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ABSTRACT o RS

- .

PRESSUf,iE INDUCED SOLID-SOLID TRANSITIONS,\ oo

IN LOW ENERGY GAP SEMI-CONDUCTORS S o

¢ ' by ~ -

R . » L o
Lawrence J. Engel - :

.
. - > -
.

A stuly of pressure induced solid-solid polymorphie trans-~ |

. formaticns in mercury éhgléb@enides i's presented, ' .

Polymorphic t;a.nsitiens. fo;; the HgSe-Hg?‘e sys'tem were -mozii— o

'tex:ed by electrical resistance fechniques, since the transitions .
are accompanied by.a hysteresis effect and are charaeterized by a
\ﬂe?lanée in the resistivity of about five orders in magnitude, A " - " Co
linear dependence ‘upoi'z the transitipn pressures was discez_‘nible as |
‘the amount of selenium decreased 1n the alloys. - . . ‘

By mee,Suring the rates of transition during the up-stroke and

3 n-setroke cycles, the mechanism governing the velocity of the (reac- . -

tion was of the first—-order type and was characte*’ized 'by activation

The expermenta.l results indicate \that a mono-nucleonic rea.ction
init;,ated these transi‘ornations. The motion of .an interface, corre-“ ’
spondlng tb Bridgman s "suﬁace of séparation", was detected during -\, j,;'_
the . up-stroke and down—stroke transitions, Bn investlgation of - |

Bridgman's "zone of» inrié.i’ference" ', stablished,. by mea.ns of ‘an "inflec-*r\
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.by mercury chalcogenides under hydrostatic pressures, These trans-

r

o 30

+

INTRODUCTION

.

High pressure research hajs contributed to the determination
of some\ fundamental properties of semi—-conduotors, such as thei“
vand struc uf’}:e, their 'conductivibty, and their susceptibility.

o
The purpose of the presemt investigation was to examine

-u

the nature of the solid-solid polymorphic transformations exhibited

I3

L4

(

.

formations are accomprnied by a small change in volume (8 - 9%),

since the crystal structure is modified from the cubic~zincblend
sk

low pressure- polymorph {0 the hexagonal c:mnabar high presshre

polymoxrph. Thls crystal structure change is also accompanied by

a "modification of the electronic structure of the solid, which is

ve

charaoterized by a/:je51st1v1ty increase of about five o:rxlers in magni-

tude, This large change in resistivity is such that the transformstion -
‘-
can be studied with greater sensitlvity by electrical measurement tech-

«

niques than by volumetric measurement techniques. The characteristic

hysteresis effect experienced by the two crystals--mefcury selenide

(HgSe) and ' mercury telluride (HgTe)—-and’ detected by . esistivity -meas- :

_,. VU

urements by Blair and Smith ‘(1) and Kafalas, et al (2) was also observed i

for the alloys. Theé up-stroke and down—stroke transition pressures
were sufficiently reproducible for all the series of compounds so
. that the effect of the concentration of selenium (Se) in the elloys

L

on the transition pressures was discernible.
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" The nature of the polymorphic phase tra.nsitilon vas further

)

investigated in view ‘of establishing the existence of a “moving . ' o,
' > . L

ir‘xterface" which accon?panies bgth the'up-stroke and the down-stroke
transitions. 'Soon after the initia.tic;n of the‘high pressure phase,
such a_ barrier develops because of tk‘me inherent ';\uc&'eation. While
+his interface traver;%es the solid, the high lpressux"e‘phase grows‘, .
whereas the lo;q pressure phase diminishes during ‘;.he' up—:.stroke
tr‘ansition. A similar behaviour was observed after the initiation
of the low pressure phase in the case of th’e’down—stroke éra‘nsition.
In order to hetter understand the ?‘mechanism gover;:;g‘ these
polfmorp},xic transi’r;ions, volumes of activation were measured for |
the HgSe - HgTe system, and the effect of .the concentration of

5

selenium (Se) in the alloys was also observed,

« By following the solid-solid 'rate of transition, the possi- .
;nil'i.ty of the ‘exis.ten'c'é of & zero or very small rate of trar;si‘bién

within the hysteresis curve was investigated, This range of pres-. C e

sure at which the rate of reaction should be almost zero, " was

defined by Bridgman (3) as a "zone of indifference"., . | -

Chapter I of this papgft dealsewith the theoretical inter-
t ' .

-

pretation of the nature of /Solid-solid pressure induced phase
tréng»format,ions. Chapter II describes the experimental Itechniqugs ’

employed to obtain our results, Chapter III interprets our exper-’-f

v

Ve

imehta.l resplts, A final paxrt contains a conclusion and presents .,
\ . R

some recommendations,
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THEORETICAL INTERPRETATION

\ .

"

P, W. Briagman {4) reported that he was able to measure the

’velocit,y of polymorphic chang;as! in sofidé. ylfis research provided
- .

*the basis for a better understanding of the nature-of these tran-

o . N
I

sitions, and has helped in the determining of the mechanisms gov-
erning the solid-solid fransformation--be it kinetic, -thermodynamic,

or both, Lacam, et al (5) (6) have demonstrated that the kinetic

.

pheno;nenqn can be observed by taking resistivity measurements in

£

order to follow the rate of tramsition, ~ -

a

Bridgman (4) measured the rate of the phase transition by

 observing the raté at which the pressure changed at a gonstant

.

working volume of the high pressure ihstrument., By means of tran-
sition velocity or rate of reaction heasurements he yas able to.

detect, in many cases, a pfessure‘ region within which this rate of
R .

transition ‘became zero, even when both phases were in contact in

the crys’éal He called this pressure fegion the "zone of indif-

ference" (ZOI) Since his results were arrived at by volumetric .’

means, he was only able t> determine the range, or band of* pressure

where the Tate of réaction would basically stop, amd where both

-

phases-—the high pressure and the 10\{ pressure-- would be in eq,ui-- L

librium. The center of this band was the equ‘ilixbrium pressure.

’
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r | e ‘ , ' , .
%gi ’ reaction during polymorphic transitions, ‘Figure 2 illustrates how,

€ ’ . . o

- l by differentiating the clrves in Figure 1, he was able to determine

S hig 70Is., o~ T T

~:;“. ‘ \ - " Bridgman deflned the "“velocity" of ; tra}nsition as the ré-,‘
o sultlngbmcrease in speed of the transition caused by a change of

S, pressure away from}h@ibrium pressure. * He then stated' that

[N

’ } - - he fook the ’slope of the reaction velocity curve, ve;‘sus pressure
’ N ‘ ¢ . . .
(Fig. 2) as a measure of the speed of transition (L{,' ps 62), There-

@ ’ fore nis interpretation of *the "speed" ‘of the transition is essen- y
R - - v PV' -

. . » tially the acceleration of 't:.he transition, By obta:mmg accelera-—
' ¢

)

v
»

tion of reaction curves for both the up-stroke and the,down-stroke .

PR c, . -
» ~

‘ transitions, the location,of the ZOI could also be defined. * ,

; - Furthermore, Bridgman speculated that, as the formation of . ‘

] P
. . ’ »
. the higher or:lower phase begins; there gxists a "surface of sepa-

ration" which completely traverses the crystal as the reaction pro-

. g o .
gre’s;ses. He deduced t}\is phenoménoﬁ wfxile 'measuring’ the-?rapéition C.
velocity in silver nitrate, He attributed the hook :m' the veToeity RS
I N curve (4, p. 60) to the formatlon of’ the nuclei of the new phase. o "
‘ ,:' - ]\ s He stated that immediately after the format:.on of the nuclei, the . , f’ .

S rate of growth of the new phase was slower than it was after the

) N “ui

~ s

"surface of separatlon" or :mte:gfaca had been fully developed. He ' '
" went on to measure the ra,te at which this "surface of separation” ‘ “
moved away from the equillbrium pressure. o A

Bridgman's (3) (&) interpreta.tion of the ZoI is shown in .

‘.,Figure 3 in which the po’cerrblal energy of the lattice i 'plot’ﬁe'd co T t

‘v

agalnst a lattice parameter (i.e7 reaction co-ordinate) to indica‘te

B e ».:_..A_._ —

. . o
" 5 7 g
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the existence of bath polymorphs. Since the\crfétal has two possible .
stability arrengements, there will be two mini a, amd the Tovest
one will correspond to the‘absolute stable form.

Points A and B.in Figure 3 correspond to the existeﬁce'qf a _ ‘ N

low pressure and a high pressure. phase éespectively of the crystal !
MR { .

T W sl iy e e

.~ lattice at the equilibrium pressure R, . In this state, the poten~

. Similarly. by apulying a chanje of pressure 4P at a dP =, . TR

tial energy of both lattice structures are equal, since both phases ' :

are in equilibrium with each other anl are separrted by an energy ] ‘
- 3 . ., |

barrier whnse megnitude and nature will be discussed later nn,

Let the center of the berrier be denoted by r, being the equilibrium

reactidn co—oxﬂinaté.in Figure 3, Then, by applying a change of

pressure AP at a’dg = constant and at a AT = 0 (T=temp), the potential - .
‘ dt . dt | Co ‘ .

- ~ . N

energy of the system will change to the extent that, if the center
of the energy berrler is displaced by a magnitude greater than Ty ' §
when the internal energy of the system at A will be sufficient to |

pass over the bzrrier. the reaction yill go to completion. ‘That is,

the minimum of the potential energy at A will be above the one of~

B,,and the reaction will continue at the expense of the low: pressure’ s
‘ phase untllvthe high nressure phase is the only one existlng thin

the crystal structure. ' - - o ’ C, K :‘ . Qr‘fﬁ

<o i dt .L . » , s v, 'q‘:"‘.‘\"
constant and at a 4T = 0, thp potantial ene*gy of the syatem will
dt

1
’

change and- cEZuse the center of the ’ energy tarrier to he displaced

B . '
. x_L»0-|

—

K S
ey H

towaxd rl. Beyond~the limit rl hhe teacti?n rill go tq completibn.ﬁ ‘ft
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and the high pressure mipimum at B will now be above the one of

A, Therefore, there is a range of pressure?2AP where the potential
i

enexrgy of the, cr{stal will not be altered sufficiently, and where

the lattice parameter will lie between fl and Tt that is, the rate
- Vi
of * reaction could be considered as bei'ng zero, In this region

0

‘\where the rate of reaction would be zero lies the Z0I, One can’
also say that there exists a Ar for the crystal®structure, where’
the change in internsl energy is below the activatidn energy neces-

sary to cross the barrier, This AT is ﬁepe_ndent upon AP,

Theoretical crlculations of equilibrium pressures ‘for ionid

crystals have&even to be of some signif‘icance in this respect,

v

~Jacobs (7) aleculated equilibrium pressures empirically for pdly-

morphic transitions in metallic halides by using the relation -

'

o e

Pe o Bp(z) - B1(z): @
Vl - VZ .

e

N

-
~

wﬁere: the'suscripts 1 “a.nd 2 wrefer to the lower and hi'gher phases;'
”} o [}
E(x) refers to the lattice energies whlch are thermodynamic potentia.l
. i
expressions (with nearest-neighbours distance depemdence); Vi amd Vp

°

are the volumes of the respective phases,

A

[N

!

Now, let us cons,lder that- the behava.our of pol‘ymorphic tran-
sitions can be characterlzed by Figure ll-lr ,where the crystaj\la.ttice
energy is plotted against a lattice parameter (rea.ction co-ondinate)
which is pressure dependent. When the system is relaxed the crys-
tal's energy is located at Ey corresponding to I. As pressure is ',~'

increased, the. crystel lattice~-which is stible at I-= dequires -
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respect to its crystal lattice enexgy as a func’cion of a.*q
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internal energy in the form of dPiV, Further increase in bressure' e

brings about an increase in internal energy ard, as long as the excess o ‘

crystal lattice energy is less than the height of the barrier (Ep) ' : .

- . .
separating both stable forms of the crystal, the rcaction does an .y

proceed, and no transition occurs, However, at a "transition"

presgure, the crystal lattice epérgy is ‘sufficient to create a reor-

A

dering of its crystal structure which is characterized by ther atoms

at I crossihg the barrier and.moving toward the valley at II, This
. . q . __._'>

sudden reordering of the crystal structure cannot be interpreted

. .-

as an instantaneous reaction since the strain transfer i{‘the solid .

Ed

is sluggish: "that is, only thnse atoms with sufficient imternal

energy cross over the barrfer if pressure is maintained constant at Ky
the initial transition pressure. This energy barrier which must be ‘ o

crossed in/order thzet the s$able high pressureé crystal lattice exist,

xa

is analogous to the "activation energy" in the case of temperature

-

: " variation, and "activation volume" in the case of pressure variation Ca
\ ' Lo

as a driving force for the transformation,

-

The nature of the polymorphic transition i% illu £pated mbre _, ’. Tah

clearly'in Pigure 5:§Qere crystgl volumes for the low cessure
[state vy, transition s?éte (Vp), and high p%essuie state (V1)
o ) are plotted against pressure, If X is a re;ctiog velgcity constant
. E defined’ by Evans ané Polani (8) as existing between

S transition states; and if & and o' are factors suck

L ' , ( % - =')f expressésrthe change of energy exhibit by thg system °

. in passing from the initisl to the transifion statp) amd if £ is.a

N

L
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: . o N . ' s Lot
, dlogeK - & Aof (I,Z) . o
. . ; TE RoT T .
o, Aexpresses the na’c;ure of the transition, If f=T (temperature), .o
oL then (- o¢') = E*/T (activalion energy over temperature), and .
5 (I1,2) correspords to Arrhenius' ¢quation K = K exp(E¥/R T). c o
In our consideration f = P, (hydrostatic pressure) and ' ,
N ) . : . . v L
. x= x*' = AV (the volume change accompenying the formation of the e
7 M ¢ . : . *
transition state). Therefore,"in our case, ; ,
» ‘ ‘. ) , - L]
. D ~ " dlog K Vr =V v . ’ Co
v . St - 1 I = A 5 (173) s * '

g ‘ , dP v T RoT- - R T

1 L . . ‘ 4 l\, ] . ) (

‘ ' ’ ’ : v r ' ,
B ¢“or . K = Kyexp(PAV/R,T). " Lo e
: . . i B | . !’ . ! -.
’ . : Now, defining AV = V# as the activation volume, we can ' P
| ; ‘ ., . P
. . write . . : ' c’ ¢ .
. ' X . i « s ia
' o R - Ll N T
@ v = BT dloggK R 6
| L ) : . dap .
‘ “ . . . . . ' - v
’ . - where K can be the rate of change of the reaction, gli, in this case,
o ' ¢ * VS . ,
e the rate of’ change-of resistence (AR/At).- The equation for the
‘ ‘activatipn. volume at 21°C is = L ' ‘
N . ) ’ . o N y Y . ! '
K ‘";‘J‘ . " . . i . .

v = RoT ain(AR/At) | - = 2b sk aln(AR/AY) |1 R
o ar o g;_?.'a‘o . : ae - ey .
| ' . dt, o , « " . e Y
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and before the stable Vy phase can begin to é¥pw during the down-

' .B0% of its course (that is, both phases are present in tﬁé‘crysfaf

" the crystal structure exists at Vy ani the other 50% exists at VII'

_ I N , -
vhere R, is the gas constant and ? is gxpressed in bars, . ‘ﬁ¢?;
. {r '
Bridgman (4) noted that the reaction procesded at a much

greatef rate durlnﬁ the down~stroke transitinn than during the °*
up-stroke tranaitlon. Thls .can be exnlaiqfd by the fﬂct that, as e
the internal energy of the lattice is decreased 'in srder for the
c¢rystal to assume its stable high pressuné phase, the volume is

decreased from Vg to Viy. ‘However, prior tn the up-stroke transi-"~

[y

tion, 'thé erystal lattice energy must be increased 'and, as a re-

sult, the system must gé through the activation state having the
volume of V¥, This incresse in vnlume is not goverﬁed by a “

thermodynamic mechanism but by a truly klﬁgtic one, - Therefore. , ‘ T ‘
e A l
the amount of energy required to change Vi to Vyy during the ' ) ) ‘

up-stroke transition is related to V#, At'tﬁe'étable phase Vir, ~——— 1

stroke cycle, the change of volume required ié greater than vé by at’ -
1eas£ Vi = V11 (volume change accompany;ng the transition). Once this

o,
energy (requlred to change volume by Vi ~ VII V#) is supplied to the‘

crystal lattice, the down-straké reaction rate°u111 dominﬂte.

Noﬁ,'let us use Figure 5 in order tn explain the possible- ; o
‘ o R \
existence of a ‘zone of indifference, .If the reaction:has uniergone . e

¢ . -

at the same time), a state of eQuilibrium will prevail/ as 50% of

This state of pal?marpb}g‘equilibrium would ocour iny at a’ certain

pressure raxge, the center df which is the equilibrium pressure P .



aly ot

s -

1 ‘ : o

- of finding: a) 50% of the gtomzble, with a lattice energy

-~

& corresponding to Vi ’am-ing crossed the barrier; B) the rema‘in-
ing 50% of the atoms having a lnttice energy sufficient enough to
potentially cross the said barrier;_ The same interpretation would
apply in the case of the down-stroke transition,

, gow. let us apply this_interiretation to the hysteresis
curve as iilustratéd in Figlres 6 in order to try and loczte the

Z20I, Here we shnw the variation of resistance with pressure char-

»

acterizing the transition.) The up-stroke and down-stroke initiation
pressures are P, aﬁd~Pd respectively, We should ldcaﬁe the Z0I
. /

/ .. .
. within the hysteresis curve since /by definition both phases have to

~

& Y . w- s ?
be present at the same time, * We have arbifrarily located the

J . N .
position of the Z0I in Figure 6, La nd Peyronneau (9) have

shovn that the center of a hysteresis curve is not necessarily

.

the Z0I., L |

#hen bothnghasés are present in the crystal: and when there

is insufficient,ihternal energy, for either of~%he phases to cross
over the barrier (corresponding to the activation gtate), the rate
of transition should be characterized by a zero or'very small rate

of change. This would mean that during elther the up—stroke or

t o

down-stroke transition the rate of tranuition ( as a function of the

L]

applied pressure) shnuld g0 thrdugh an inflection pdlnt--that s,
“the derivative of the rate of trnnsitian (i,e, acceleration) at a

constant rate of change of pressure should be zero, .

D '
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- thg down-stroke transition curve, Vanfleet and Zeto (10) (11) (12)

: ' ! \
’ have demonstrated that for the bismuth I - II transition the Z0I

—~
. , —

" lies a few hundred bars away fftirri,tl"xe,. tUp-stroke initiation pressure, ' Ty

.

“e . +

l If, then, the ZOI were.quite near the up-stroke transition pressure

. ~N
curve, and if the reaction were allowed to go to 50% completion),

upon decreasing the pressure at a constant rate, there ¢an arise

two posSsibilities. Either the rate of reaction will slowly decrease

at a constant rate (ne'gative' siOpe), or theré will be-no reaction -

(zero slbpe) until the lower transition branch of the hysteresis

a 2

curve’ is reached., In the lajbtei' case one can judge that the Z0OI
: ‘ exists in the interior of the hysteresis curve, and, only by re~ .
. ' peating the process during the down-stroke transition and by obsexr- Lo

ving a similar behaviour, can one locdte the Z0I.

;(% . Ideally, a zero rate of reaction would be observed when a
A 2 . '
constant rate ofx decréase of pressure is applied to the crystal :
. soon after the initiation of the up-stroke transitiorr} until it . " R

o reaches I'ag‘ain (A, Fig, 7). Then, if the pressure were incréased

1

1 g S O " until the up-stroke transition were initiated for a second time,

LN and if the reaction were allowed to proceed t¢ completion £t the
high pressure phase (II, Fig. 7), a zero rate of reaction during
- the down-stroke transition could be investigated, Now, i® the

| ;3: . b downwstroke -transitiqh vere initiated, ani a constant rate of in-

crease of pressure were applied (B, Fig. 7), then the region at

Y ’

& ’ ‘wﬁich.both these zero rates overlap (C; Fig, 7) would define the . v
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. and down-stroke transitions, the ZOI is expected to lie asymmet~

rically within the hysteresis cﬁrve.
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R i - A - "CHAPTER II - | ‘

‘ . oy .
- 7“ EXPERIMENTAL PROCEDURE o

. . P Material Used T .

. . ~\

N Polymorphic tramsitions of HgSe,Tey_,, with a variﬁtign of . o
R - T~

s . .
0€x< 1 by x = 0,2, induced by hydrostatit pressures were inves- Te—

tigated. 'Tne crystals and alloys were prepared by the modified = -

Bridgman technique, using direct synthesis from their elements undex c

L I

.controllied pressure of the volatile ,coxnponegts in a sealed silica .
[

tube to prevent dissociation, amd ‘Eo insure stochiomeiry, Semi--'

f -
< s,

conductor grade materials, that is, 99,9999% pure’,\ were used for

r t

the synthesis of all. the crystals. Thesé compounds/having large -

fragments of single crystals wvere prepa.fed by Dr. B. A, Lombos in° .

' b [

the'iiicroelectronics Laboratory at Sir Genfge Williams University,

Montreal, These,crystals were qha.racterized by Hall effect mehsure- ..
ments, the results of which will be reported in the nesr future, i

L S h v ' , ' ~ . ~ N ‘
The physical.properties of HgSe, HgTe, and some alloys: have already . |

besn reported (13) (14).(19) (16) (17) (18) (19) (20). 3' : L

] 3
- B .
I

_ - Pressure and Rpéi’stance MNeasurement Apparatus

3 ¢ . .

A_piston-cylinder %’,ylié apbaratus capable of generating pressures. ... .- . .

pf) tp 28 kilobars! waS.gmployed. The physical.arrangemgnt of the o o
lqi’ée kilotar (kbar) = 1000 baxs = 1,0 X109 dynes/enf =~ ' -'.°
(986,92 atm, = 1,0197 X 103 kef/en2, I e ‘ ’
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/ - components which génerated high pressure and which allowed nmeasure-—

- ments to be madej’-withiﬁ ;pe hi({h pressure-cpambef are labeled in ’ ) ‘

Figure 8, Samples were ‘nounted on a holder (A) which was‘fixed to the

’

o

obtulatéirﬂ(]ﬂ). All electrical measurements within the pressdre

* . R -

' chamber were provided by 5 twin-lead thermo_coax cables (C), One-: . o

cable was used,by the pressure sensnr and the remaining four were
. A ’
used to messure resistance variations of the samples, Pressure was

'sppplied iay a BOO—ton&hydrn_ulic pump and, d‘ge tn Pthe arca. differential,
' high ‘pressure was created in the volume (D) between the top of the
piston (E) and the ‘?btulator as the pushr;.wd (F) moved the piston
higher -in the chamber,
. An equivnlume mixture of n-pent~ne and iso-pent~ne served as :

the pressure transmitting medium, This liquid ‘environment was con-

firmed as truly Hydrostatic by Barnett and Bosco (21) up to 60 kbar,

E o
under certein conditions, Tgxe préssure was measured by the re;sistancé ’
) variation of a manganin coil which haF been calibrated with Birch's . .
n (22) transition point of kBr (18,430 kgf/en?), The variation of the

.

resistance of the mangernin'coil was monitored by using the coil as

L2 . - ' N
microvoltammeter was used to monitor the balanced condition of the !

\ ..jbridge circuit, Any unbalancing'of the bridge was .due snlely to the

variation of the resistance of the manganin coil itse ,usinCe low

©

one of the arms-in a Wheatstone tridge configuration. .A Keithley

temperature cnefficient resistors were used for trfe other arms of

»

the bridge., Any variation of the coil resistance was within the b \

. . . .

~

linear operating range of the bridge circuit. ' ) o

o c e ' The relation between pressure a.nd the change of resistance of
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N .

!;he coll used was .

Ratm (11, 1)

where P is in'kber,“where Ratm is the resistance of the coil at

, atmospheric pressure, and where AR is the respective ch:gge in '

1 '

'resistance of the enil. ’ y o,

.

. Fo\a. change of reqlstance of 0,20} the, rleflectlon corresponded

.

to 600‘pV which indicetedsa pressure difference of approx1mately
654 bars, Appendlx A shows the ca],culation of the résolution of the
N bridge elrcuit, ‘ ) (

‘Sample veiumes were meintained at avproximately 10 ﬁm3

which, when compared to the usable volume of the pressure.chamber,

-

are-approxims.tely 10"4 times smaller than the volume of the chamber, . S

- 3 1

Therefore, the effect of the valume variatlons of the samples. on the
F .

. ‘pressure sensor could be neglected, . ' T

In order t» messure the resistance varistions of the samples, .

~ g

constant current sources of 0 1m, 1,0 mA, and 10 mA were'evailable. ;

Thus, by passing a constant current through the sample, one can
. N

: . ) easily monitor the variations of resistance of the sample due to |

pressure. .

k4 . . 2 * 1
' . Y . o, o

Since the resistivity of the sample was of the order of 10 3 .
. S " to 107 -4 ohm~-cm, ana aince the resistance ehbnge of the sample Nas

of the order of 104, the heating effect to the specimen by the

c\p:rent !{as negligible. f’ : - !
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23 ‘
. . / R
using 0,004" diameter silver plated copper wire after the s ple had

o " been lapped and propzrly cleaned with triéhlorylethylene,a&et ne,

a

and methonal ta remove any surface contamination,
4

. The_physical afrnngemgntslof the'contacﬁs'applied to the speci-~

v

mens are éhown in Figure 9: §
All measurements were recorded confinuously as volteges, aﬁd were
displayéd on a four chennel Qirip chart recorder (chart speed = lcm/min);
Ong chahnel displayed the unbalancing of the bridge which was the out-
put of a microvnltammeter, The sensitivity of the pressure:measuremenﬁ
was generally 8,160 bars, but this was increased by a. factor of 10 and

a difference of 4,0 bar was then easily éetected. The other channels

recordéd\chénges of the voltage ders across the samples, Voltage

variations of 10/4V were heasured at the greatest sensitivity range,

’Figurq 10 shows- schematically the peysical setup that was used(

to monitor pressﬁre and resistance variations of t}ﬁ?samples.

o E&éerimental Techniques ,

Since the tran<ition pressures for t?e allgys of Hgée and HgTe
haﬁ not jét been reporééd, oth volumetric amd resis;ivity ﬁeasure-
ments were performed, in par simultanepuslx with Lacam, et al (23),
and independently‘by us in_o' eé to observe the'trcndé in the valﬁes;
-of the up-stroke and down-stroke transition pressures,

Repeated experiments were performed using the contact arrange- ’
f

-

ments in Figure 9ai) and 9aii) for different constant currents, It was

" found that the transitiongpressurgs were not;depéﬁiedt'upon\tye ;
, : = . dehl e A
S : C T O T
magnitude of the curﬁbﬁt‘flqwipg‘thrquh the sample, 'ﬁoygverg the = .
. ‘transitioh pressures. for ddentical-samplés exhibited a-spread of -,

;, ) 2 ‘,“! . : X \”' Lo $»' J-‘N: : . - -‘ . Lo A :“,:::, g 5 . 2“ ol ',‘\l,“ :
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- less than 500 bars for the up—stroké pressure and approximately

1 ktar for the down-stroke, These deviations are attributed to the

:

“™different rates at which pressure was applied to the sample just-
prior to the transition, If the rate of change of ﬁréssure were

greater than 100 bars per minute, the transition pressure would
occur at an earlier pressure than if thé rate were one tenth that
value, . ) ¢

In oxder tn measure the rates of phase transition, it was

necgséary to arrive at the transition pressures at a small dP so
. ' dat

.

as to ensure that the reaction did not proceed to completion at an

. [

uncontrollable rate without changing the pressure, 'That is, once

s,

there was the slightest sign indicatiné that'thg'reaction had}been
initiated, the pressure was maintained constant, and the reaction
was allowed to proceed until a plateau was arrdved at, Th%s platéau
signified that the dgfference between the efternal. pressure gbplied
to the system and the pressure Qithiﬁ the drystal itgelf was almost

nil--i,e, & state of quasi-equilibrium existed, At this point the

&

reaction would’ proceed until completion without any fﬁrther pressure

A :
By subjecting the system to controlled ratés of change of

- pressure, followed by zero rates of change of pressure, the rates of .

change, This behaviour was expected,

phase transition of the sample were easily measured. This techn@que'

'EorreSPDnded basically to applying step inp to the system, and

—
'

<«

i . e o
/to recording the sample response. These plateaué yeré(appliedjwhgig

‘the transitions were progfeasiné‘bofh on phé up-stroke and 65}{h@§9.j

Lo

down-stroke, Thisstechnique further pfovidéd the. meabs of chalcula

'
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transition appeared to show on one surface a definitely greater rate IR

27 - ' . ' !
the "activation volumes" using the relation derived from Evans

and Polani (8), R ‘ !

f ” ” /‘ ' ’ :
Once we/w/exjeea%l’e to obtain sufficient information about the

e

./ o
transition pressures of each alloy, and reganiing its actiyation : o

volumes, our attention was directed towards the task of determining

the existence of Bridgman's "eurfaee of. sep:;ratg.on"
Since ‘HgSe,.4Te.6 lay near the middle of the alloy sjstem, it : ‘

was chosen as the starting point of %fxis investigation, Modified

four-point probe techniques (24) were. employed ae shown 171 Flgure

9b 9¢, 9d, and 9e, to detect the ex1stence of the motinh of an - | '

interface whlch would traverse the sample. ‘

A

The con’mct arrangements shown in Figure 9ai) ard 9aii) were

»

initially employed to determine the transition pressures and to ;
measure the rates of transition. S : ‘ -
By making potentiometric measurenients (V1 a.nd. V2) at the sur-

face as shown in Figure 9b and 9c, 1t was confirmed thet the rates |

.

of transition were the sdme as preiicted. ' B ; .

s . . . N N

However, when equal constant currents were applied th c;pposite -
surfaces of the crystal (as in Figure 9d), ani vhen the prtential \ SO
> ‘ , e

difference (Vs) at the ends of the crystal was measured, the rate of - L

of change than on the other, This occurred Just following the initia— ' N

: " tion of the up—stroke and prior to the completion of the down-stroke o

transition, Finally, with the contact arrnngement shmm in Figure 9e, . ; :

‘where equal curren?;s flowing in opposite directions were applied o,

‘opposite surfaces of the sample, an acceleration 1n the rate of o :ff‘



p : 28 -

3 ‘ initiation of the up-stroke transition pressure, A deceleration in

}'. ° N -

“the rate of reaction was also observed on only one ‘surface of the

~
"

| ) sample prior to the comoletion of the down-stroke trsnsition,
In order to determine the "zone of 1ndifference" the contact‘
. arrangement of Figure 9e was retmined HoweVr-r, Ho'Se was used for this
investigation b’ecawow transition pressures facilitated the ' ’
cycling that'; the pressure insl;trument had to perform; When constant
i J currents of 2 mA were allowed to flow ‘through the sample in opposite
| directions (V and V,), the mtentlal difference between the ends |
. h : of the sample (V ) had & magnitude of between 0 and S)A ) This ;ma.ll .o N
. ‘ magnitlide of potentiél difference resulted from the allgnment of
the contacts on the two opposite surfaces, Ideally this potential
difference should be zera, Due to .the magnitude of Vg, we were able . ,
to deteKct a variation of 1 mQ which enabled us to better determine . .
- the initiatlon of the up—stroke transition. Once the transition | ‘
began, a constant pressure 'was maintained and the reaction proceeded
sluggishly until the pressure was changed. Pressurization: rates qf
f between 1-10 bars per minute were enpli‘ed during the.transition, 'i‘he ) : L

sax«ile resistance was allowed to increase by a factor of 162 to 103

at which poirit the pressure was held constant for, 3 hours, Then, o ' B !
pressure was decreased ‘at the same rate untii th sdample res'istance . ‘
decrease:l by a factor of approximately 10, Agéin, 'pfessure was  held »‘
constant for 3 ho\xrs as the down-stroke transition nroceeded

Since the \voltage across ‘the sample was approximtely 1 volt,
an ad justable bias was connected to one of the potent”ials (V1 ar VZ)

.+~ This device provided a biasing of 0-5 vol‘ts which enabled us to owerve L "";”{;'{
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the variations of sample’resistance as small as 50() m{) throughout

the operating range of the device, A detailed description of the

cievice is given in Apperdix B. With the device installed, the

pressure was increased at constant rates as before, and the I.‘eaction,
: .yas 'a.llo»:ued to proceed until the pressure we;s increased to approxi- .
mately 1 kbar beyord ~the highest pressure 'previousiy reached., Aéaiﬁ, ,
a constant presslure was maintained for 3 hours and then the system

was brought down to atmnspheric pressure in a similar manner as before,

- .
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CHAPTER III

. IW‘E‘RPRETATIOII OF RESULTS
Polymorp};ic Transitions of H,Se,Tey -'x
The first priorily of our investigation was to obtain suf<- -~
ficient repwoiucible infornmti;)n about the transition pressures
for the alloys of HgSe - HgTe. As early as 1940 Bridgman (25)
reported sharp discontinuities in the compressibilities-of HgSe
-and HgTe, He ‘attributed these discofitinuities to a, solid -solid

tra;xsformation ani surgested that the crystal structures of f,hcse

two c?ompounds-transformed from j:he cubic-zincblend low pfessure
ase to the hexagc;nal ¢cinnabar hivh. pressure phase., Recemtly -
everal investigators (1) (2) (5) (6) (26) heve reported abrupt

discontinuities in electrical resistance for HgSe ard HgTe at the

transition pressures, The crystal structure of the E}igh pressure

phase has also been confirmed by Mariano and Warerois (27) for

v

these two compounds,

1

The results of our lnvestigaiion of /the transition pressures

for the alloys are given in Figure 11, Wk have already published

these results {23) amd we found that the transition 'préssurlgsl

were indepenient of the voiuma (dimensions) of the sample or of ' ’”

-

"™ the amount of current used, .

v

\
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transition on the nucleatlo(r‘f‘ of the new phase, ¥We founl that the

transition would occur, Since theye .exists a state of quasi-

" on in reference to the band structure of these alloys.,

down-stroke transition pressure, appears to ‘be a linear function ..

\there is the posmbllity of theoretically de’c.ermining transition‘ i

Ao ' .
32

N

However, up-stroke transition pressures exhibited a spread

of 500 bars and the dovn-stroke transition pressures one of 1 kbar,

This result can only be attributed to the influence of the pres-

“

surization rates which were applied to the sample prior to its .

greater the rate of application of pressure, the edrlier the

equilibrium between "the nressure exerted by the liquid envitonment
and that experienced by ihe crystal itself, we can only remark that

the spreading decreased as long as consistant pressurization rates -

were applied to the sample prior to both up-stroke and down-siroke - - J
' o . N
transitions,. The progress bf the reaction from ‘a.tm'osphe:éic pres- o
sure to the up-stroke trensition pressure will be discussed later

Another importent observation to be made (see Fig, 11) con-

cerns the dependence of the transitio+ pressures on the alloy

composition, Clearly, we see that thd up-stroke, as well as the

F

2

of the alloy composition within Sur experimental conditions. Also
from the results we observed that the width of the hysteresis

curve diminished as the amou}s of tellurium increased in the alloys,

’ L 4

And 1t should be noted thst the width of the hysteresis curve e

for HgSe i&.apﬁroximately twice that of HgTe_ (see Fig, 11).

The importance of this last result is'twofold: it agrees

in prlnciple with theoretlcal expectatic?s;' .aldd, it shows thaf




. A
“.
- /
1 4

- .
» . *

pressures for the}{loys and possibly of theoretlcally detex‘inining . s

equilibriun pressures. Regprdln;) the latter, let us recall that S

N

-~ both the high' pressure ond the low pressure crystalline structure

parameters have already been neasured for the HgSe - HgTe systfem

. . e '

- by Pearson (13)., 'The only requirement then, to determine theo- ‘ L

. "y a
oo ] retical tran51tlon and equilibrium presaures would  be to find out

to what degree the d(.pendence of the ncarest-nelghbouru distance .

"has on the ‘!ransitlon pressures, Co ‘ _ |
By extracting data from Jacobs' work (7) (see Appemdix C) - '
- _one can see that his theoretical transition pressure's vere related .

e L : ®
. i - B .
+ ~ . linearly to the ncarest-neighbours distance for the two szlt series-

which he considered. The natur‘e’of‘ the s0l.id-solid “transformation

in his case was.from the NaCl crystal structure to the CsCl crystal

-

o ; N structure lwhic'n is comparable to that of the 'allbys we are presently
. R &, , " A “
- Studying. /T}xe most dimportant point is that, since a variation

“of alloy colmposition is equivalent to a changing of the nearest-

neighbours distance, our experimental- results are in complete

¢ : “ , ) \

o ’ .. .accord with'the theoretical expectations. In Jacobs' work only :

3

. compourxdé which exhibited 100% ionic bonding were cons1deréd. .

. N ¢
.

" However, in our cese, ‘there ‘exists horﬁopolar bonding; and tH’p’

s
~

difficulty at 'erlving a:b theoretical {ftransnion pressures lies

} R

E . in the deternining of, tbe degree of 1onielty exhlblted by the’
o \

L alloys. Tm.s may requira da‘ta which 1si/not avulable to date.

[} "U

However, we can clea.rly see tha.t neither the’ up-stroke or

Y [ .

‘a8wn-stroke fransition Preswéh nor the center of the hystemsis

A '

Also, we'dan

curve can be used. as - pressure calibration pgints.‘
. - - N : V]




only use the pressure points of these alloys as\they are indicative

‘of solid-solid phase trznsformations in gencral, Neverthcleés

~

we can determine the activation volume v# for each of the alloys.,

This is an important physical property. necessary in the designing
€ y
of materials which one wants to heve certain characteristics, The

L)
’

activation volumes also provide informestibn concerning the mech- -

.0 .

anism governing~solid-solid transformations. - ) .
‘ -

As outlined in the procedure, the rates of change of resist-—
ance of the samrle for a gZero rate of change of pressure were ¢

'plotted logarithmically versus pressure, Each data point was

’

obtained by measuring the velocity of the reaction (slope) at the

[ ]
point after which an initial dP..= constant had been applied. HNow, .
A ‘ dt ‘ " ’

by measuring the slope of this curve, as shown in Figure 12, and

y

by substituting its value into the relation derived from Evans .

and Polani (8), activation volumes were ¢alculated and are shown

1

-in Table 1,..- ' | ' T

"

We have plotted the actiwvation volumes as a function of - .

al\loy composition in Figure 13 for the up-stroke transbi_tion. From

N : . . .
- Figure 13 we see that, if the trenl continpes, the activalion

volume: of HgSe is approximately one hnlf that of HgTe, Iﬁ seenms
N ,

1 <

that VI may be related td the hysteresis curve in-that it is a .

neasure of “che amount of energy required by the system to change

v

its crystalline structure from ong stable low pressure form {o

another stable form at h-igh pressure, Again, we can state that
: -~

the activation vajlumes ‘a.ppear_to“ be a linear function of the a.llpy

»

—_—

"composition,” By repeating the same procedure for the d.own-stroke"x"";" "

’
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TABRLE 1

' MEASURED ACTIVATION VOLUMES FOR THE HgSe-HgTe SYSTEM ) ‘ ‘
, (temperature 21°Q) co ]

. . , R N .
. ) . _ ‘ ‘ - X
) R » t, l . . N
r ’ . . ' T
. . . .
' UP~-STROKE DOWN-STROKE . .
. . / - .
# (em3 \ , ‘
v# (™ /note)- | v (em3/mole) .
-
,1; HgSe ‘ - i - - .
HgSe.g Te, 2 ) -2 - . .
.
, * . . .
HgSe , Te : 4 - . :
N g 06 ’ OLI' 7 ' .
- \. P .
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- v

transition, it was possiﬁle to measure the down-stroke activation

~', volume for HgSe ,Te ge A tentative value we are reporting is

496 cm3/mole, Since the reaction is much morc rapid than for the
%

up-stroke transition, our value 8oes not seem unreasonable,

As mentioned previously (p,32), the nature of the reaction

.

1

*

prior to the up-stroke trmnsition mey provide additiomal data to
. N ‘ J »

S

} interpret the band structure of the HgSe — HgTe system. Much
. | 3 .
controversy developed when T. C, Harman and A, J.-Strauss (14) -

and i, Rodot, H, Rndnt, and R, Triboulet (15) presented in the

same issue data to Justify opposing concepts of the band structure
for the HgSe - HgTe system, ﬁgdot, Rodnt, and Triboulet stated-
that HgSe and HpTe were trth low energy gap semi-conductors,l

while Harman and Strauss stated that they were both semi-metallic

‘/—\

, comrounds, Ty C. Harman (16), applying the theoretical model
developed by S. Groves and W, Paul (28) (29), stated that HgSe

and HgTe were both semi-metals, and, from the resistivity data, he . }’ ‘
- showed iﬁat during their high pfessnre phase they bghaved like - N

. |

\

|

semi-conductors, Also, W, Giriat (17) (30), using the same theo- ‘
. ™
retical interprctation as Harman, stated that for the HgSe.- HgTe.

system there was a smqoth transition from the semi-conducting

. behaviour of HgTe at one end, to the semi-metaflic,bebaviour of

HgSe at the other-end, A, Lacam, B.'A, Lombos, and B, Vodox (5) (6)

confirmed that for HgTe the pressure induced transition was gg,//

the semi-metal - semi-cqpductor type, C, Vérie and G, Mirtinez (31) -

>

also prdvided the pressure coefficlient of thg‘ehergy gep foflﬁgTe;

/:.3:"
i BNt T
ks S M
SR .
g
N i




' 9. : , .o
- energy gap (E;) the pressure coefficient'dlEd and the compound
, : ap

would be a semi-conductor, Likewise, if the energy gap were .

" negative, |E|

- <: 0 and the compound would be a semi-metal,

From the interpretation presented by Piot:zkowski, gi_él /
we can see that, even though a semi-condgci:o‘r has a Ilmsit;'we energy
géﬁ (Eg > 0), the pressure dependénce of the energy gap m>y have
a’ positive or negative sign in the. case of indirect tr-nsitions . :
és in silicHn 2nd germanium. Previous experimental results on
various III - V ard II g VI semi-conductors (33) (3%) (35) (36)
have confirmed this fa;t from resistiéity versus pressure curves,
As regards these above-mentioned results, the slopes of the cugves
in }he pressufe region‘ from atmospheric to the initiation of the
up~stroke transition have not, to our knowlédge, been Interpreted *
in view of characterizing the band?structpres ofzIfaL VI semi-
comductors, nor have they even been reﬁorted in soﬁe crses, -

"Using the convention?l band model for Egmi-cnnductors wi£h
a diréct trans 1tion shown in Figure 14, Ebe reletion bet;;en the
depenience of ther energy gap and the chrracteristic r931stivity

variation with pressure can be eknlained. For a semi-conductor

nith 2 negative pressure dependence on the enprgy gai><éL ,

7 <0

the pressure region prior to the initiation of the up-stroke tren-

" -

sition would be charvcterized by a negative slope in the resistivity

9

versus pressure curve. This 1s due to the fact that the energy gap
Q%, - E ) (["z symmetry elements of first Brillouin zone -for- the
3

diamon& lattice) nduld essentiallx clase, »Ebr a positive pressuré
«



k=0

for HgSe and HgTe by Paul and Groves,

’

Fig: 15,~--New energy band model proposed

uctor at K = 0,

Mg, 14,--Conventional energy band .

model for a semd~cond




:: \ . l . u,l
) , . : . . /
dependence on the energy gap (dﬂ S O) on the other hand, this

e

! same pressure region would then be characterized by a positive slope

in the resistiyity versus pressure curve since the energy gap, in o

this case, would open up.. . . ‘

However, HgSe and HgTe are low (nearly zero) energy gap semi~
conductors and the band hodefuproposgd'by Grov;s and Paul (28)“(2§),
andléhown in,Figure 15, has been generally adopted for these two
\' compounds. Using thié brnd médel the ehe?gy gap gas a negative

sign since, by ccnvention, it is specified by the difference be tween
the {g and [gfenergy levels and 'rg is above rg.‘ Giriat (30)
has'most recently reported enérgy gans of -0;15 eV and ~0,08 eV for
HgTe and HgSe respectively; This negétive energy gep has aiso been
interpreted as being b%nd overiapping. For the ngﬁ nodel, rg :
* - has been shown to have a greater vpressure coeffi;fént tha%s fg, and,
,v' S ‘as a result, éhe ﬂ; energy level moves\faster\than ﬁheddTg—whep
o . pressure is applied; Therefore, IEél must first decrease, or the
‘ -f . o

amount of band overlapping must decrease as the applied pressur

R ' approaches the up~-stroke initiation pressure, Therefore, prior to ~
the initiation of the up-stroke transition, 25 the amount of band -
overlapping decreases, the resulting résistivity curve as a fgggjgon

= . of the applied pressure would bo cheracterized by a positive slope. S

’ * Early results by J, Blair and A, C. Smith (1) for HgTe amd by

- J. A, Kafalas, et a1 (2) for HgSe show clearly that, prior to tran-

- .© sition (up-stroke), there is a definite positive slope in the resist—‘rf‘f;éﬁji

' ‘ ivity curves of approximately 1% per kilobar increase, THe secondgroup ' ' ‘diff
’ B -, ot g«‘ AN

>

stated that this was typical of Some semi~metals. . We fﬁlly real{zé?i*j}f;

LS 1
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| . Co éIloys is uncertain,
’ ) For the 10~experiments which were performed in our laborétory

on each HgSe and HgTe, and along with 15 experiments on\the a;loyé,

weé did not arrive st the same resulis as Blair and Smiih,ja Kafalas,"

et al rega rdlng the tendenc1e§ exhibited by the resistivity curves for

HgSe and HgTe in the pressure region prior to the,ihitiation of the -,

L ~

up-stroke transition pressure, This may h~ve been due to the fact that: .

" a) Our resistivity varirtions were denendent upon the dP prior to
dt

transition, .

b) Fluctuations of the current were in the order of 10 /AA for the

‘ entire experiment ani were neglected. e ‘ S

c) The sen51t1VLty of our detectinh was limited. as in many occasions

. . '
~ - S v

a zero slo é/&as observed.

2

As a resuly we can only state that’ in most cases (90%) we observed

%

a very smalt—pHhsitive or & 7ero slope ingthe resistivity curves prior :

.

to the trrnsition pressures for the HgSe - HgTe systeh,

- Bridgman'¢ Surface of Sepnratlon

' ﬁridgman (4) nade a nunber of observations of velocity phenom- O »
o ena, dgrang phase transitions, He belleved thet polymrrphic transf\\\4/2.~,‘,:y ‘;
tions were mono-nucleonic in nature and was able to detect N noving . ;- j5ﬁj;
interface=~-or surface--whlch senarated both stable forms of the ;

solid, and’ which seemed to. traverse the solid 1engthwisa. Th;s

N

surface of separation"was deduced by Bridgman from vplgmefrfq;



- R ’ 4'}

' measureménts.%ce phase transformotions can be 'just as faith--

fully rqgresef;ted by resistance measurements, we made use of them

and detected the same phenomena as Bridgmsn, d

With the contact arrangement on the sample shown in Ffigure :

9{e), we measurei the resistmnces on oponsite sides of the sample

! as equal c'urrents, flowed in-opp'vsiﬂte directions, We nlso measured

"th¢ potentliometfric -voltage Vg across the\sample.'

. | As concerns the r:mtion of, the interface, a sm~1ll current
(A) flowed through the bulk of ‘the meicrial after cawnl currénts
vere app'ie’ in ooposite directions on @he sample, In 2 sense,
the sample ’was polarized with equal sheet curre;nps of opp—)site

polarity at opposite surfaces, ’ )

We ’Q’elieved that if the polymoxrphic trans~f5rmation were not
gov:zzrne'i by a mono-nucleonic mechanism, then, at the initiation of

R the transform~tion and thereafter, the rates of transition would

| be identicelly o'bserved on both surfaces of the sample. Howvever,

.
A -

if the reverse wcre strue, we would exnect that, just after the .

.o transition prelssure had been initisted, the rate of chenge of resis- T

.

tance on one surface of the sample would expérience an acc}leration'

while the opnosite surface would show a continwops chenge of \resis~ S ‘I,:*‘fl

>

3 ‘ tance chaq.cteristi‘é"’?r?\jall up-stroke trensitions, Wfter the .~ ~ ' T ™

aééeleration would cease, the, '}elocity or rate of r .'ction at both
LY : C -surfaces should be identical as long as pressure were me. intained.

P . . . LN
S ¢« - constant or increased, _ <L S A
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\ N and Vg is the potentiometric voltege across the sample, Clearly,
) we see {hat Just after the initiation of the up-stroke trpnsition,
marked by the arrow, the rate of change of resistance on 6ne side,

Ro, has acce1cr@ted and then assumed the same rate o{ change as on .

the opﬁ081ng side, . C° ' i“

/”e can, therefore, argue that at the initiation of the up- ‘ .
stro]e transition p*cssu”e, the lou‘presoure phase 1? no longer ’ .
- qtable and at a spccific point in time a "nucleus! of the hlgh
. ‘ .
pressure phase is formed at a corner of the sahplc. As the high .
pressure nucleﬁs £rous and'forﬁs an "“interface", the rate of reaction

: .
at ‘ane surface should suddenly sccelerate as the igtcrface propa-

cates diagonﬁlly throush the sample. “he,duration of this acceieration
--of‘motign of the interface--depends largely on the pressurization )
rates which wvere apnllod to the sample prior tg the transition, )
Experimentally we founi that the durﬁtion of the accelergtion varied
from 1 to 5 minutes, ~ .. ) 1
‘ - PFigure 18 shous scheraticelly what we believq@ occﬁxred within
the bulk of the sample, _At point A the high pressure stable poly-

morph was‘nucleated ani the interface developed which wouid then,

proceed dlagénally to the eni of the samnle at surface B.‘ The exist-

)
£ ! 3

] -

]

i

!

ence of this interface was'pressure dependent.
N

.

Upon increasing nveosure, the rate of reaction augmented because
of the stability of the high pressure phase alone, since #ufficient
l

energy was supplied ts the system to insu;e the . progress jof” the high

A
|
pressure polymorph, The resulting iﬂ%erface can be cons%d red as an

” ' 4 energy barrigr which activates a regrouping or‘destguciion\of the .

& ' Yo -
N . A , P B

[
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o _° interface through' bulk of material after up-stroke transi-
K o © " tion initiated, ¢ ‘ - - '
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bonding within the: crystol structure itself, Th‘i‘s: concépt would | .

be analogous tn ihat of "latent heat", L P
Theoretically we expected that, .prlor to.the completion of .

the down=-strake Jc',rnnsitior‘x, the low pressure phase would be nucleated

9 »

ard grow to form an interface which woﬁld then propagate diag;nally. -
v . v ¢ ) - ”‘-
through the sample as was observed during the .up~stroke transition, -,

r

S

.
- -
Ry

However, we did not expect that this interface would be cheracterlzed

by(a.n abrupt deceleratlon in the rate, of }'eactlon on the pame

W
surface of the sample which first exmu[lence'l the accemration

dqring the up-stroke cycle. Typical experimental results’are shown _ ,

in Figures 19 and 20. Just orior to the ex ustio'n._ of the higﬁ P

i

. pressure phaseé (marked"by tHe -arrow) a deceleration was obsefved . ‘
- . - . / N .

oMthe same side of the sample vhich experienced thePacceleration ~

.

(Rp)s Therefore; it is evident thet, a.fter the initiation of the

down-stroke trans ~i;:Lon pres.;ure—-where the hlgh prebsu,ra palymorph , o

)

LY

is no 1@§ger‘stable—-;_, a '"nucleus’ the low pressure phase is also

- .

formed at the ’o)cher;.c:)rnei of the surfaée (shown in Figure 21 as ) . i

B “ . .
¢ point AY), This interface again traversed dlaffonally acroso the. - ~«_ :
v ‘sample at which point the Low pressure crystailine structure existed .

. A

¥ .
throughout the sample, e musi point out that the mption of the

:mterfaces vere detected during zero raﬁ*es of“nba«%e of pressure.

Therefox’e, e canmot attach much significance to thls ph@{xonenon
qn ¢

,‘with respect to pressure callbration pomts. ‘However, our résutes

do support Bridgman's'obs'ervations énd othe&: ﬂtfxeories‘_ that poly- ' kL

© morphik phase transitions are kinetically of-the first-order type, -

AivLacam, B. A. Lombos, and B, fodor (5) mi‘irst"suggésted this,
. N * . L -* N




1
® % ' |
.o ]
. 13 ' - 'hDOﬁ -
_ . £ Q.
) o TR
n'fgﬂ !
. L o -
. 0 -
, : » 95 ' ‘
. . O Y
1 ~ Bacg .
R -, c gog - 1
‘ o E H P o
; . i o ,;3“30) \\'
, wl 287 ’ B
_ - £ Mo
, | = g5y |
| . F | 3
R R |
. Qo
. . X Mg
- P TR .
| DR o
, QRENE ‘
. . ) -E -
wEgoo -
\ - i : > Ew-'ﬁ"ﬁ
‘ \ - - - o " - ” ” ’ o — E O |
\ B (U.);:)NVJ.SISBH - 58«
‘ o\ ’ . ' ' |
) ” ‘
. o
1
o o
o &
5.
A
ord o
s
-]
0
ol
43
o

1 result show
istance at one surfzce of

sample during down-stroke trans

.

Fig., 19,--kxperimenta

celeration of res

N Y
Vis g
RS

A
N AP U
Py (ORI IS
St AT IS

o,
oy




' v - . - PR
C b © '~ Fig, 21,--Propagation of nucleated low pressure phase . . . - v
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S
polymorphic transitions by elecirical resistance measurement tech- * . )’2 i

. pressuie pléteau was maintained for 3 hours, Agaip, equal pressuriz~

50 - . - ) \\ . .

A. Onodera (37) gave a more detalled treatment of the kinetic aspect

o }

of this phenomenon for cadmium chalcogenides, o , ' '
In any case, we renroduced our results in su2§9quent experiments .
! 0
and confirmed our bellef that a moving interface (or barrier) which e

o -

separates both stable polymnryphs during a phass transformation exists: ™N

’ s , y '
This result in itself is a significant contxibution to the study of o

niques, -

~ Bridgman's Zone of Indifference v

Since the “zone of indifference” has never-been reported for ‘

- the HgSé - HgTe system, we chose to study HgSe due to its low transi-

tion pressures and the large width of its hysteresis (~& ktar),

-

> As outlined in th® procedure (p;28 of this study), we monitored .

‘ (]
the transitions continuously as the sample was being cycled twice at

‘controlled pressurization rates, The éompletg progress of the experi=-

’

ment, which lasted approximately 36 hours, is shown in Figure 22,

'

They up-stroke transition was initiated at P, at which poinf the reaction
progressed along path A until it commenced path B where pressure was

naintained constant for 3 hours. At the erd of this first plateau, : ‘";"

-~ ) 1 "

equal de-ﬁressurization:rgtes were applied to the sample and the o

- LI

N
reaction proceeded along path C until the.start of path D where another

. e e

e ‘ 1 p‘ :" h
atlon rate§ were applied. The reaction proceeded to move upward along

path E to the pressure piateaun at ‘P~-held again for 3 hours. The S n~~$af,

o

last stage of the reaction foLlowed path G back down to atmospheric

pressure,
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) v . .
= * With regard to these pressure plateaus a,th,D', and Ff we observedy
' o ~ !

after 3 hours, linear increasing ox decreasing'trends of the reaction
during the up-stroke or down-stroke transitions, This linearity T

confirméd that. the progr'ess’ of the reaction was due soI‘l.ely‘ to the‘
nature of the transition, Hnm-av\er, at the erd of these plateaus, where
pressure was either in;rgased or decreased, a staj:-ic equ;llibriwn con~-
dition existed within the sample, For a pressure range of about, .
1 kbar w‘ldeqafter the nressure plateaus the reactlon essentlally - ) .
: stopped and then progressed again slowly. ‘ / .

From our experimental data we normalized all our pressurization
rates to 10 ba¥s per minute, ani then calculated theé respective rates

of char-e = = . ¢ay.er . fra o~ oo ot the evneriment,

v 7 . _" .

% L " . :
resistance versus pressure for the up-stroke and down-stroke tran- ’
\ sitions respectively. During the first up-stroke transition (A) in

"Figure 23 we see clearly that at approximately 9,05 ki.r a sharp

) double reversal in slope exists, Also in Figure 24 for the first

. down-stroke transition j(B) an essentially flat region or zero ri+ 2 q‘
* rate of change of resistance occurs. ’This flat region of 1ne N curve

also appears in the vicinity of 9,05 kbar, However, the secorﬁ%p

troke (A*') and down-stroke (B') transition rate curves do not appear

' to indicate gny significant happening around this pressure point, o - ":; B

. v,
. . A

‘We extracted déta points from Figures 23 and 24 in such a way L

thaLt we were able to measure -the res'pective differences in the normal-

ized rates of chanoe of . resi,stance from one pressuxe to" 'the next. H L Y f

£

plo‘cted the acceleration of the change of:'resistance . (norma.lized to a
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o i 55,

. .
" rate of change of resistance or 10 mQ) /min) versus pressure in Figures,

©
7/

. &
25 and 26, As mentioned ‘previously (p. 5 ) concerning the nature of

the reaction, Brldgmnn has indicated that by measuring t\é acceleration
of the reactjon the existence of the ZOI could be just as easily

located asffron the velocgty of reaction curves, e see in Figure 25

“that during the first up-stroke transition (1} ) there exists a sharp

double reversal in s'lope at 9,05 kbax, \j‘orrthe second up-stroke tran-
sition (2 %) -there exi.stls a f] at region between 8.9 to 9.05 kbar,
Also, inFigure 26, for the first dowr;~stroke transit%on (1 }) there
appears to be a pressure region vfroml8.1#5 to 9405 kbar where the
acceleration of resction is essentialli{ zero, Furthermore, for the
second down-stroke transition (2 }) there exists a somewhat wide
range of pressure where the- rate changcd“slope. This pressure Yange

et

is*from 8,65 to 9,05 kbar, Ue also note that at both lextremities of

b
«8

the graph the tendencies seem uniform,
Therefore, the results of our investiga.tigr} have shown that by

monitoring polymorphic transitions By resistance measurements, the

“zone of indifference" as defined by Bridgman (4) can be determined.

7

)

. ‘ - -
Bridgman had located the ZOI volumetrically.,
R, Zeto and H, Vanfleet (10) (11) (12) have demonstrated that

regions of indiffexence do exist and are most suitable for pressure

.

calibratmn p{ ints, However, HM relative res1stance variation

which they observed wfxs only one order in magnitude, while we are

h '

concerned with a va.rlation of 5 orders in magnitude,

i

Brldgman (&), in his investigation of polymorphic transr(:ions,

measured volumetrically the velocity of the reaction within zones of .
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e .+ indifference anl showed that the width of the Z0I was temperature

and pressure dependent, \Follov‘:ir‘g Bridgman“g technique, Zeto a.ﬁd

‘ Vanfleet (11) were able to l&cate (for bismuth and other elements)

-

. ' regions within the hysteresis curve where the relativerate of change of
’ resistance procecdéd at a rate of less than 3 X 10™% % transition .
- i . .

per second, This they cerlled the region of indiffergnce; . They also
s ) .

showed that-the equilibrium point, at the center of their Z0I, was

2

' reproducible both in solid and liguid pressure mediums, and ooul‘d“be

-

arrived at al?no any portion of the hysteresis curve,
Q@ow, let us retura to Figure 22 where we observed. the sluggish

nature of jche reaction within the hysteresis curve itself, After the

'3

up-stroke transition initiation pressure was encountered, the reaction
\ p

A}

1‘ o proceeded quickly as the high pressure phase was nucleated, During
| .

the first pressure plateau (B) the reaction progressed along the up;-

‘stroke iransition line, However, when pressure vas decreased, the *

»

reaction slowed down and stopped withih a 1'kbar range which indicated
’ ]
that both the high pressure and the low pressure phase existed mutually

within the sample. The same phenomenon was observed when the reaction

-

proceeded along the down-stroke transition line and pressure was in-

.

' creased, This behavior was again repeated higher alohg the transition

) ' .

. 1ines durlng the second cycle. From the velocity curves of Figures g

23 and 24 we noted that these above-mentioned plateaus were static

equilibrium conditions. The rcaction did not, however, stop when we

) . .

artificially applied pressure within tk;i's reglon, -«but the i)i.‘essure )

.change produced a ste,)te of uniferm harmonic osciilati' n between hoth

, ‘ y
. ‘ polymorphic phases within the sample, .This state ceaged as pressure

o l/\‘@s further increased or decreased when sufficient energy wes applisd. .
X 2 > : e ' appuied

L]




_the.slope of the.ub-stroke acceleration cutve (24 ) changed direction

_ it§e1f.

along any part of the transition line, Furthermore, this inflection

of the reactlon supposedly ceased and then left this ‘regi_on—-qo‘uld‘

59

or removed from fhe' crystal lattice to alter the energy balance

between boTM phases, Now,'from the velocity curves we notlced that
]

durjng the Yirst up-stroke frensition {he reactlon changed direction
VN

twice, and @ noticed \.hﬂt during the first dom-atroke transition.

3

/ }
a zero chang® in velocity existed,..\Both these phenomens took place , »¥ ;

arourd 9.05 kbar,, This observatlon is significant in that the nature
of the reaction-in the vicinity of,9.05'kbar either stops or passes

through an inflection point. | < .

L]

IA Figure 27 ve “have cxtracted the pressure region ,froin 8,25

&

to 9,25 kbar from Figures 25 arnd 26, From the first cycle we see an

-

overlapping of a zero acceleratilon curve-(1 | ) and a do%’@e change in

direction acoelerztion curve (1 t ) Lifgewise for the secord cycle,

at 8,73 kbar,experienced a zero slope between 8,89 and 9,05 kbar, and",
then increased positively again beyond 9,05 kbar, For the secord *"_
down-st;)okeﬁacgeler&tion cuwé (2¢), at 9-.04 kbar a changc;a in slope
occ'ul‘.red until 8,66 kbar at which point the initial trend r‘epeated

- . °

We can therefore argué that, during a polymorphic transitiori,

there may exist an inflectlon point within the hysteresis curve which

-~

A ¢ ‘ - .
can be dpproached during either the up or down-stroke transitions . .

point may be CQnsitiered as being a.n equilibrium point, Silnce constant
rates of change of pressure Wexe applled to the sa.mble, its behaviour--

l.e, the reactlon proceeded and entered a region where the velocity

s . ¢
/ .
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< . . 5 ~ et
Pnly ‘be chamctqrizqg as being an inflectior} point, From our experi-

, Q . : (neﬁta]: r,\esults an&inflcction’poiht wa's magp,gured fér-HgSg, and within® . :
e ) " - ’ ’ ‘ AN R . w

i ‘our experimental conlitions, this point lies very \glosq to the up=
. ) et == 1 N

. ¢ 0
A ' } s:cfroi{'e ;:fariﬁitnion in;tiati;n prgssuré--iag%t’ween,ks.98 and 9,06 kbdr, ’ ‘ ~
| T . This band OE pressure wnere the inflection poin"c\.was found for Hg’S;a T
. R ' s ‘{n;y corre'spénd to the existence of Bridgman'"s zogle'olfa irxiiffer;ce. . :
' _ . Thergfore, our ‘interpre‘zﬁtaf:ibri may have sb‘ovm a'r_;‘ad‘eqqat'e ,m;athod of . e &
o’ < L] ? ' : . ' N

)

eyt S . o s . ’ K = .
determining equilibrium pressures by resistance messurement techniques,
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‘ " In this investigatinn. of prlymorphic transitiods for the

/

. ‘ HgSe‘- HgTe system, it has definitely -been shown that, by monitoring \
§: . ’ solid;—soiiﬁ transformations leectr’ical resistance techniqﬁes, the .

* study of the mechanism governing such transformati-ns is pn‘Ss_ible.

. . « . Furthermore, it has been shown that ohe can characterize this mgchanism

by e.étivation volumes, .%lso, a new means of locating the equilibrium | -
s ) : oo o N SN . . *5 ; .

' a pressure vithin Bridgman's “zone of indifference™ in HgSe has been . .- T

- presented.,- .
: 4 ‘ ‘
- . . At the epproach of a polymorphic:transition, there is a weak-

. v

¢ enlng of tﬁ‘é bonds in .the low pressurn crystalline form and a strength- ’

ening of the b'mds in. the hlbh nressure crystalh.ne form. Therefore,

i .

» - . * by studylnp: the nature af the phase transn.tlons ‘Some. 1nfoaimat10n RS T e

- B con(gerning the complex propertles_'of mercury chalcogenides has been.

revealed, ) - o
s Lo

- 7' bxperimentally it has been shown th‘e.t there was a linedr -depen- h -

f ’ ' 3 e e

| T -~ denece ubon the transi¥ion pressures 2s the amount -of selenium decreased

- . - me dlloys, A similar behdviour was observed for the activation . ' -

" volumes Of§ the alloys, This iihear behaviour can only be attributed -

R to a linear var:.ation of’ the nearest-nelghbours dlstance.. “he results

R

§”§ < T of this study have shown that the width of the hysteresis curve for e

3

‘- ] . 'HgSe @as thce that of HgTe, but that the a.ctivation volume for Hg&e L «

-~ ) H

v . was on].y half that for HgTe. .
L ' 'Y 4 - . P .t
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- b

: the’polymorphic transitions stuﬂieﬁ‘wero governed by a first-orier

reaction,

-large errors resulf“in!the-calcu&ation of pressure, Recently, the

.anproacﬁed aleng any Dortion'bf the tfeneition line, ani it aonears \

/ meaSurements, a tentative equ1libr1um pressure for HgSe at 9 02. kher

. .
! .

, it has been demonstrated that .

type kinetic mechanisma By d%%ectiﬁg the mofion'ofaqfﬁnterface"'
i) ) - '
which is believed to be separating both polymnrphs,”-it has been
. ’ "' ( . . .
concluied that the transformations were initisated by a mono-nucleonic

-
t

In high pressure measurements, the-direct calculation of

B

pressure“is not always possible .anl therefore a%c“libra%i:n based , | o

on fixed-point pressures is necessary. These calibretidn ints
2 P EY Po

are usually, arrlved at by determlning the pressure at which sharp . .

polymorphic transitions occur, Theee tr&hsit1on° are chéracterlzed

-

by abrupt changes in volume and/or efkctrlcal reolstnnce of the cali- ) , .

te -
’

brant Due to the inherent variations .of these® pressure polnts! - o

~

$

. , ‘ 4 . .
equilibrium pressures have proven to be more reliable as pressure ) -

s

The investigation ;f Bridgman's '

} .

* . ..
the,hysteresis curve for HgSe 4 - : .

calibretlon p01nts. 'zone of indif-

ference“ has revealed w1thin

-

pressure range of between 8, 98 and- 9 06 kbar where the velocity of

It has been ' A

thereactLanaopears to gn through an 1nflection point; , )
3‘ .. i ‘. ‘ ' , ‘:
"»shpwn thet thes inflection point in the acceleration curve could be, ot )
' i - . . ‘ n . ' P ™~

s 0 /‘, .

to be asymmetrf%ally located toward the h1 h oressurD alde wi¢hin the .

6 -

-

Thorefcre, ont the n*emi e thnt the existence of e :
. N ) ‘ - - ,,"\
a "znne of indifference" is charecterized an inflection point ‘. STy

hysteresis curve,

obtalned while monltering the velncity of t e reactién hy resistance
. 7




15 reported,

.In eonclusion, some recommendations regariing future reasearch

-
<
-,

o

on mercury chalcogonides can be mde, T ) o -
< By rnpvatlnﬁ on the entlrc Hrle - HgTe Cjut"m thp cane nroce-
dure as that cerried out in this study on'HgSe far determining the,

equilibrium nressure,'one would‘bc able tn nnt only orovide a .reliable

series of high pressure calibrants, but alsn tn determine the effects
v _\ ’
4

,

-of alloy comnisition on the équilibrium pressures. Alson, the effects

. of differentupfessurization ratés on the equilibrium pressure should
be invéstigate& in an attempt to‘locate_distinctly the region where the

equilibrium pressure exists, and to prssibly outline a procedure which

" would facilitate its location.

r

It is also felt that the region prioir to the initiation’of the

high pressure phase warrants furtﬁer investigation with respectto
& N * ‘ % ‘
* ’ ’ «
p0351ble 1dent1flcation of the band structure of the alloys. The .

)

nature of the zero slopes observed in the rcsxstiv1ty data renart?d

% & -

. - . suggests that this behav1our may be characterlstic of band overlapplng.

- 'x,

More sensitive meaozxements are’required which may confirm or disprove

this concepp. A1sc, with imppoved sensitivity, the motion of ‘the i

! ”, 3

intérface would be better anslyzed, - R

—

- ’ - ®

_— o B ’Fiha;ﬂy. it is rgalized’that the results. reported herein ¥ould be™

t s : - \ o

. - confirfed by ultrasonic measurements, 'ith these am qther'available

e - - results, one would be iﬁ1alposiﬁian to explain the hystergsis.effgct'
. s ¢ N t ' . ‘ A
: inh general, - ‘ g T : A L

3

Also, it is fully realized that the above-detailed llmiﬁations
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' : 5 1S It has beey reaffirmed .

_ of the naturé of polymoxrphlc trensitions,

' that Bridgman's intuitions in this field .were correct and an attempt
has been made to present--with the "inflection point"--a ‘
- ¢ 3

~

regarding the nature of the hysterésis curve,
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circuit is used, where . ' //// ' P - -
-

i : 4
.~ “ . . « c- .
“ . v .
- . . -

To determine the resnlution nf the pres ;ure Sensor the abave

[

V = power supply (bridég/;oltege) S N : .

ll

R & Ry

deflectlon voltage (output of high impedance’ voltmeter) T

yry

‘low temper?ture coefflcient resistars

N . . .
1] o

ll

R = Rsp = atmnsphprlc resistance of ﬁ:%ganin coil QﬁRsp~ 0) e ) ‘:;i

N v .~

- &

A§RSP.= change of resist?nce of - mnnvanin COll due to nressure L N o <1

sp 7 sSp
1hstrument.‘ SR o .

.
-

Note that R_, ami AR are contained within the high p ssuve

Now& apolying Kirchoff s law, we hava:

R

e

oy




OV =_V o |1-_ ot ARs’po + 1 ) Msb)z -1
‘ x+1 L X+1 R CEn Rep'
AV = v Lo ‘ ARsp +1 R 2. L :""‘
; (x+ 1) x+ 1 Rsn °(+1 ~ ’ Tl
SO AV °“‘,’ AR@ 4y o<2 ’ - (App- A 1) A

. Sy > kY ’ J\ ” ¢ d t g :“ .‘>h N N
. » '
: . 67 ‘ . .
!
K V= (R1 # R p ¥ Ah )I1 = (R +132)12 -
and,”” AV =R;I; = R,Ip C : .
/"*"’(sp'*'Asp)Il'BqIZ ) . .
= Ry ( v - R ( ) o
» Ry + Rsp + ARSD R, + Rg '
C AV =N ( - Ry - R > ' :
le + Rgp + ARSP wRZ ‘+ Ry
’L‘etting R = Ry = Rp, we ean write. . ’
AV =V 1, - 1 . . -
"R R Rgp R I A ,
. * . - .
Letting Rsp"’" X, and x:emembe;',ing that 'Rs,:Rsp. we obtain o
. "’R~" s ( R . . .
AV =V 1 -1\ S
! ‘°<+1"’,°<Aﬂsn T X+ 1) oo
. Rsp .
OV =_V 1 . -1 )
¢ K+ 1 1+ = AR . ’ ’
. o +.1 Rsp v . ’
, . ) - ‘ [ - . d .
By using the first two terms of the Binomial- Expansion, we oltain
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.. ' Now, choosing R=5KQ and Ry = 1280 , SR ‘
. «f . : _ ) - \f

o ' S ol = Rsp = 128 x'10"3 = 25.6 x 1073 A
) oL . . - R g . . ( .

” N . ) + .

-

r

-\ .’. the second term can be neglected »nmd, - .° ,

(o +1)2 &1 + 20¢ = 1,0812 . - :
. . also;" S °<4.1!2 = 90.67 , ’ _' o
- ‘ Sy X ) .
- " From (App. A, 1) above we obtain
. L AR o o AV (o + 1)2 = AV (#0.67) : '
sp

~ ‘r . . or t ) Av = \'s ARSE ‘ ) B .o . 1 .

’ . 44 ~' . . A’ I3
Now, for V = 15 volts - A L r .

. ‘ - . . -/
oo, . ‘ . . ' f o s

| Ve R+BI T o |
or B I=_V 2V , T . ;

' © R+Rg R~ . ,
o VI=Y X103 =3ma - - : ,
. AV =0,3688 ARSQ N ’ B H ) ‘
’ Rsp. . ' ) 22 .

* Nominally Bs = 128 650 . _ \\ ) . . RN b . o
o SR Av—287X10'3ARSp ‘? _ o

Thei‘efore! for 1 mQ) char}ge of resistance the deflection v'oltégg;..{s .

' L AvV=2,87 X100 velts e, L
... ..: RESOLUTION = 2,82 mV/nQ - v

= 0,20, AV = 574 pV. Observed AV = 600‘,uv. > % erxox e

(For ‘ARsp

b,s. .. HMaximum sensitivity O 0453:8( 160 (p,23) 2 0 5 be.rs)
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Let A i‘eprcsent_an’ operational amplifier with infinite input impedence

v am inflnite galn . ' . o ' : < S

.

-

Thus, for a dlff‘orentlal 1nput we proceed wlth the foleng qircpit.

- Ro - ' .

e N
Fhawd 4
Y{' e % g o
4 f-.la"‘ -

Ve R b ‘\\




-

W
A

-

.8 =

Letting RO

e ~~—-§}"ﬁz"

R1 R2 ve get

ey

and .choosing R3 ZRu

. ... eo
rd
or e

.. €

where
€1
and

e —,ej

The conplete schematic of the device to provide 5 volts

It

i

Ry -e4 - €

éj ey - ey
- [el' + (62 - 63)]'

bias input voltage

«

differentisl input voltage

bias is given on the gext page.
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*" APPENDIX G,

T " CALCULATED TRANSITION PRESSURES

. FOR METALLIC HALIDES TAKEN

.. FROM JACOBS (1938) . ..

.
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