at (2n/a) (1 + 1/n) which would
sorrispond to the splitting of the magnetic reflexion of
the commensurate phase into two. 2he crystal, in reality,
consists of three types of domaina with the sinusoidsl
modulation along the (100), (010) and (001) directions.
#ig.7b presents projections in reciprocal space of a
single nuclear reflexion and the assoclated magnetic
reflexions. TFig.T7c gives the magnetic reflexions {observed
with a multidomain crystal) associated with one nucleax
cefloxion. Tpe commensurate phase (C) glves one magnetic
veflexion while I gives five and SF three. ’

{(ii) Hagnetic properties of Cr alloyslT:

If pure Cr is alloyed with elements like V, Eb
or Ta with electron to atom ratio (e/a) less than 6 the
eel temperature Iy ie depressed and the magnetic moment u
decreases. -When (e/a) = 6 for the additives {Mo, W)
Tﬁ and p behave in a similer manner. In both the cases
alloy / (TN)Cr
- The addition of elements with e/a > & (viz. kn,
Ru, fe, Te) raises Ty - When the nett {e/a) of the alloy
iz less than 6.005 one observes the incommensurate phase I
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Fig.8 (left): A schematic phase diagram shdwing the
vbserved magnetic phases of Cr alloys as temperature
{1) and electron to atom ratio (e/aX are varied.

#ig.11 (rizht): ‘“he effect of pressure on Ty and
1;o for an alloy with e/a = 6,01 (Schematic)

Fig.9. A phage diagram showing
the observed magnetic structures
of Gr-TFe alloys as tempersiure
(T) and the percentage of Fe are
varied. Schématic after
Ishikwyg et al{ref.18)

3T T
Pig.10 {(left): The resistivity of pure Cr as a
function of temperature (Schematic)

Pig.12 (right): The resistivity of Cr 3 percent Fe
as a funcition of temperature (Schematic)
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- ag in pﬁre-Cr‘(Fig.B). For a slightly higher concentration
TN shoots up and thelcommensuréte phase appears at higher
temperatures., This is illustrated schematically in Fig.8.
Phe ordering sequence when an alloy of {e/a) = 6.01 1isg
cooled (doLted line in Pig.8) would be P-C-I. When (e/z)

increases to 6.02 (say) the field of the C phase widens
and the 1 phase disappears.

(i1i) imgnetie propertics of Cr-Fe alloysls’lg: -

These alloys behave in a manner very different from
the Cr-im alloys althouzh both Fe and RBu have (e/a) =
o Fe  less than 2 per cent TN decreases wheresas the
Lowuetic woment inereases. The alloys are incommensurate
in she wiiole temperature range. When the iyon content is
between 2 percent and 3 percent, TH continues to decrease
and on cooling (dotted line) the order of phases is P-I-C
in contrast to P - ¢ - I in Cr-Ru alloys. When the iron
content is greater than § percent the P - C transition is
only seen. All these effects are schematically shown in
Flg’;.() .

(i) rlansport properties and the pressure effects on
Cr and its alloys.20

----- - - A% the Weel temperature pure Cr exhibits a resisti-
Vidy waomnly as shown schematicslly in Fig.l0 and the
anomaly is approximafely 1 to 2 percent. Since resistivity
can be measured under high pressure, 1t can be used as-a
probe to follow TN as a function of pressure. It is found
that T decreases with préssure and under certain circum-
stances, the antiferromagnetism is even suppressed
completely 2l fn an alloy like Cr 1 percent Mn or Cr 0. QA
Ru at atmospherie pressure two transitions P -~ ¢ and ¢ - I
have been observed by neutron diffraction (Fig.l1l).
Renlstivity measurement reveal only the P - C transition.
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Unfortunately the I - C transition does not exhibit iteelf
as a resistivityolenge. In these alloys TH first falls
rapidly with pressure. A% a particular yalue of F there -
is a sudden break in the slope d I,/dP after which the

rate of fall of Ty 1s very much slower (Fig.11l). This
slope corresponds to that seen in pure Cr. In fact it

ig found that the slope QTN/dP can be used ap an effective
criterion to decide whether a P - C or a P - I transition
is being observed, the iatter having a very much smaller
slope. '

. Reverting back to Fig.ll, if one interprets the
bresk in the slope as a triple point then there are -two
known points on the I =~ € line, the other being the one
at P=0 obtained from neutron scattering. She line joining
these two points gives an approximate phase boundary. (he
siope of this line is confirmed by Thermal expansion
experinents at higher preasureszz. The basic phsse dia-
gram shown schematically in Pig.ll is well substantiated
even though neutron scattering experiments under pressure
have not been done. It is most interesting to compare the
T veP phase disgram (Fig.ll) with that of T against e/a
(Fig.S) obtained from neutron scattering. One sees that
these two diagrams are roughly mirror images of Each other.
Phere appears to be an empirical correspondence betwesn g/
inecrease and presgure decrease or vice verga. An sddition
of 1 percent kn or % percent Ru to Cx increases the (e/a)
ratioc by 0.01. and the effeet of this can be off-set by
approximately 6 kbar pressure.

(v) Besistivity of Crqu.alioy522:

. Again Cr-Fe alloys behave very differently from
the other alloys. The typical schematic curve of‘f va T
is shown in Fig.l2 and this may be cowmpareé with the curve

for the other Cr alloys (Fig.l10).: The following are the
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salient features of the resistivity curve for Cr 3 percent
Ye: {n) It shows a minimum corresponding the value of TU
5s obtained from neutrons scattering. (b) On further
coolins a sharp rise in the registivity is observed and
this temperature agrees with Lrge (e} both TH and TIC
a1l with pressure (Fig.13) and (d) the sharp ancmaly .
alsappears above Z.5 kbar, Yhe phase diagram is shaown
schematically in Pig.l%.

(vi) General unified phase diagram ¢f Cyr and the eerct
¢t alloying with 1ron2j

From the briei review many guestions may be raised
concerning the Cr-Fe alloys. (a) %hy is the ordering
sequence on cooling P = I - 0 annot P = C - 1 as in
Cr-Ru altioys? (b) Why do not the Cr-Fe alloys exhibit
a triple point between P, C and I?

Rajaram Nityananda, A.S. Reshamvala and A.
Jayaraman23 found from extrapclating the boundaries

0f Cr 3% Fe (PFiz.13) that there is a triple point

at about -2 kbar. They deduced that the addition
of % percent Ru or 1 percent Mn would be equivalent

to a negative pressure and would make this triple

: observable. Pressure experiments onm Cr 39,
Pe. 0. 57Bu and Cr 3°/ Fe 1°/, ln strikingly confirmed
their expectation.

. The resistivity curves at various pressures for
the first alloy are shown in Pig.l4. It can be éeen
from the atmospheric pressure curve that the resistive
anomaly has been considerably rounded off and the Neel
temperature raised by 100° from the value for Cr 3 per-
cent Fe. A4Application of pressure lowers TN and the slope
suggests that we are seeing the P - € transition.
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Fig,13 (left): The effect of pressure on Ty and
Tio for Cr 3 percent Pe (Schematic)

Fig.14 (right): The resistivity temperature curves for
Cr 3 percent Fe % percent gu at various pressures
(Rajaram Nityananda et al?

BFig,15: The effect of pressure
on TN and TIG for Cr 3 percent
-Pe ¥ percent Ru (ref.23)

Plg.16: The unified phase diagrem
for Cr alloys showing the effect
of ¥Fe gddition on the I - ¢
‘boundary
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Between 8 and 12 kbar pressure the resistivé‘anomaly is
v%ry steep, this being perhaps the first Cr alloy to
exhibit a sharpening of the resistive anomaly under preg-
sure, At 8 kbar there is break in the slope of the D,-P
curve indicating a triple point. The reduced slope above
this pressure corresponds to a P - I transition. IFurther
the location of the steep rise in resistivity gives the
temperature of the I - € fransition. Above 12 kbar the
resigtive snowraly again hgsakg rounds off. The results
dervived Ifrom these experiments are plotﬁéd zg a phaae
‘diapram in Fig 5.

Whe authors could unify the behaviour of Cr-Te
wlloys with that of the other alloys on a single phasze
dinzran which 1s shown schematically in Fig.lo.

- The full lines represent the phase diagram of pure
chromium. In the positive pressure region one observes
only the P snd I phases. The effect of V, ¥b, va (e/a<
&) can be represented by displacing the zero pressure
axis $o the right (lowering TN). \The effect of alloying
with element RBu, Mn, Re,Te {e/a)» 6) can be represented
by displacing the Zero pressure axis to the left. 4his
ralges Ty and introduces the commensuréte phase at highex
temperatures making the triple point observable.

On this phase diagram we represent thé effect of
the addition of iron as a rotation of the I - € boundary.
Below a critical concentration of iron we would still
obaerve only the P and I phases. For Cr 3 percent Fe zlloy
‘the phazse boundary would have reached the position shown
in the positlve pressure reglon accounting for the P -
I - C sequence.

Whis work has many interesting implications with
regard to the transport properties and the entropy of the
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I and O phases as influenced by the local moment Encwn to
exist on the iron‘atomEB. But these questions will not

be deslt with here.

4. RARE BARTH CEHALCOGENIDES - HIGH PRESSURE X-RAY
STUDIES

Rare—earth chaleogenides aye metellic or semi-
condueting depending on whether the rare earth ion is
in the trivalent or the divalent stategé. Mpast semi-
conducting rare earth chalcogenides exhibit pressure
induced semiconductor—ﬁetal transition. SmSe and SmTe25
which cryetballise, as most rare-earth chalcogenides do,
in the HaCl structure, undergo & continuous semiconducior-:
metal transition in the 1 - 3G kbar-range while S0
becomeg conducting at 6.5 kbar. These transitions are
due to the promotion of the 4f electrons to the 54 state
which results in the conversion of the divalent ion o
the-?rivalent state. Such a change should obviously be
accomxmpanied by a large volume change. We have undertaken
the investigation of the pressure-volume relation oif souwe

rare-earth chalcogenides near the semiconductor-metal
transition.

The pressure volune relati03527 for Hmfe are shovn
in Fig.17. The pressure volume curve for smle is ano-—
malous in the range 20 to 60 Xbar. The measurcment of
resistivity as a function of pressure indicates that in
this pressure range the resistivity drops by four orders
of magnitude. The anomalously large volume change in
this presaure range is due to the continuocus conversion
of Sm' " to Sm*** | Dhe large @iscontinuity near 100 kbar
1s due to the structural transformation from NaCl ‘to
CsCl phasge.
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Fig.1l7: Pressure-volume relation for some rare-—
earth chalcogenides. Eule showe a normal p—v
“eurve. Anomalously large volume changes in the
case of SmdSe, SmTe and TmPe are dues to electronic
transition involving 4f-5d4 electron promotion
A.X, SBingh et al (ref. 27, 28, 29, 30D)
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¥1g.18: Fusion curve of caeslum
{dayaraman et al. ref.34)
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meSe, g8mS, TmTe, EuTe, Yble have all bsen
examinea®3729>30 197 except Eule exnibit anomalous
volume changess BEuTe shows no indication of any appre-
ciable Eu'™ BuTYY conversion upto 150 kbhar.

The nature of the pressure-volume curve can be
e¥xplained by intréducing & pressure dependent 4f-54
energy gap B(P}. It can easily be shown that the
volume change aszacciated with REYY  pETtT

converalon
is given by
( z;vyvo)el = (1 + g;a/ho)a—l {2
where A a = 2(c7" wrtty exp  —(Bo - aB)/ kT where
" and rt*+  are the ionic radii of the trivalont uad

divalent rare earth ions,‘ao is the lattice paramcier at
atmospheric pressure, e is the rate at which the encrgy
gap closes with pressure and Eo is the energy gap at
atmospheric pressure. The value of Eo and « are
available in a few cases from optical studies 1172, The
atlual, pressure volunme curve can be obtained by adding
the normal compressibhility +erm to eqn{l). The p—v .
curve thus obtained is in fair agreement with experiment.

5. THANSFORT PROPERTIES OF LIQUID CAESIUM METAL

Before presenting the work done at Bangalor. on
the two species model of liguid caesium and the increase
of its resistivity with pressure due o resonant scat-
tering we shall briefly review the experimental and
theoretical position in regard to this substance.

(i) The phase diagram of Caesium’ 0234,

The melting curve of Cs {i.e. the melting tempera-—
ture T, with pressure P}is given in Fig.18 . it 23 kbar
the bee structure transforms to the fee structure, At
42.5 kbar there is a second transition exhibiting a
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substanfial decrease in wvolume although the structure
continues to be fee. Thig is attributed to a phenomenon
¢alled " electron collapse". The original suggestion that
giich a collapse eould take place is due to Fermi35s In

- cgesium the narrow and empty 54 band is above the Fermi
level., With inerease in pressure while the Fermi level
is raised,the 5d band is lowered due to orbital overlap.
At 42.5 kbar all the 6s electrong Iin the conduction band
are scuttered into the 54 band. 3inece 5d electrons are
more iocalised, there is a shrinkage in the atomic volune.
Coriun is probably the only other example in which electroﬂ
collapse takes place

the negative slopes feollowing the two maxima in

trie fusion curve imply that the density of therliquid is
higher than that of the solid phase below. This is a
direct consequence of the Clausius-Clayperon egquation
{(dt/dP = AV/a8). The increase in density immediately
aiter the first maximum may be ex@lained as due to the
packing of atoms in the liquid belng closer than the
loosely packed bece coordination in the solid. This
argument fails to explain- the increase in density in the
region after the second maximum as the solid phase below
_iu in the closest packed configuration. A simple asswnp-

on Y e wade that electron collapse takes place when
theLatom¢c distance equals that in the collapsed .foc’
phase in the so0lid. If this is taken as the empirical
eriterion, 1t is obvious that in +the liquid, even at
very much lower pregsures, such a critical distance would
be favoured over short ranges encompassing the first co-
ordination shell., Thus in 3iquid €8s electron collapse
could take place in these micro-regions. With increase
of pressure the number of these micro-regions would

inereane, raising the concentration of the collapsed
species.
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(ii) Resistivity variation of ligquid caesiwm t:.

Since the transport properties are expected to be
. gensitive to electron collapse, Jayaraman and hls co-
worker534 measured the resistivity of liquid Cs as a

. function of pressure. The experimental curve is shown
in Pig.19. Qualitatively thege experimental resulis
lend support toc the two species‘model37e However there
are many'features of the curve that require degiailed
explanation. These are (a) the shallow resistivity
minivum at low pressures, (b) the rapid increase in
resistivity by & faetor of 4 in the 20 - 40 kbar region
and {¢) the flattening of the curve at higher pressures.

The inveatigationé at Bangalore were underiaken
- to understand the mechanism of the elsctron collapselin
the liguid state and to explain the main features of the
f versus P curve.

(iii) Virtual bound state and electron collapseBS:

If the two specles model of ii@uid Cs presented
earlier is basically correct one must enquire whether
the lifetime of the collapsed atom is long enocugh to
alfect the physical properties. We give an atomic view
or the elegtron collapse in the liguid state. Pig.20
poesents the potential energy diagram schematically roxv
both the 68 and the 5d electrons. An eleciron posses:zing
the 6s character is acted upon by the attractive coulomb
potential Vb/b of the caesium ion. On the other hand,
as the 5d electron possesses an angular momentum
(1 = 2} it is also acted upon by a centrifugal potential
term f-(e'*'i)/ +* which is repulsivé' in charactexr
and opposes the coulomb interaction. (The centrifugal
term does not exist for the spherically symmetric 6s
siate as 1 = 0). Thus, the electron in the 5d state can
be considered to be acted upon by an effective potentisl
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Vé_g.j_. = ‘V'b_"*f L) [ T* .

The important feature

" ‘of the Veff‘va{ r diagram (Fig.20) is the creation of

a barrier of finite height at a positive emergy. In
this figure, the energy state of the electiron is also
shown. The 63 to 54 electron collapse corresponds to
the tumneling of the particle into the potential well
as viewed from the side cofresponding to higher wvalues.
of r. fThis results in the formation of a virtual bound
state which ensures a largé life-time for the electron
in the potential well. Since the electron corresponds
to onc of positive emergy, it will eventually tunnsel
out of this region. Thus there would be a dynamic con—
version between the normal snd the collapsed species.

{iv) Resonance scattering and reéistivity38:

4 liquid metal unlike & crystalline one has only
ahort range order. The seattering of electrons near the

. Permi level by the liguid structure gives rise to the

resistivity. This process is very much akin to the
diffraction of X-rays or neutrons by a ligunid. The
Ziman formuls - for the resistivity of a liguid metal
ig glven by ' :

i

1
19 L . 2
T JS(x){vcx)} x> dx
€ h ‘UF ]

where 5(x) represents the structure factor, V(x) , the
form factor or the scattering factor and x = Sin®, where
26 is the scattering angle. fThis formula is for a one
component system.

Since the resistance is due to the loss of momentum
of the electron in the forward direction it is elear that
seattering through large angles (close t6 m) would con-
fribute most to the resistivity. The presence of the
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Fig.19: Resistivity vs.
pressure disgram of liguid
caeslun. Experimental curve
Jayafamaﬁ et a134.,
Theoretical Ramesh and

Ramaseshan38

QO -
0,074
loos;

Fig.20 (left): Potential eﬁergy diagram for the 63 and hd
gtates and the Formation of the virtual bound state.

¥ig.2l (right): Form factors VN(x) and Vé>(x) for COs
(ref. 38) :

30
Wi
Fig,.22: Partial Structure
factors ofzbinary system

of normal and collapsed
atoms of Cs {ref.38)
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B ?factor x3 in the 1ntegrand 15 an expression of this
':phyaical idea. '

The structure factor S5(x) describes the dlstrlbutlon
of the diffracted intensity as a function of the scat-
tering angle. This can be obtained by secattering experi-
ments with fL-rays or neutrons. Onpe could also ob%aln it
theoretically from s knowledge of the hard-sphere dia-
meter and the packing fractlion. This is dependent on
the asswaption that the short range order in a liquid
is determined mainly from geometrical packing consldera-
39 fhe scattering factor V(x) can be evaluated by
vacious methods like the model potential or the pseudo-~
06Goatial ﬁethod40. The basic prineiple underlying theoe
@methods is that the strong potential of the ion cun be

tiong

repiaced by & weak potential possessing the sawme scat-
tering properties as that of the original potential.
Lhe scresned form factor associagted with this weak
petentiasl 1is shown in Fig.21.

Iy the case of liguid Cs we have to consider two
speeies of atoms (in the normel and the collapsed states)
with dirferent hard-core diameters. The structure facior
wouwid therefore have to be modified to correspond o a

Dinary 1iquid4lw The more complicated aspect of the
2runderr 1o te compute the difference in the form factcors
between the normal and the collapsed species. The latier
are characterised by a large scattering factor which owes
ite origin to the long life-time of the electron in the
virtual bound state. ©The scattering of electrons by the
-normal species can be described by a potential form
factor Vy(X)= Vo(X) while in the case of the collapsed
speclos the d wave component of the scattering amplitude
goea through resonance. The scattering factor for ihe
collapsed specles takes the form
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. ) ‘
VE?_(K). = '\/o('XJ_ e \/(L(}:} + t VLL:':;()-

The notations are similar to those used in the aromalous
42

nents Vd and Vd can Be -ealculated by the partial wave
anglysis nethod®?,

scatterlng of X-rays or neutrons” The resonant compo-
The variation V (x) with % is gmiven
in Fig.2l. The important feature of this curve is the
sudden dip in the region corresponding to back scattering
on the Fermi surface, which would contribute considerably
to resistivity. The formula for resistivity apprpriate
to the two species system tzkes the form44 )

1
P8 L
Ff = E%Ii“"l Z X dx
&R 9 :
° 2
where 2 = C § (x} V ix) V'“(X) + {(-¢)Y 8 (%) V (xJ
. 24§ )V, 60 (V00 + V, 00)

Here C is the concentration of the collapsed or resonant
species (R)._ ¥ is the subscript used for the normal
species. SHH(x), SHR(x)_and SRR(x) are the partial
structure factors of the system. fhe partial structure:
fectors were evaluated using the Percus-Yevick theory

of binary ligquid mlxtureﬁ and these are given in Pig.22.
Using the form factors shown in Fig.2l, and the econcen—
trations calculated for a thermodynamic analys 15:37 the
registivity can be evaluated.

(v) The variation of resistance with pressure in
liguid 6538

In calculating thé registivity as a funetion of
pressure, one hzs o consider the effeect of the volume.



contractlon on: (a) the radius kF of the Perml sphere
(which is computed from the free electron formula),
“(b) the partisl strueture factors {which are obtained
by changing the approprlate parameters in the Percus-
Yevick expressions) and (c) the form factors (which are
assumed not to be affected in our simplified model).

In the low pressure region, the concentration of
thae sollapaoed apecies is so small that, for most pur-
poses the liguid ecan be considered $o be a one component
svitem. The magnitude of the isothermal compressibility
decreasen with increase of pressure so that the long wave-
length 1imit of the atruciure factOr_SNN(O)4fecreases in
sceurdance with the compressibility formula.” Thus the
coatribution $o the resistivity integral from the low x
repion called the plaspa resistance  decreases with
increage of pressure. On the other hand, the increase
in the magnitude of kF causes the upper Jimit Qf inte—
gration to sample regions of higher values of SHNfX) 80
that the contribution due to structural resistance
inereases. The shallow minimum in the resisgtivity is
due fto the silight prepondeiance of the former over the
iatter effect. As the pressure is further increased,
the presence of the coliapsed species cannot be ignored
in view of their significant contribution to the resisii-
‘ inisooul. The steep variation in the 20-40 Lbar
re;don is due to the rapid increase in the concentration
of the collapsed species, The tendency for saturatiocn
in the resistivity above 45 kbar ean be understood 1
one assumes that the proecess of electron collapse is
nearly complete. Fig.l9 presents the experimental curve
and the theoretically calculated curves for two values
E ~5=0 (co"respondirg 40 the case of exaot resonance) and

-E“ r/? where r‘ represents the width of the d-wave
resonance. It can be seen that both.these curves have
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the same general features as that of the experimental
curve giving suppert to the basie correctness of the
theory.
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