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is made between the thermodynamical equilibrium pressure

\

the kinetic pressure, and\their relation to the)transition

' pressure. At their low p sure phase, the reslstance

-

‘P

‘analysis of the experimental data based on the heterogeneous—

v )
invariance of the mercury chalcogenides, up to their

transition pressures, indicated that these materials belong o

to the speCial class of the zero gap semiconductors—semi— f

~

metals. However, ‘iat their high pressure phase, these

materials are normal semiconductors. It is observed that .
.I . . ‘

one can infl&ence the up- and downstroke transition pressure

Y
iy

of the pressure induced polymorphic phaseftran51tion by f-. ' !
nuc}eations to minimize the width of the transition 3 Y
hystere81s. The systematic dependance- of the actf@ation . P
volumes upon various nucleatlon concentrations has been .
demonstrated as well as the directﬁdependance\of the- rate - " ;
of reaction on tHe nucleatfon concentration, Due to the f,h x: E
simplicaty of the pressure induced polymorphic pﬁase
t;ansition the determined actiVation volumes can be
considered to represent the true activétion volumes
characterizing the transition state. However, in the case.
of liquids, mainly due to the presence ‘of "a foreign
medium‘such~as the»solvept thé arrangemeﬁt-résults “in

a more complex system. Therefore the quantitative

'y

nucleation model was readily possible in ‘the solids.
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In the past’ few decades, hlgh pressyre research has_

, ) been eXtens:Lvely studied experlmentally and theoret:.cally
™ by many 1nvestigators ;}[1,2]. A large number of dlfferent
.. materials 'havelbeer; examined under bicjh‘ p‘ressur‘e'[~3]‘,.
Howeugr, the majoriry of those studies were focused on
thermodynamic relations, ‘e.qg. press“ure.,_ onlu_me and‘
te“mperaf':ure (E"V,V,T), describing rhe state of a system on .
. ' the niat;.eriaj.s. In the case of 'solids, the importance of
pressure as an_experimental ‘variable stemmed from the fact
. that it enables one to change the interatomic dis)an'ces‘

andvhence provides valuable information often unobtainable

by using temperature as the experimenta‘l variable‘[4].

Hydrostatic pressures above 40 kilobars (kbar) are
4 ’ e considered a specialized field and are usually deflned as

4very high pressures. donventional high pressures on the

other-hand, are those pressures ranging anywhere from 1 to
3/740 kbar [5]. - A

Mény SOlldS are found to have more than one stable

AR

phase at dlfferent presSures e, g. ice bismuth, thallium,

‘ these phases ‘are usually detected by observing abrupt

changes in volume resistance or _both, as .a function of
t ' ’ .
pressure. Various 2techniques have been developed for~“

- " ~

.:'

i { B
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'barium and mercury chalcogenides (3] Transitions between ’
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measuring such changes for a wide range of pressures as well

r\ ~ as temperatures. A combination of wvolume and resistance

, .
=] /., B

4 variation measuremeﬁts ‘tcam be ﬂuseful in clarijylng obscure
ons arise, from

fsituations in phase transitions. These situat

minor volume changes and majof resistance changes.

~

The study of pressure-volume relation and the phase
transition of solids at high pressures will facilitate the (‘
, understandingjf the structure and composition ‘of the o
_earth's core and mantle [6] . 1t is possible to attain a wide
. range of temperature and-the appropriate range of pressures
assumed to be in 'the earth's intérior, notably between the 7

core and mantle, where the pressure reaches only 10 kbar .[5].

i .t & S . ' o
Therefore, the analyses of the kinetics and the reaction o

meciha‘nig;n of the pressure induced polymbrphic phase {
.trans:Ltion can be very useful in understanding some of the

s earth's: ‘physical phenomena such as earthquakes [e] . v

»

In spite of the voluminous literature on ‘the high
pressur research only few investigations have been -

.publish d on: the kinetics of the chalcogenides related to.

- L

‘th pressure induced polymorphic phase tran51tion f1-91 . - o
Howdver, more systematic research wqu is required to ‘

. undersszand' the kinetic mechanisms of the solid’-‘solid . <

S polymorphic phase transition under pressure, particularly .

LRy
]

. in mercury chalcogenides. '
' L)

»

Semimetals or zero gap semiconductors: (see p.21 )
. can provide an important application in haterial science. E

. -~
1 . T

o1
e . o ¢
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By alloying one of these materials with a semicdnduetor of ' a

’
[

larger energy gap, a new. semiconductor alloy with a close to

Tt W”‘”"“"‘“’T&Mm

I

Y

|

W
g

zero energy gap can be ol;tained " This alloy is extremely

i Co
Yy e A
»

" yseful rin produqing very 1'ha.gh frequency (infrared region)

-

_7 diode tle‘tectori:s. " ,:a | ) '.g\é S O G‘:@

. .~

)
i
i

T ATRIER

Mercury,chalé’ogenides ‘are semimetals or zero eneigy

W

gap semiconductors [10,11] at atmospheric pressure and wide
energy gap semiconductors [12] at high pressure, i.e. after
transition. Such properties encourage the study, of this clasd

."& ’ . .
) A

of materi als.

1 g AT
;

‘E' . . ‘ The compressions of mercury cﬁalcogeriides were . oot
:
b

measured for the first time by Bridgman in 1940 [13]. He S

~ noticed' a sharp volume change, ¢ rresponding fo phase

:\\“ . a%sitions .at 7 ,650 kg/cm in thd case of mercury selenide

IA

el s (.I;IgSe) ‘and sim:l.larly at 12, 800 kg/cm for mercury telluride

(HgTe)-. \\szidgman cortectly speculated that the polymorphic

phase transitions in both, HgSe and .HgTe, changed from the

zinc-blende structure to the hexagonal cinnabar structure. -

v

A large resi'nsta.nce change, by several orders of magnitude,
accompanyi.ng the polymorphic phase transition in Hgée was
dethted at’ 7.5 kbar, as reported by Kafalas et al in ‘ %\
‘1962 [12] 'I‘he increase in resistance at transition was -
Eh : attribl\xtedr to the change_ of the:materialfs state from a R
-gsemimetal to a‘ semicooduotor. Furthemofe, .upon decreasing
‘the rpresm:.::-e, a pronounced hyste;"esj.s in the.pha\sthJ::ansitiol:i

was noticed (see Figuie;tt,l). Kafalas et al., retained the

. . , . ”
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high pressure phase of HgSe by cooling their high. pressu:'re
- cell with 1liquid nitroge’n while the sample was pressurized’
“:l

- %

Ny R e in exf:’eass of. 1'."» kbar. Such %)olirrg prevented the sample 's .
"L ’ electrical res?s‘tance’“ from ﬁ&reasing upo‘n reducing the
pressﬁ to one atmosphere. Then, by means of/fﬁl x’\:ay r
diffrac.tz.on technique, they were able to conclude that the

. HgSe compound before transition, i.e. the low pressure p‘%:ase

{phase il), has the zinc-bBlende structure° and after
transition, 1. e. the high pressure phase (phase II) has
the hexagonal structure. The latter corresponds to the red
Hés“ hejgaggnal strutture. It was also confirmed by | R
. Mariano et al .[14} that Athe Iow ;gnd“high pressure phases of
HgSe are the zinc-blende and the \hexagonal ciniaabar ~ 3
< structures respectively. The upstroke and the downstroke ’ - 3
transition pressures ‘which defJ.ne the widths of transition

hystereses for HgSe, HgTe and their alloys, were measured -

: [?,8] using both, volume and resistance measuren.ien&t techniques .
: o " (see Chapter VI). In their investigation'— of HgSe, Laéam et al,
\ '[?f] further reported that the relative v'éﬂ’lume_"change
produced by t.he pressure induced phase transition is 8'.\2% N
of the qriginal volume.h The resistance change, however, is
in the order of 10% tines the original value. The dependence
- of the transitlon pressure on HgSe—HgTe alloy composition
- was also reported [15]. Polymorphic phase transitions for
.+ some greup IT~VI eoﬁpounds at high sures and various
te;nper'atures were investiiyated by Jayarainan~ et al. [16]. )

They reported that }:he solid—solid transitions in HgSe -

\

- B - N
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‘~and HgTe were sluggish,- but to a lesser degree at temperatures

!

higher than room temperature. However, they added. that the
total hysteresee in these solid-solid tran51tions ‘decreased

with 1ncreasing temperature. The decrease of the hystereses .
was further attributéd to the speeding up of nucleation and
R T VPRS- S e - . o » bt
- grod%h pro¢ ‘Rsee p'{EEL/' - ,"; #“n\i ) -

The kinetic of the préssure induced polymorphi%,
. N - . .
phase transition of the chalcogenides were reviewed by
Onodera [9] . He indicated that the’ presence of- impurities

1n the substances showed importance in determining £he nature T

of the kinetics of transitions. He' further indicated that a

~

¢change- 1n electrical resistance of several orders of - &

magnitude at the transition is due to a change of band
¢ structﬁre. This in turn is'due to a change in the crystal
b ‘ ] structure\\fhe data analysis ‘of Onpdera was based on the
» assumption that a fraction of the terial transformed at
any instant during transition from one phase to another,
sas proportional to its resistance change. Such an assumption

- has been modified in this work, based on the experimental

results of the simultaneous measurements and the analyses

a

of the volume and resastance variations during the pressure
< induced polymorphlc phase transftions in HgSe. .
0‘ .
Most of the earlier high pressure measurements, . v

particularly those above the conventional limit, have been
. restricted to pressure~volume [3] relation. Those k ‘

S

. measurements, obtained by the conventional indirect

volumetric-measurement techniqne provided very : ‘}-.
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important data on the compressibilities and phase
transformations of many-.substances. On-the other hand, tﬁf
. ' direct resistance measurement technique is structure

. 1 oy “
sensitive, especially in semiconductors. Therefore, this

technique is not oniY‘useful to measure the solid-solid
polymorphic phase transformZtdon, but 'can-also prouide
. information on the paterial{s electronic structure variation

as a function of pressure.

The purpose of this investidation is to examine and
\ analyze the kinetic:aspects of the solid-solid pressdre'

N ‘induced polymorphic phase -transitions. The method of the

P

investigation to be employed ¥s a q&;ect high sensitive
'techni ue to the large resistance variation of HgSe.
Thus, HgSe has been selected bécause of the following

ghanges accompanying its transition at a relatively ‘low

* pressure below 10 kbar: . . A
s . . . R

. ‘1) . Electronic structure, from a semimetal or a zero gap
- semiconductor to a large’enetgy gap semiconductor.

2) Crystal structure, from the zinc-blende to" the

|
\
'l\ .
i

.hexagonal ¢innabar..

s 3) Volume reduction by more than 8 %. _
. v o * ) o :
\ . 4) Resistance increase by a factor of 104 . S

-

\ Furthermore "the research set out is to identify
. the thermodynamical equilibrium pressure and ‘to explain

‘eventually the existance of the transition hysteresis
Q

LY .

e
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: structuxes of these and other related materials. It also

e g

Between the two phases; This is in addition to the possible
analysis of the band structure varlations related to the

energy gap of HgSe under pfessure. a

. . 4 -~ . -
A detailed study of heterogeneous nucleation and the

mechanigm of the solid-solid pressure indnced'péiymoﬁphie
phase transition in mercury>selenidé is presented in this

thesis. Based on the experimental results obtained, the

-
!
§
!

study is analyzed.

Chapter II givgs the band structures of HgSe and

HgTe, together with the influence of pregsure on the band

-
4
y
3

presents the gene al principles of the kinetic theory of

R

the solid-solid P lymorphic phase transition.

Chapter II1 discusses material preparations

\
!

the resistance variations of the samp{;s under Pressure.

pressures are also described.

\

T -
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A heterogeneous model that follows the experimental -
data very closely is proposed in Chapter 'V. This model is
used to characterize the kinetics of the pressure induced
b ‘ ‘ solid-solid‘polymorpﬁic phase transition according to the
'?. - " absolute rate theory developed by Evans and Polanyi [17] .
: Moreover the reaction kinetics, with respect to éhe
. thermodynamics drlving forces (pressure and temperature) ' -

oL ' 'in relation to the polymorphic phase transition are discussed.

4

bt TRk N

.

The analysis of the experimental results found in

e Chapter IV is given in Chapter- VI. This is in'eddition to

- the kinetic data obtained by using the model of Chapter V.

% ‘ Also, a clear distinction is outlined between thermodynamic i

3 ' - ] . %

4 and kinetic pressures and their relation to,transgxion %'

¥ . N . N , -

N ) \ ¥

& ' pressure. R

Lo , 2

;v:' . o %

% ! Chapter ViI incorporates the summary and conclusions ik
§l of the present investigation."

. ¥
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. phase transution changes the energy band structure of a

'solid can be,determineci 'acéurately.

. '
oSV e o o -

.. CHAPTER II

GENERAL REVIEW

“a.

The influence of hydrostatic pressures on t)re energy

band structure of a solid can provide vital infor:matlon on

the character:\.stn.cs and the’ type of that solid (metal

)
semiconductoi;/izsulator or others). .It.is the purpose of
o

this chapter resent this effect for mercury chalcogenides '

s

‘a8 well as for some other related semiconductors.

: Consequently, a general review on the energy band structures

of these matern.als at one atmospherlc and at higher

pressures will be discussed. ' _ » .

Furthermore since the pressure induced polymorphlc

solid whlch can be folléwed by the res:.stam;e measurement !

technique, the last portion of this chapter discusses in

general the heterogeneous kinetics theory and the mechanism

o

o/ﬁ/ phase tranéformatlon. - ‘ - o

2.2 ENERGY BAND STRUCTURES OF SOLIDS ’ i -
The crystal structure of a solid determines to a

great extent the energy band config&ation. Therefore

based on a particular energy band configurqtion the

e
electrical properties azad hence the classification of the @
. <
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P —— " Most of the _ilnportan't semiconductors are of diamond
: - '\or zinc-~-blende structures, characterized by tetrahedrai
coord.matlon i.e. each atom is surroundr? by four equidistant )
) i . . ' nearest neighbours which lie at the corners of a tetrahedron.
. | | The diamond and the zinc-blende structnres can be considered
\' © as two mterpenetrat:.ng face-—centered cub::.c ‘lattices [18,p 9]
. In the diamond structure such as in silicon (si), all the - \
atoms are Si, wh:tle in the zinc-blende structure such as
~ in galllum arsenide (GaAs) one of the sublattices is Ga

S

', and the other is As. " o . -

N w . .

- . . N : ‘ . ¢
2 2.1 Thewarillouin Zone and I(-Space )

'I‘he band structure of a crystalline solid i. e.' the
' ;energy—momentum (E-K) relationship, is normally obtained
\/“ by the solution of the SChroedinger equat:.on of an appropriate
| one electron problem. K is a .n_omen_tum‘ vector space in the 0
. rec1procal iattloe ghex/e a vector in the reciprocal latt'>lce- |
is related to another ‘'vector in the dlrect lattice by thd
j | Kronecker delta times the factor 21r The Schroedinger . -

equation is given by

n? 2 . T
- 3 v+ w(r)] ‘.Px(r‘) = Ep ¥plr) AT
with the general solution (1913 - '\ o
e B iK.r o ‘u *

U _(r)

Ylz) = e ) S

-
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where Th=h/27 , and h is a universal atomic constant

"\(P‘lanck's constant), W(r) is the potential energy of the
) {

Los partiéle m is its mass, y,(r) is the wave Funchion with/

| % the wave propagation vector K, E is the energy of the
i system and Uy (r) is a perlodic fuhction in r (r is a vector
&
g

-+ 1in the direct l_attice),- correqponding to a perfectlyu
[

’ . 2;:29. electron of momentum UK (de Broglie's relation).

o

s

. ‘ wS.’mce the,. direct- lattice is periodic the reciprocal *°
lattice is also periodic ahd hence the rec1procal lattice
-is composeci of ﬁxany repeated unit cells,., Each unit cell

repeats the energy States of a neighbouring one, therefore,

one unit cell (reduced zone) in the reciprocal lattice is all .

. e that is needed to specify the energy States of the whole
» . . . -t
' lattice. This reduced zone in the reciprocal lattice is known

4
e
4
P:-1

A TR e s TN TAREN
.o
;
.

. as the Brillouin zone [ 18,p.241] . Thus, a plot of the

energy E\)as a function of the wave vector K, can specify

uniquely‘ the energy band structure of -a solid.
. ‘ Y

The Brillouin zone for diamond and zinc—blende

O AT TRy -

[1

K

3

' structures whlch is the same as that of the face-centered
cube, is given in I-‘igure 2.1-A. similarly, the 'Brillouin .
~ zone for the wurtza.te structure is given in Figau:e 2.1-B. ’
-‘Ige most important symmetry points and symme try lines are
indicated in these figures. The particular interests to -

the present discussion aré the center of the zone (I )

where K=(000), the zone edge (L) intersecting the axis G )©

~

"where K=(111), qnd the zone edge -(X) intersecting the axis ( &) ,

@

.
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where K=(100). It is to b& noted hereafter that (I o
(L) or (1{) and (X) or (3) will be used to represént , L

K=('600) ’ K=(111) and K=(100) symmetries, respectii#ly.

e

2;2.2 The Enerqvy Gap

In thé Gase of non-metallic crysta{s, particularly S

Vs

'@emicondﬁc'tors, it is. desiiable to explain the expression
".‘thb\width of the forbidden band or the energy.gap'Eg“.
It is defined as 'afz:‘egion in the reduced zone at whtich no %

I . . o
~allowed energy states can be maintained and is given by

~

8 Eg = E_(K ) - E_(K)) - - (2.1)

»
> 3

K, is a point in the reduced zone where the lowest
‘conduction band reaches its minimum energy value. .

e the highest valence

K, 1s a . point in the reduced zo

band attains its maximum energy val If the minimtim energy \

U ' 3
separation Eg.between the lowest con yEtion m and tfhe
highest valence band E, 1is located at a particul /value S

of K as in HgSe, HgTe ahd other crystals then\th‘e
’ &

electronic tran51t:.pn‘ is classified as a “"direct gap

¢
F calt

transition'. In this case K-V=Kc or dK=0 and the energy

gap’ Eg is given by

- By = EC(,K)‘-\RV(K) , - (2.2)

=~

On the c{ther hand if Kv;sK or the mInimum gap exists

between dlfferent values of K, as in silicon , germanium.

AV o K o

Tas ).\-' ;.g@
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and other crystals, then these are called "indirect gap

\ _transition™ materials. Figure -2.2 &compare's Ythe basic . v

difference between direct and indir‘ect transitions relative .

4

2
fgi; to K—space from the center of the Brillouin zone. The solid -
e 14
'g", arrow ( a) where dK-O indicates a direct transition case ~
":.: with Egl as its energy gap, while the dotted arrowf*(b) '

exhibits an indirect transi#ion ca§e with Eg as its energy
. 2 . ' o

k¥ .
Ty

gap. ‘ ‘“

2.3 - PRESSURE AS A SOLID STATE PARAMETER /.

The influence of pressure on the band structures of
solids h:s been shown by means of quantum mechanical
treatment [26] ‘Therefore, when hydrostatic pressures are
- : applied -to crystaIs the energy band configuration changes. b‘ .
g ' This will be discussed below for some’ important semiconductors. .
- *How:ver when the crystal structure changes under pressure,
i.e. undergoes phase tra.nsition it is accompanied by a“
modification of the electronic configuration of the solid

As a f(mction of pressure and at a given temperature , the

displacement of the conduction band relative to the valence
*
. band is measured and expressed by its pre,ssure coefficient
( aE / BP) .. This coefficient can be obtained for example

< [21 ] by using the following" relation :

-

. peE VEN. 7.\
G- 6, ()
_(.ap T \?Y Jp. P [,

~ where .V is Vvolume and P is pressure, )

£
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Fig. 2.2 - Electronic transitions 12 band structures,

8

 (a) 4indicates a direct tr}nsition; E

-19].

EY >

g
(b) indicates an indirect: transitionll
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The value of (—_3773) ‘can be ewvaluated directly from Sand-
& \T

calculation by changing the lattice constant, whereas the

.,\

.value of (—-:—-‘-1:) "'can be estimated from the measured

compressibilit? of the solid. Hence, the basi_s for any

'association of the pressure coefficient' with theenergy gap

between ‘the valence band maximum and a particular Ssymmetry
of the conduction band minimum is primarily experimental.
Therefore, it is important to demonstrate the influence of” ‘
preEsure on the band structure anc; hence, on the transport
properties of some semiconductors including mercury

chalcogenides . .

The earliest experiments L ) exam.ine the effect of
. pressure on the resistiv:l.ty of germanium (Ge) were per formed
by Bridgman [22] . He concluded that the resistance is single .
valued in 'pressure with no hysteresis starting with a linear
increase, followed« by a rapidly accelerating riée of resistancé

-

at ‘fxigher pressures, as given in Figure 2 3. Later

investigators [ 3 ,24] have interpreted that the résistance

'; ‘ change{yto the accelerating rise is due to‘the increasing .

~

. importance of a new\set of states, having different pres‘sure

coefficients from those at low pressures. Table S 2.1 lists

o>

these pressure coefficients for Ge as well as for some other '

~

semiconductors including HgSe and HgTe. A positive pressure
coefficient for a particular symmetry J.ndicates gthat the .
" conduction band at that symmetry moves .away from the valence

-

band maxima, i.e. the energy gap ._Eq opens. up, .and conversely
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g Table 2.1
- . Properties of some sémiconductors ing;gging zérq_gggvmaterials
[ ’ * '
i Compound Energy Gap ‘Conduction ‘Band ( 3E_/ 3P), |References|’
4 . (ev) Minima ev/atn. )
| /0,66 (300°K) L 5-x 1078 [[23 - 25)
3 L4 p 1 "~ .
) Ge 0.803 (300°K) r, 12 « 1076 25 3
. M _6 o
- 0.85 {300°K) ' Aay: Oto-2x 1°_j6 [23]
- 1.2 x 10 [28]
o >
- 2.0x 10
. ) .509 {0® ~ 300°K) Lg - -8 x 1078 [25, 29)
s 1 ~
727 0.3 év (0° 2 1%0%k) r's ‘- 12 x 107° (29 ]
1.8 (300°K) Ly 9.4 x 107° [28]
GaAs 1.5 (300°K) r 9.4 x 1078 | '[28, 30
° 12.0 x 107 | [25]
»2.0 (300°K) C A1 - 8.7 x, 107° [28)
' ’ . ' 3 - 1.4 x 1078 [25, 30}
~2.4 (306°K) ty ) 1.8 x 10°° (28]
~2.6 (300°K) , ry - 1.8 x 10°%° [28)
GaPr v ) -
2.3 (3oo°x)} {-\- 1.7 x 10" b| [28]
2.2 (300°k)) ' Ay - 1.8 x 107 [251]
N - 0.3 (4.2°%) Iy (1]
HgTe? - | —=.0.19 t0.04 (300°k)s rg - 14.5 x 107° s t
- ‘= 0.175 (300°K) '
: - -6
: - 0,137 (340°K) Ts =73 x 0 (57
3
s o - -
. 4 | -0.28 (4.27K) . rg [45]
BgSe ) o -
- 0,15 (BQ? K) , 8. ‘ @ - [44)

between 20 -

N R
| I T I |

L3

between 60 - 130 kbar

the thermal gap E
the thermal gap.E

50 kbar = :
= 0 at all temperatures
= 0 at all temperatures

~

and pressures [29]
and pressures [11,33,35, 44 .
45 55"~ 573 :
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y conductor.

a negative pressure coefficient indicates the opposite

effect. Note that Ge is an indirect transition semi- R

. conductor with the conduction band minima located’ét bl _ " -

‘.
A

at ‘one atmospheric pressure. Paul [25}“has pointed out
that the‘transition direction shifts with pressure near

50 OOO kg/cm from (L ) to ( A ). This arises because as_

a function of pressure the Ge gap opens up, fne. the |
conduction band at (Ll)-moves upward ' away from the Yalenceﬂ
band maxima at (Iés), up'to a pressure of 50,000 kg/bmzf.

A

‘Above such a'pressure a new conduction band appears to

o

be the lowest conduction band at ( & ) due tQ its negative
i

ﬁ?essure coefficient. Thus "above the mentioned pressure

the (A ). conduction band.is the closest to the valence band

changing the transition “for the ehergy gap from. (L )

to (). ST - .

It is of idg;rtance to know that Ge undergoes a phase .

) ) ;

transition at very nigh pressure., Empirically, it is~

detected at pressures nbar 120-125 kbar by a sharp resis

decrease téG], which indicates a solid-solid phase trans
formation, apparently to a metallic state. However, in
case of mercury chalcogenides, tne opposite phenomenon i

obserued For exampre in the present investigation‘a 8

o

o for \
resistance increase is detected,above 9 kbar :for HgSe

v

N . ! L]
k. ”~
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$o : The lowest conduction band in Si is located at (A )

Tas .

it is an indirect transition semiconductor. The influence

- with an energy gap E, -E = 1.1 ev at 300°K and hence
. 1

i ~f : of 30,000 kg/cm of hydrostatic pressure on Si, as reported
by'Bridgtar [22], decreases its resistance to about one

ﬁ ‘Y | half of the ini;fal value. The first pressure coefficient
measureée for’/ (& 0 in Si, which was determined by Paul

; o and Pearszi)[27] is given in Table 2.1. This was followed

| | by pressure measurements up to 140,000 kg/cm2 without fﬂj

noticing any sign for transition [ 28]. However, at higher

pressures, near 195-200 kbar, a sharp resistance decrea&e _ //

depicting a phase transition, was observed for Si by

8o~ Al

! Minomura and Drickamer (?6] They estimated that the

L&

reasistivity of the high pressure phase was in. the. order‘of,

' . 10'4n—cm. bes\is nearly the same order of magni tude

f measured for mercury, chalcogenides at the low pressure

‘ " phase [11]. The solid-solid phase tra+sition which was
found in S§i, is another example of phase transformation

'under‘pressure from a semicogcpcting state to a'metailic

state, ‘

+ -
¢

Measurements on the band structufe of gray tin (a=8Sn) -
at atmospheric and elevated pressures indicated a complexity ‘
. that,was not quite explained before the introduction of
- r 4 -

¢ the inverted band model'ﬁy Groves and Paul [29];~The

§’~\ . essential feature of this model-is the location of (1@2'
" \\“k - v N .

valence band [(r;s)l_gingle group representzt&bd] and




W O N

(I%) conduction band [(P; ) single ‘group repreeentationj.
Figure 2.4-A and 2.4-B displ e normal and the inverted

band structures about K=0O, respectively. In the inverted

band model at K=0, i.e. at the center of the Brillouin zone,

v

~ the normal diamond or zinc-blend + conduction bandv(F )

becomes the iight-hole valence band, separated from the ”

heavy-hole valence band (r ) by the energy gap Eg’EPG'EIb .

Furthermore, the lightehole valence band (F ) becomes the

condnction band Thus, it 13 observed that in Ebe inverted

™

band model, Ep8> Erg, contrary to that of the normal band

' one where Ep. > Epg. Since dK=0, Sn is’a direct gap material.

In this model, the sign of the energy gap E =Erg-Erg

is negative due to its (I‘é— r8) ‘band invetsion, contrary

to the sign of the energy gap Eg:EIg-Era of a.normal'band
structure which is positive. However, it islto be noted
that in the invertedlband srructure, above the light-hole
valence band level (rs) the heavy-hole or the highest ‘
valence band level (PB), slightly owerlaps the conduction
band level (r8) at K=0. This energy éverlap or the thermal '
energy gap Et is so-small (nearly zero}ev)‘and, hence, th:.
expresqion "Zero-éap semiconductor" was developed fﬁ9j;

»

addition to the conduction band at (rg ), Groves and Paul-

-

observed a second conduction band minimum contributing to

e transport properties~or Sn, which'is locdted at (LG)'

single group'representafion]' slightly (o. 09 ev)
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‘ pressures. The ‘same model with some modifications was used for

mercury chalcogenides and will be discussed Tater.

' GaAs is a direct transition seniiconductor with a

\ A

second conduction band minimum found at (xl), about 0.5 .ev
above the (r ) minima [ 30] Howevef as a function of pressure,
the conduction band minima at (rl) moves upward, while the
second conduction band minimum at (xli moves downward -

4

['I‘able 2.1]1, resulting in a shift in the -transition '

e

at hlgh pressure to an indirect gap semiconductor. A phase
transition was detecx;ed a1': 240-250 kbar by Minomura and
D;iékamer [ 26] with a large ,‘re.sistance .dr'opl to several orders
of ’magnitude', They concluded that this phase. transition
cﬁmgeg Gads frohl 'the semiconducting to a‘clpée—p:ck‘ea

metallic state.

-, The lowest conduction band minimum in gallium
phosphide (GaP) has been idengified by Edwards et al, [28]
to be located at (I‘l) and hence is an indirect transition

semiconductor! Two conduction band minima were reported [ 31},

. the lowest at (4,) and the next higher_at (r.). It was
1 - PR l !

indicated [28 ] thar\for GaP a change oceurs in the sedection
rule for the energy gap from (Al) to ( I‘l)p at pressures
between 20-25 kbar. It was published only recently that a

pressure induced polymorphic phase transition from a semi-.

conductor to a metal in GaP was detected by an abrupt s

resistance change (a decrease ‘to more than five orders of

‘magnitude) in the vicinity of 500 Xbar [.32]". This is a '

¥
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+
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‘be verified by éxperiments.
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very high pre‘ésure compared to the trans ion pressures of

HgSe' above 9 kbar and HgTe above 15 kbar [ 8 |. For 'such a:
H

pre%sure, mercury chalcogenides may perhaps encounter

more -than oné phase transition. However, this can only
0 W h ‘ﬂ
/ -~

2.4 . ENERGY BAND STRUCTURE OF MERCURY CHALCOGENIDES B
AT ATMOSPHERIC PRESSURE

Mercury cha_lc?genides consist of mercury sulf:i.d?r '

. (Hgsf, HgSe and HgTe. Only limited ‘information on mercury

sulfide .(Hgs) is available in the literatures and hence

it is ignored. for the 'restj of this Chapter. HgSe "and H:;Te,
on' the other hand, belong to the fémily of‘xpaterialvs knov;n‘
as zero gép semiconductoré or, alternaﬁiveiy, zero ove_r:}.ap
s’emimetais [33]: . The band structures for HgSe and HgTe

at all pressur;s", up to their transition pfessure,-‘éxe
‘very similar to the one previou;sly discussed for Sn,
namély’the inverted band structure [33] . However , at
.pressures above their trans::.tion pressures HgSe and Hg're

s
change tﬁeir band order to the normal band structure [15]
* D- -
\‘ - ” ° . s

The first major step towardé the qnderstanding of
the band stru&ture of HgSe was repori:e.d by. ‘Harmén and
. Strauss in 1961 [34], . These investigators carried out.an -

‘analys'ié of the Hail coefficient versus temperature data

3

' for HgSe and HgSeo 5. Te _5 between 70° and '350°K, based on the-

. .
o it o AR

a

>
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the qonduction band, this model was not generally accepted

with other III-V ‘and II-VI compounds of ‘the zinc-blende
- family [ 35]. = g . . . O ~‘. . ln

¢

-
M D i s S T U NI S a0 .

assumptionsiof one non-éarabolic conduction band;~one" ‘ T
parabolic valence band Emd.tge Fermi-Dirac statistics. |
They were not able to erplain their data on the basis. offa
simple two-band model, however, they~foﬁqd,good agreement
with their experiments by adopting a bahd model in which )

the conduction and valence bands overlap as in Figure 2.5.

‘The energy gap Eg was defined in this model as

. E =E_ -E_ ° ‘ T f2.4) .
where Ec;is the lowest energy leyelﬂéf the conduction band

, as it xC‘

e thermal

2

and E_ is the energy level of the valencegzaﬂa‘v
the normal two-b model. The overlao.or

energy gap Et' on the other hand, was defined as

- _— E, = B, - E; . : (2.5)
A 4\ ’ 1 . ) \
’ o “ ‘ .
where Ev. is the energy level of the valence band vi. ) T
1 ' ~ : Co ‘
. They estimateq the thermal gap E; for HgSe and HgSe, o Te,"g
~to be .-0.07 ev, whereas the energy gap Eg to be 0.1 ev {\

for‘HoSe and 0.2 ev for the alloy. They further concludéd

that these materialir;re semimetals rgther than semi-

conductors. However since the valence band deeply overlapped

as a semimetallic model for HySe because of its inconsistency
( Al

I TV I T

-
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Early measurements related to the bénd structure of

;4 HgTe were repgrted in 1958 (36,37, 38]. These researqhers

- carripgd out their measurements based on the assumptions of
. .

; ‘ one parabolic conduction band, one parabolic Valence band,
classical statistics and’ carrier mobilities changing with -
*temperature as T-3/2_ The anaiysis of their electrical . {

resistivity and Hall coefficient versus temperature

measurements yvielded the result that HgTe is a very' small

A
e 1F A i A -

energy gapf(i.e, Eg= 0.02 ev) semiconductor.

2y . s . i

S

. ) - . F A i
' An extensidn of the inverted band structure was ‘ :

- later applied to HgTe by Harman et ai. [éQ],_as illustrated"

in Figure 2.6, where the conduction band (r) of III-V,

-

-

compounds (see Figure 2.7) is inverted to be the light-hole
valence band (F ). Furthermore 'the light-hole valence
band (Fe) and the heavy-hole valence band (Fs) have become

the conduction band (rg) and 3 heavy-hole-like valence
" (I P . . \

*

A .9,

- | . band, respectively. The -eneTgy gap E =Erc-Erg is found
to be ~0.14 év, while the eberlap or thermal gap Etzis

~0.02 ev: both values are quoted at room temperature,

. v‘and hence Harman et al. classified this material as a .
» © . - . . -

semimetal.’

The lowest cenductiou band of HgSe-has been verified

A .

to be-centered at K-O and is non-parabdlic.[4d;41].'

Uslng Kane's theory (see p.36 ), the band paraheter values

-8

'G-7.1x10 ev—cm,l E | = 0,24 ev [41]‘ and 'G=7, 6x10 -8 ev-cif)

PT
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IE [x 0.22 ev, at room temperature, and the pair of values
G~7:2r10 -8 ev-cm, |Eg|= 0.061 ev. at 4.2° K, were reported (35},

G is Kane's monentum'matrix element. Theoretically, both
. . 5 - - ‘
(EG) _symmetry, as for example iZfindigm antimonide (InSb),

?

or (Ib)’symmetry, as in Sm or HgTe,.can represent the

<

conducfion band at K=0 (421, However, a number of .

1nvest1gators [42 46] empha81zed (r ) as the correct choice,

i.e, the inverted band structure, ~for the. band symmetry . ‘\;-

of HgSe.. It is noticed fram the results of Lehoczky et al. BS]”

that the absolute value of the energy gap [Eg] decreases

as-a function or temperature, ag stated earlier. Fﬁrthermore,
they estimated that.the valence band overlap of the o '
conduction band or the thermal gap E. is -0. 00504 ev and

does not change with temperature. They concluded that HgSe

oot

. is a zero gap femiconductor.

<
~

- . v

The value of EgsEré-Elb, employing the inverted

band model, was measured by Pidgeon and Groves [47] at ~ -

1.5° K and 77° K tcoyleld -0,303 ev and -0.25 ev, respectively. -

’Recently, Lombos et al. [11] reported thefHall effect

measurements for the alloys of HgTe Se using'the

l-x""x? 7
inverted band structure, as illustrated in Figure 2+8.

’ fhe thermal gap or the band overlap between the heavy-hole,

-

valence band vl and the conduction band (F ) was defined

as Et=E -E \Pile the energy gap was ‘defined as

-

ngrs-ErB . Lombos et al. lndicated that their experimental

data fitted the inverted band model in the case of HgTe

300 Bt o
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‘'Por HgSe and the alioYs‘, h\owe.ver, their analysis indicated

that Eg as_well as E,_ were very close to zero and thus,
\ ' Coy g
- might be considered zero gap semiconductors. £
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2.5 TRANSPORT “PROPERTIES OF MERCURY CHALCOGENIDES
. AT A‘I‘MOSPHERIC PRESSURE )

o gt
¥

‘ *
' The band structure of a crystal is an important

1T
"

factor ih determining the transport properties of a materi.al.

The edges of the bottom of the conduction band minima and

the top of the valence band maxima of a particular band

structure can determlne for example the effective mass

-~

(a measure of the curvature of the energy band) " the

. \ -
Tt mobj.lity (an average drift velacity of an electron in a

.material with an applied electric field) and any warpind

o

due to degeneracy or non-parabolicity.
PN o S . , ) ‘ .
Using the Hall coefficient measurements, an-early .

value for the electron effective mass m onI .03 m (m is

the free electron mass) for HgTe at room temperature was

measured by the Rodots-in 1959 (487 . Harman in 1960 [49] K

o]

- obtained from Seebsfck measurements%r HgSe a value of Y

©0.04 m for rq:. It has to be mentioned, however, that in

‘these early analys'es of’lth'e measuretnents -a. parabolic

conduction band was assumed The first experimental

o : analyqis with the Hall effect measurement on' the transport

r -

L)

T



* -

N

' “temperature within the indicated range. Their Hall mobility

, measurementsl showed that My practically does 7ot change

properties of HgSe-HgTe solid solutions, based on a .
non-parabolic conduction band, was reported by Rodot- et al.
" in 1961 (50]. In the light of the experimental analysis

they' noted that.

with the alloy composition of Hq’x e _« Sey ,

for the Se-rich sagples the Hall coefficient R, varied C
P , .

only little with temperature while for the Te-rich samples

RH was ‘a temperature dependent. They concluded that the

t

former is n-type while ‘the. latter may. be a p—tYpe\ at |

L4

\.s\.

very low temperatures. The results of their transport

paraneters (i.e. carrier concentrations’, mobilities and

effective: masses'), along with the results of other reporters

o 1

w

on similar parameters are summarized, in Table 2.2 .

o
¢

r
SOV POV

In the case of HgSe only n-type crystals ‘with .

carrier concentrations in the ranqe of 3.60x10]‘6 em™3 0

to 2x1019. cm-3 have been reported '[ 35.,45] . The electron

concentration n and the Hall mobility u. v'ar-iation between

]
:
3
E
1
]
!
3

4.2° and 300°k were measured by Lehoczky et al. [35] . They
-3

o’

1ndiqated that for low concentration ‘samples 1. e.xnslo

an intrinsic behaviour (strongly’ chianging with temperature)
appeared—between 20° and 300°K while a departurel from . this |
. 1ntrins:.c behaviour‘ became more pronounced as the donor ' ‘\

‘concentration*approached thgiddle of the 1017 cm"3 range. /}

Furthermore, they measured and found that samples with e ectron

concentratiqns above 10:"8 cm-3 were almost independen/t: of

o ‘
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with temperatures up to near 50° K: it linearly decreases

as a function of temperature to almost one order ‘of

magnitude {at 300 °K) of its low temperature value for

samples with n in the range of 1016 “to 10 cm 3. These -

mobllity data yielded good agreement with their microscopic

theory treatment of electrical conduction in the zero gap

-

. semiconductor, ,
oy,

¢

-

¢

HgTe ‘single crystals can be grown as p-type or

n-type with controlled carrier concentrations down to
15

~

about 10%° cm™3 [45] . Extremely high electron Hall mobilities

“

of more than 600,000 CmZ/volt-sec at 4.2°K have been’

obtained by Harman et al. [51]; Many investigators [44,45])
have measured n-t&pe ¢rystals with various carrier
concentrations in BgTe ‘and have“established the low electron
effective mass m; and the non-parabolic character of the

(ra) conduction bdnd at R=0. The gap E 'EPG'EIb for HgTe

is very ‘sensitive to temperature, that is the energy gap

N\, -

separation Eg is smaller at room temperature than at 4,2°K.

'cOhsequently, the resistivity decreases as a function of

.-temperature by nearly one order of magnitude between the

»

temperatures g 2° to 300°k [51]. Lo ‘

In the invertéd band structure (ahout.K-O) the ‘n

| eenergy-momentum (E-K) relationship of the conduction.band

(c in Pigure 2 8) and the light—hole Valence band .
(v v, in Fiqu;e 2.8) can be~eﬁb:9§sgd [112§¢'511,.g°%10w1nq tt

i} ‘ .
.[‘ N ' ) ' ‘ - o
| .
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IS
Kane's theory [52] by :
By 1 8 2.2 \
E = -2+ 5 [E + % G°K%) (2.6)
c 2 2-- :
\,\’ . .
g 2 g 2.2 ]
E, =-l53 - 5(E,  + ] S (2.7)
° 2
where Eg is the energy ng bctween_/(i‘s) and ( T’e) states
(but not neceésarily' the thermal gap), that is
8 .
Bg = Blg ~ Elg
G is Kané's momentum matrix element'and K is the momentum
space vector."Eq@ation-(2.6),‘togethbr'with the electron
effective mass '
o dE_ -1 \
* 2. c : ) - . .
m -'flK(-aK-—) ‘ _ (2.8) ,

e

were 'used by ‘Wright et al. [40] to derive the rel'atiopsh;ip

2 . ' -

2, - B ~30,2/3 - \
,) ‘=325 x 10732 L ;821 X010 _n " (5 9y
e’ ‘ : G" - G v ' .

T~
: Il"g"

@
-
-

which applies when the Fermi level E:l, (the highest valence

band in a semimetal) ‘is 4kT or greater abovs the

conduction band edge E_ [44]° n is ’the electron

concentration. It can  be. seen that if a plot of (=, /(1-: 1) .

'2/3 yields a st;:aiqht line, thcn the lepg of .

.

the line is proﬁortionai to :l./G2 and tbe intorcopt ip -

.
v wp RN R




. ,‘&

3 proport:.onal to Eg /G -~ Such a plot was given originally

by Wright et al. [40] for HgSe and reviewed later by

- - Harman (44 ], ylelding straight lines for HgSe and HgTe.
‘. Harman estimated the corrected energy gap Eq f;o:)ﬂgse and .
{ Hg're at room temperature to ‘be approximately .l5 ev and | o

-0.14 ev, respectively§(45] .

Lombos et al. [11] gave an expression for the electron
concentration n in the conduction band (f'B), following.

= Kane's theory [52] and according to~the inverted band

1

scheme, as follows : b

C At v el

L .. n = -?- (m* 4“2kT) [Fl/z(“’f ‘B(S/Z-SE)F‘3/2‘(n)“ '

SR - 82 3 ' - o ;
Q}‘ ) | S (l— E )FS/Z( n)=-4 ¢8 F.,/z(n )1 o (‘2.10.)_ ; %
e . where - ‘ : / | i

: © e P - m; " o EF .3h|E "' - ' 4
o Tl fTmoo "TRT T —fj“lswéz . : :

k is Boltzmann's constaﬁt T is the temperature EF 15 the

ERRSTAPPY. ﬁmﬁﬁ‘mﬁf‘ B

Fermi level relative to the bottom of the conduction band

rd L

and lEr |= | Erg-E r8| . m is }he. band curvature effective

“ -
IR

mass of the electron at the edge of the .conduction band,
G

m is the free electron mass, h is Planck's constant and ‘o

CLO RS RO

© et . K ”
G is Kane's momentum mitrix element. Fj(")' is the Fermi-Dirac.

A -

Integral of order j :-

| ..Fj\‘“"f 1—;2—;‘“1?:1) T e
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The hole concentration p ‘ in the heavy-;hple‘valeince band

[vy in:Figure 2.8] is-expressed [11,34,44] by :

- . 2
7, o+ a4 kT By
KP"';Z"( —;’7—) Fl/g("',“"'f‘)
7 . 'S / .' ‘ “ * .
¢{ where m;‘ is the density of state effective mass in the

heavy-hole valence band and Et'-. the thermal gap,’ is
defined as in equation (2.5).

Pl
[

2.6  ENERGY BAND STRUCTURE AND TRANSPORT PROPERTIES
' OF_MERCURY CHALCOGENIDES AT HIGH PRESSURE

High pressure measurements for Hg‘l‘e assured that the
* inveéerted band structure, similar toﬁthat lused fg_r Sn [29],
is the most appropriate structure for this material. It is
known [53] from- all diamond-and zinc-blende type compounds
examined so far that the level (T' ) rises as a function of
pressure faster .than (I‘ ) Thj.s means that -15 (Ers- Epa)
«is positive or ( aEg/_ BP) >0 for positive energy gap
materfals, i.e. Eg>0. ‘I;Iowever, for rhe inverted band .
stnlxcture w}iere Eg <0, it has to be noted that
a—- (Ere- Era) <0, i e, (3E /ap) <o Thus the pressure
._ coefficientg- of the (r f and (I‘ ) states depend on the
, symme\rry of these wave functions rather than on their \
relatj.ve:energptic. pa%itions { 541 .
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The pressure dependence of the thermoelechric power
J

#

of extrinsic n-type HgTe with electron concentration

T A

: L »
A.QW'W- e n st e,
- i LT e
'
&,

n=]1, 1&@0 cmf3 was measured by Piotrfkowski et al. [55] "‘
These investigators deduced from the change of sign of the
thermoelectric power that tne Fermi level has increased , f |
with pressure. This was subported by Groves et al [541 : '

| @ o 4~h‘\S§;ermined ;hat a decrease of the conduction band mass . .. g
indicates a decrease in (T - L) separation as a function = . %.
3
::

T A TEA N g

. .of presgure. They also have analyzed some unpublished data

£o» HgTe and HgSe under'pressure, using thermoelectric ‘

;} power and optical- absorption measurements. In the case of:
éq‘l‘e_, tﬁe? confirmed the ‘pressure" dependence of tner.noélectr‘ic‘

. \; ‘power given by Piotrzkowski ‘et al. [55]; hoyever, they
reported “that for the HgSe compound having the same - X ;; - {.a

- concentration tne}opposite sign of pressure dependence ‘

o « , .
-

was noticed. They attributed the latter to the problem of
ohtaining s les of high concentration n-type to show
extrinsic be aviour yet with a small enough number of .

electrons to give a measurable change of thermoelectric

power under pressure.

Measurements of the temperature dependence of the
Hall constant in intrinsic HgTe samples under’ pressure were
<
examined by Porowski and Zakrzewski [56] and Piotrzkowski et al.

3[55] ‘A linear .relgtion exists between the Hall constant

Ry ‘and 243/2 , where T is the temperature. This dependence -

vhich was found at pressures of one atmosphere and 5 kbar
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. Thus,
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is a characteristic of a zero thermal energy gap Et

the zero thermal gap ‘Et which was obtained from the

K

. ] -
inverted band structure and found in materials such. as !

'HgTe and HgSe [15,33,4S]§\does‘not change with pressure or

‘temperature. This confirms Groves' and Paul’s [29 ] original

observation in the case of Sn. The ‘expression "zlero gap

semi:&onductor", or_ alternatively,.zero overlap semimetal

’ stresses the fact that these matepials belong to a special

. class of semiconductors [33] - = 3

[

'd\ “ - . -
Accordfﬁ{; to Piotrzko/ki and Porows‘ki 571 ,, the '

electron effectiVe, S8 m; in semimetal @erials is
independent of pressure. Experiments with HgTe and HgSe [8]

and~in this work with HgSe showed that the \‘conductivities -

™,

of ’tnese materials under pressure are constants up to
their transition pressures, substantiatin:; Piotrz\kowski 's’ ’
and Porowski's observation. Unfortunat@y , Up to date,

no transport measurements are known to be published on

the high pressure phase ‘(‘the cinnabar structure) -of
mercury chaicoqenides [(15] . However, .due to ‘the pressure
induced polymorphic phase transition, detected by tne

large resistance increase the low pressure phase {(zinc-blende)

characterized by the inverted ‘band structure {is, 33 45]

.\ »

changes to Kane's normal band structure (57] and the

effective mas\ses increase [15] . The hi pressure phase
_electron effective masses m; for,K HgTe and HgSe were ' .
. determined to be 0.04 m and 0.046758 m, respectively' 151,

’
s
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.- wherfe 'm. is the free electron/' mass, The energy gaps E
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of the high pressure phase of /the mercury chalcogenides
‘ are then positive as in a normal semiconductor i e, the

conduction band (I‘ ) is hig}xer than the valence_,p"and (rg)

o

-
;

A ‘;:y ) .

& at K=0. .
r{ - - o .

ST / 2.7 KINETIC MECHANISMS OF TRANSFORMATION

The term "transformation" ‘in connection with phases

’

has ‘been used generally by many authors to mean an extensive

rearrangement of the a{gmic structure. Such a rearrangement

results from Some driving forces under the influence of

strain energy, surface energy, or other external forces.

N :
In a typical phase transformation the new phase grows at

" the .expense of the old phase by migration of atoms across

'the interphase boundary [59] . The reaction will proceed

at a given temperature and a given pressure and the

‘formation of the new phase advances with time [60,p. 501.

Most chemical kinetics are originally based on- a

statistical theory developed by Glasstone et al. [61] « The

basic assumption of their theory is that the whole reaction

can be divided into steps. Each uni_t- step appears from- the

interaction of a group of atoms or molecules to ﬁfo{{m a

new configuration. 'ﬂHowever be”fore' this can be accoy:plished,

the group must pass through an intermediate state. y‘hich

.has higher energy than either the initial (of the reactantﬁ)

Y




ot

the reaction to proceed before it stabilizes”in its final state.
" 2.7.1 tﬂomogeneous and Heterggeneous Systems
‘ maintains only one phase during the eptire course of its

‘vsimultaneously in all parts of the assembly. . K

. various phages of the system {62, p. 3]. These'systeps

_Christian [63] , .but since HgSe and HgTe transform from

. s
- under’ pressure, therefore this investigation is concerned

o i ks e ke e =

42

[N - : .
- - A

or the final (of the products) states, Furthermore, there
is a critical dimension which each group must attain‘if the
final state is to be reached"hence an increase in the

system's free energy is required to form these groups. . BN

4

Such an activation energy is needed by the system to enable ‘ a

1

N ‘
A

. Iz
N

N

~

[N

A system is considered to be homogeneous when it

rea\tion [62,p. 2] . Thus transformation takes place

\

HeterogeneousstStems include not only those in

which reactants are of different phases, but alsd those

in which a difference in composition may exist between the

e

therefore always encounter a surface of/ separation .

‘(interfacelawbetween the reactants and the products.
.~ ‘ '

0 ’ -

Transformation classification is well discussed by
the zincdqhuagi.into the hexagonal cinnabar stmcture 2

onlY’with the_heterogeneous-type of kinetics.

°
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2.7.2 Nucleation and Growth . -

§

.o . R .—.1 \
Avrami [64] indicated in his development of the theory
of kinetics 'of phase' change that the new phase is nucleated

b& potential nuclei already existing in the parent phase,

whose number can be altered by previous treatment. The

potential nuclei are groups of atoms or molecules, located

throughout a sample with sizes less than a critical ¢
‘dimenSLOn required ﬁbr the growth nuclei. Growth nuclei

or simply nuclei are only«t%ose centers which have reached

the critical size possessing a nuaber of atoms in the new &
phase (the number is being different for different. reactions /
COnSisting of a few atoms or molecules) and are reacy to }
grow. The potential nuclei can be those points in a crystal:
lattice consisting of defects impurities ?r both. When

a potentfal nucleus reaches its critical size, i.e. becomes
(-4 L1 t
a growth nucleus, it then grows inStantaneocusly in the new '
\ ' ! .. A
phase within the old one, until all the material is Lo

.
}

transformed. The number of potential nuclei or growth nuclei

>

vary for various reactions. For example when a transformation
@

process s characterized by a single growth nucleus, created

L3

perhaPS‘aﬁ a corner of a sample and with & single moving‘
intErface,‘this process is called mono-nucleation. However,

most of the heter%geneous transformations contain large

.numbers of growth nuclei [60 - 64]. i o

Nucleation and growth are twoidistinct prodesges.

. . S )
Nucleation at any site within the lattice requires the
' L , (AN




the initial state to the transition state corresponds to . oo

\

’ . N . f o
accumulation of a given number of atoms or molecules, i.e. to
. N 5 N .

become a critical size nucleus, at that site before it is

ready to grow, and therefore it is microscbpic. On the other

. P )4
hand, growth which is a macroscopic process, characterizes

a continuous phase transformation with a moving interface
and can mathemaftically be.in one, two or three dimensions.
The growth interface :Lri some tra.nsformations moves inward

R
starting from the material surfaces, and in others it

. . )
moves outward towards the surfaces. Furthermore, when the v

V

potential nuclei reach their critical size with a composition

-

of the new pha‘se, ‘the free energy of the sys'cem rises first

from the initial state to a higher state, i.e. transition
« ¢

state. This 'increase of energy (transformation-energy

barrier) which is due to an increase in the number of atoms

¢

or molexules at the sites of the potential nuclei, is

followed by a decrease of energy‘to a level (final state)

lower than both, the transition and the initial state

[ 17,60 p. 8-9 ]. Therefore, ‘the increase of energy flpm

~

-

nucle}tion wlsle the deerease of energy from the transition

state to the final state corresponds to growth More

- detailed discussion on the .energy profile will be.given

in Chapter V. | T .

3
v

In most’ heterogeneous systems the nucleation

’process starts with a given number of potential nuclei

Ve ‘

a fraction of which acq76hufficient energy enabling them
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‘to reach the critical size of growth nuclei and then grow,

-

"

[
3
4
;
tu
i
-3
i
1
§

1

As soon as more energy is supplied to the system, the

K ‘ remaining potential Q;"'mclei will grow gradually after
reaching their\critical size, following up the previous
‘growth [62 , p. 394] . %s, in this process the number of
growth nuclei is generally 'a function of energy and time,
It is not necessary that all .of the existing potential

~ nuclei become growth nuclei: depending upon the model and

| the supporting experimental evidences for example growth
nuclei may easily "swallow" nearby po/tential nuclei [63 P- 19].
"It is also pofsible for growth nuclei to ingest (overlap) . '
other growth nuclei or be interrupted ey the surfaces of / 1

/

the sample before the completion of transformation

~

o

i

|

thus affecting the growth rate [62, p. 401] .. 4
'1

. . 2.7.3 Growth Rates ‘
. , © e The rate of growth or the rate of transformation is‘
‘ a ‘very important parameter in kinetics. The exact \.
mathematical expression and derivation for the rate depends
~ upon . the particular model and s:Ltuation [62, p. 397]).
However for the work of the present investigation based

¥

on the developed model and the experimental results the

™

. growth raté was determined to be proportional to the change :
of the degree of advancement of the: reaction with respect
to a change in time. It is, important to note that in
K " heterogeneous transformatiocns the prhysically observable _
changes are usually “attributed to growth rather than nucleation ,
. and thus can be quite useful in elucidating the kinetics

-

of many reactions. A " ‘ ‘ o <

\ . , \
N R . ) o
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CHAPTER _III -

:'EXPERIMENTAL\ APPARATUS AND PROCEDU'RE

R * R

~

3.1 . MATERIAL PREPARATION

This Chapter is basically composed of three sections,

H

sample preparations under the given conditions ' equipment 0

used \a.nd the experimental procedures. ;

3.1. l exgsj:al Growinq ~ a - ° . uﬂ i

s, Mef‘cury selenide cryst.als were prepared by the
modified Bridgman techniqu’e*. :.1sing direct (:ynthesis from \} ' A
their seiniconductor grade elements, i.e. tridistilled\' S
nfercury ‘and’ semiconductor purity selenium from Noranda Company\ :
of Canada Ltd.. Carefully weighed stoichi\emetric amounts of o
Hg and Se with a calcdulated excess amount of Hg were put ’
~1nto a quartz’ boat to m I ntain dissogiation pressure at the

g

melting po:.nt of the compound. The boat was then' sealed

1

was set at 803°C ' while the f£1

adjusted for approximately 35 cm at 5 0°c. This was done.

to ensure a mercury vapor pressure of 20 atmospheres inside -

the ampule to avodd compound dissociation. A s'ampie
. ) e, o i -

1 the melting point of HgSe is 798°% (16]. -

- - . , 5 . (. PR .. .
. . f o . \
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calculation is provided in Appendix A-I. The. témoerature/
in this furnace was controlled within : 1°C. A travelling
. rate of 0.35 Cm/hr was sel'e'cted to synthesize the' compournd

and zone refine it. After 3 zone refining passages, poly—

R R T

B et ke

: crystals conta-ining segments of single crystals (typical

grain size 10x4x4 mm) were obtained.

+3.1.2 Sample Type and Geometry . '

Three sample types of HgSe were - oBtained-
' : l) Samp:'l.es from the ingot including single and -

(":\'

porlycrys tals“. )

: . 2) Powdered samples of HgSe including samples with
s 4 ’ C
impurities of HgS or HgTe.

L e 3y Annealegi‘crystal samples u{xder different

. .+ temperafures.

The first type was obtained after the process of zone

| : R o
‘\refining;- the ingots were attached to. a metal base of a wire

N

saw, designed at Concordia University for crystal cutting

‘purposes by mans of a molten wax to ensure sample stability

during the wire movements. Slices with a typical thickn9ss
of 3 mm Qf single crystals as well as polycrystals were
carefully cut, using fine Aluminum Oxide powder (0.3 }m).

. These slices were en further cut into small samples-of

approximately 3x 8 wm in dimensions. They were then lappe‘d,f

' using the same powder, "to approximately ’2.4x2.5x5 mm

| wasbed An distilled .water and imersed in 'rricholoroeth ene
- to dissolve and clean any remaining wax. This type of
samples was used in_all ‘the ‘experiments ‘for comparison.

&
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' K Due to the softness of HgSe (comparable to Pyro-~

PRRSS.N

phylfltg), the second fype was prepared by weighing a given A §
amount of ﬁgSe, grigding it into fine powder (with an average 3
diameter of 40’pm) and mixing it with the necessary
F impurities (powger.of HgS or HgTe, see p. 63). Then it was
_ f ,poured into the chamber of ‘the Simplimet Press made by
‘BuehlerKLtd. of Illin&is, USA. k'precompreSSiBn was appiied
- of about 4,000 1b/in’ for a couple of minutes, followed by -

" decompression and a finai“coﬁ;resbion’of aﬁout 10,000 lb/iﬁ? o
which was maintained for at least thirt§~minutes and de-
compréés@d aéaint’The/obtained cylindricallépecimen having o«

. f a diameter of 2.56 cm and a thiékness of approximé;ely 3 pﬁo

was then cut, using the same saw, to small sizes as mentioned

earlier. Some powder simples of HgSe ,were prepared and
' L

-

émployed in the high pressure experiments without iftroduci
> - [ ) ¢
. . any impurities to investigatq the behaviour of the pow

compared t¥ that of the single and polyarystals of HgSe compounds.

\
N

e ‘ . :
The third type was prepa}ed by first cutting single
Aeryst?a samples from the ingot, maintaining thens;;e.siie o
as before. These were then placed in small quartz tubes of

13 cm in length and 1.1 cm in di;@gger. After evacuation

‘ ' the tubes were carefully sealed, Four such tubes, each with

' three or more samples, were annealed dndepﬂdiffengpé ¢
. ?\Fonditions'as follows: ‘ ’ C . ‘
g O 1) 328°C for 20 hrs + 500°C for 20 hrs -
‘\\\ 'for 48 hrs . )
) for 48 hrs * ' " '
g . for 48 hrs, . St

) o
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At nhe ends of each sanple,'a thin good condycting
Silver coated wire approximately 7.0 cm{long, was tightly
coiled around the sample to ensure good mechanical contact '
as shown in Figure 3. 1-a. ThlS was followed by a layer of.

"44" resin solder made by Kester Solder Company 5¥ Canada Ltd.,
to ensure good electrical contacts between the coiled part

of the wires and the two far ends of the samples, creating
fing-like‘solder as shown in’Fiqure 3.1-B. Indium solder -~
was then used of approx1mately twice the amount of the

Kester solder, coverlng up‘the two far ends of the sample
cross-sectlon and reinforc1ng the contacts between the

sample, Kester solder and the coiled parts 'of wires as 1n
Figure 3. 1~C forming plate-like contacts at each end. The
coiled part of the sample at each end was about 1 'mm in
thickness. Therefore, the'effective lenéﬁh.of the sample

has been taken to be intermediate between the length,between
the end fac::Land the length between the‘inside edges of

the coils.“?ﬁe contact resistance'of these ohmic-electrical
conneotions compared to‘the resistance of HgSe, particuiarly

right after the outset of the upstroke transition, becomes’

negligible. This techhique of establishing %oodmwi;e cbntacfs

+ to a*sampleﬁﬁroveq to be far supefior than’just'soldering

w ;é into. samples with either of the menﬁioned solder{or
inds of solder that were triedlindegendently.

&

“{. ' ]
By this new technique, the wire-sample contacts cannot be

separated by pulling the wires from the sample wiﬁhou@ .

o e o 408 D PSS 2
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acts th. the sanmple




5

-3.2.1 High Pressure Press

press with a thrust capability of 120 tons. Two pisﬁons,

¥ - ‘ * =
' breaking the sample itself into pieces. The first few

eiperiments with mercury chalcogenid’es were often inter-

L3

. . <& S . .
supted by poor contacts under high. pressure, before this. . .

P

technique was developed.- o o |

Furthermore with the new contaqx Aarrangements,

A
when a voltage is applied to the wires current will flow
uniformly betwéen the two )lates through the sample. This

allows better resistance measw:ement;s than just soldering

. @ wire to a point at.each end of the sample. The other two

Nfds of the wires are soldered to the high pres.sure obturator

wires after ensuring tlﬁir isolation from each other and

from the obturator itself.

-~ - . '
]

1. ‘ . ‘
3.2  HIGH PRESSURE APPARATUS o S £

The high pressure apparatus used in these qxperiments
is shown in Figure 3.2; it is manufactured by Basset- = .

Bretagne-Loire in E’ranée,"

/

- v

The upper part of the apparatus is a four coltmn

primary and mobile“ were incorporated in the aysteul‘. The
primary piston has a diameter of 25 0 cm (cross—sectional
area of 490,6%2 . While the mobile piston has a dianeter ~

of 1.996 cn. The maximum pressure corr‘esponds, to. a maximum

attainable preasure ‘of 32 kb_ar,iﬁ the high preslsu.re chamber.,

=
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" pump, with a large‘flow for fast compressions, is used in

‘compressions at small controlled rates (a few bar/min to

" powder (maximum grain size of 0.03 um) reduce friction

. of the piston at atmoapheric pressure, The dilatation of

,the chamber is in the order of 0.006 mm/kbar. The maximum

L4

3.2.2 Pressure Pumps

) A two-pump design waS’chosen in this system to
ﬁrovide the ability to vary in Ihrge proportions the
pressures as well as the pressure rates. Both pumps are

hydraulic, and can be used independently. The low pressure

these experiments mainly to settle the Teflod joimfs'
which undergoes a phase transition of around 4 kbar- also
in order to avoid any leaks, due to thedsudden volume
chanoe of‘the Joints, it was necessary to pass over this
4 kbar point very fast (500 bar/min to 700 bar/min). The
high pressure pump a fine regulation of £low allowed

1

nearly 100 bar/min).

® i

3 2. q/jﬁigh Pressure Chamber

"

This chamber is placed on the top of the presé.
The body of the chamber itself is made of steel multilayer
i

type, with an inside cylinder made of Vascomax 385 steel,

finely polished: periodical poliahinge with an alumina !

and permit a good consérvation of the.interior‘surfaoe;

The interior diameter of the ch r is compatible to that

useful pressure chamber volume is in the order of 60 cm3.

-
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‘while taking a few minutes if the pressure exceeds 60 Kb

gpressure chamber walls. In order to geduce this friction,

4 . .
-and more important to prevent piston-chamber le%k,/it was

’The softness of the copper rings assists in minimizing a ﬁ
posaihle degradation of the fnterjor fine polish of the }“
'cheqber. ‘ b // R - '
. . H,‘/ | | | -
3.2.5 Obturator ° i ) ‘ J . -

the necessary rings that ensure the presaure veaC;1 to

\ .54
An equivoluhe'mix ure of n-pentane and iso-pentane
served as pressure trangmitting medium and was used in all "
the experiments. This liquid environment was confirmed as

truly hydrostatic by Barnett and Bosco [65] . Through its

.

viscous flow this liquid environment takes a few seconds }
' ' T
to be hydrostatic when subjected to pressure below?50 kbar, |

. ' \

3.2.4 Mobile Piston . A |

]

e e
N PR S WO
ER7: 42 a‘::ﬁbww -

v

Wheg the mobile piston moves through the chamber, \

a friction force is exerted on thé mobile piston by the.

necessary 'to employ as in Figure 3.3-A a Teflon O-ring
and two-copper rings. Just before starting any«éxpebimého,
the 'rings were covered with a molybdenum bisulfur grease

to allo& an eaéy displacement of the rings in the chamber,

K} . |

' L)
) The obturator is shown in“PiQuré 3.3-B along with
remain , leak-proof during any experiment. The piling arder

including the rubber O-ring, as in the above figure
Y . . : Q

, is founad
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,3.2.6 Electrical Feed-throughs

4+

. * o
v .

experimentally to allow bettex fitting and deformatioﬁ of .

‘thévsoft elements at the beginning of eé;h eiperiment.

-5
-

[
N

THe obturator has five electrical feed-throughs maaéiby
Société Anonyme d'Etudes et Réalisations Nucléairgs,.SureSnes,
France, as shown in Figure 3.4. Each feed-through with a dia-

meter of 1.0 mm, made of a stainless steel tube, embeds two

isyﬂatéd electrical con@ucéprs. The isolation used is -

magnesia po&der, sufficient2 to isolate the conductors

from the fged-thfzﬁgh an§ from each other. Each coﬂductor
wire which is very brittle has a resistance of 0.02 ohm/cm
ang a diaméter of 0,18 mm. One feedpthrough\is uséd‘for .
the manganin coil and~thé'£emaining four to measure

resistance variations of the samples.

! N Ca . - ’ ' g
A screwed-in cap is used~$o hold the obturator/
in place‘and to protect the electrical entries aqaiqgi'
posh%ble mechanfical damage. -
3.2.7 Holder | - L '

The holder‘és shown in Eigufe‘3.5 was adsigned

L : .
to provide .good electrical contacts stability and protect. the

. "
\

=

\ . : ) .
An insulation resistance of the order of. S megohms .
is obtained for a dry magnesia powder,. -

. . 4 -

.
.
\ N
,
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"since it changes as a function of pressure, it has to be

. evaluated repeatedly during any experiment;

a

R b i i M L ianas Gt d e o v gy e e s 3 seman
~ AY

1y t

~

manganin coil against mechanical _Gamage during an experiment.

The upper plate of the holder is made of. Teflon with

independent holes for the wi&es to ensure good isolation.

3.2.8 The Primary Pressure Pot

A manometer,is cdhnected directly to the primary

4

‘pot with a measur}ng'precision of‘approximately 1.0 %.

" This measurement is necessary to &valuate, the friction of

-

»

the Joints during any experiment. R . ¥

3.3 FRICTION

"Working with high pressure equipment one has to

[

evaluate the friction presence for a particular pressure-

g ’ “‘,\ [7
.

" The pressure inside the chamber depends on the .

rqtio between the Ero§sesectiqnai areas of the primary

and mobile pistons‘and on thé/friction‘be een the rings

O

designates p for the pressure reading on the manometer

~°

~ in the primary pot, and P for the pressure\inside the

'chamber, then

P ;g- p o+ £ (BR) . ' (3.1),

where S and s are the cross-sectional areas of the primary

and mobile pistons respectively and £ (P) is an expression

v

" of the mobile piston and the wafI;Tb(\the chamber. If ofre -

Fooam

v

o R R R S R
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of the friction forces. Thus knowing S = 490.6 cm™,
- i ' .’ -
" 8= 3,13 <:m2 and reading p from the manometer and P from

the manganin coil, one can determine £ (P) from equation (3.1).

‘ In-most of these _experiments the friction is calculated to

be :i:n ti:e ranée between 7.0 % to 15.0 % for re’ésure

to-15 kbar. . . N

3.4 PRESSURE MEASUREMENTS

> The mangan:.n presSure gauges are widely .used in
liquid hydrostatlc pressures because of their large.
- ‘pressure coefficient of the resistance (P.C.R.).and their

i small temperature coefficient of the resistance (T.C.R.)(66].

The manganin wire insulated with silk is wound non-

inductively on a paper support with a total resistance‘ \

‘at one atmospheric pressure in the order of-120 ohms. The ’ '
D " . coils were seasoned by a special treatment consisting of -
heating to 150°C and quenching with liquid nitrogen

!

repeatedly, followed'by a pressure cycle to 25 kbar [66].

... - The two leads of the manganin coil were soldered
to the conductor wires of the feed-throughs. The total
‘lenqth of the conductor wires which were exposed to pressure v
inside the chamber were less than 2 cm. The resistance

of these wires as given before was 0.02 of;m/cm, while that

' ~

3 £(P)<0 on the upstroke and £(P)>0 on the downstroke _

“
o - -
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% the manganin.coil alore.

-~ B = 420 2 o (3.2)
) . o]

of the coil was above 120 ohms. Since manganin has a
‘ rather higﬁ pressure coefficient of rg;ist;nce; the preésure
coefficient of thchonductbr wires was ignored. The possible
error due to theilat%gr was estimated to be less than

0.033 %.

'A wheatstone bridgé?was used with'the manganin coil
as one of the arms and low temperature coefficient'resisyors
as the other arms. A‘Keithleynnicrovolt Ammeter type 150 B .
was emplbyéd to monitor the balanced condition of the bridge

\ circuit. In such a configuration any unbalancing of tné

_bridge would be due to the variation of the resistancé of .

¢

»

The relation betﬁgen pressure and thg change of .

resistance of the coil used was o

“

}

\

L]

wherg P is in kﬁar, RS is the coil resisiance at atmospheric ‘

gréssure in ohms, and 4R 'is the réspectiQe change in the

rgfiétance of the Eoil (ohmg)} The qqil caIibrat?on ’
;..determining the pgeésure_coefficgent’bf 420‘ﬁas~pe£formed.

‘at Laboratoire des Haﬁtes~nie;aions, CNRS, 92-Bellevue,

'Frénce; by means of the trénsi}ion pressure of Potasaiﬁn

~

" Bromide (KBr) and a free pﬂ;:on gauge, However, the manganin
_ . manufacturer's (1sabgliehhhetfa, chsIar‘R$, Diilgphurﬁ;.
W, Ge;many) specification gave a pressura‘coaitigiihi’qt 426i4:

D~

4 ime maximun arrotffot,thiglhridqt:g,&ﬂi,is L. e

r . .

i gad

o kol e, o

v
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without seasoning. But the calibrated value was used, which

"is close to the value published- in the literature (66].

Independent constant current sources of 0.1 maA,

1.0 mA, 10 mA ‘and 21 mA were used to pass currents through

.samples under pressure. Hence, the measured voltage drop

~ 4
across a given.sample provided d measure of its resistance

at any time during an experiment. These voltages along with

- the coil‘voltage@were continuously detected, displayed and

recorded on a four channel strip chart recorder. The
. \ A

sensitivity of the pressure measurement inlthe order of

1.0 bar was easily detected, as shown in Appendix A-II.

All measurements were performed at room temperature (22°C),

L 4

. \ . _ .
3.5 EXPERIMENTAL PROCEDURES ‘

The first goal was to find a,qorrelation between

volume and resistance-changes during- the solid-solid phase

: transformation in HgSe. Therefore in a set of experlments

samples were used to measure resistance changes with
typical dlmensions of 2 4x2.4x5 mm, cut from the prepared

crystals of HgSe. Ohmie contaqts as described earlier -
' - ' 1

' were applied ‘and soldered to the electrical wires of the

feed-throughs near the holder. Tﬁe other terminals of

these wires were connected to constant current sources
and to the strip chart recorder. The ratio of the volumes
of the resistance sample to that;oféphe high pressure'

'4.‘Hence, the

\"

chamber (50.0 cm’) is‘appioximately 5.7x10

!

[
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effect of the sample 6olume variat{ég\on fhe pressures

o - maintained in t e relatively large chamber volume can be

“neglecteoﬂ>A 2} rge sample with a typical volume of 10.0 cm3 ’

{
was used simu aneouslf to follow the vol&he change for one

experiment to corre;ate res}sfgnce with,volume-variations.
. ~ -, -

In the correlation experiment the sampie volume

variation was detected\by monitoring the positién of the

2

Py e
RS T

base plate of the pump, which diSplaced the mobile piston
§§h a micrometer giving a precision of 0.01 mm [67].
)

. |  The resis;ance variations of the samples were followed s

X

with a sensitrvity of better than 0,003 ohm [Appendix A-III].

L

a0 e -

p ' t

The experimental results angd ana1y8ee of the )

simultaneous'measurements of volume and resistance
L]

- .// : Vartfffpns during the phasge transférmations were used
: ‘

T e i e

; . to develop the conversion function between volune and

SR 8 'resistance variations and willkpe giqen 1ater. < o

N / . \

A second set of experiments wes éone to investigate

v

, «  the effect of nucleation on &he upstroke and downstroke' out-:
N set of transition, pressure. Since the high-preesure phase ( <,
. of HgSe is hexagonal corresponding to the red HgS hexagonal

structure [12] the latter was mixed with the powdered Hg3e3
")+ as the nucleation centere for ﬂﬁe upstroke trgnéition. The

““various amounts\of nucleation’ concentratione of HgS e e in .

molecular weighm percentages of o 01, o, 05 0.1,.0. 5 1.0 2 O

e« and 3.0. The upetroke‘transition preeeure of HgSe we; reported

o . . . . A . - v
. ' . . ‘.

> -
) . S et . P
. : i - : N .A“‘n L
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\ & ] . to be at 9 3 kbar and the downstroke one at 5 kbar while
Ci the upstroke transition pressure .of HgTe is. at 15.3 kbar '

and the downstroke one at 13 kbar [8] ; Furthermore, HgTe
is kpown to have the i)alj,‘e low and high- preSéure“structures
- . as that og/HQ§e [14], respectively. Based on this data, HgTe

was .selected and used as the downétréke nucleating agent for ¢

. ' .HgSe, since the low pr;ssure phase of\HgTe retained its ' - ' .

L] b

B A structure at least up to above 15 kbar, ; pressure at which

AR L B

oL
'

: o HgSe had tfansformed into the high presskre phase. Before 5

reachidg the transition pressure of HgTe, pressure was o

peaTEL
PG LT
e,

‘ decreased slowly towards the downstroke transition. There-
ffore, just prior to the downstroke transition which ocgurred,

'the structure of the materiai‘at the high pressure phase © .

B A AR

.containing a number of -active Centers and maintaining the

LA 1 l , « - / > ) (,,’ . )
f ~ b low pressure:ﬁhase 'were ready to grow. The specific

\ -

5
amounts of nucleation concentratidns of HgTe in HgSe were

‘ “

. simil o that used for the upstroke case., The results

of these experiments are,prespnted in the ngxt Chapter.

3

I
1

o ' The third set of measurements:was examined to ' \

O

. , ‘ JL
’  determine the fast rate of transformation in HgSe, using
* * ~ . Lo - . ~/' N
" the previously described annealed.samples. The rates were

compared with the nucleated and unhucieated samples, ' ¢

2y
1

, . as will be discusseQ';ater; : -

| . T e

. ! "y Fa

e g el

iy

The amount of impgrities is expressed in units of
molecules per :cm>, as the nucleation concentrati .
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. EXPERIMENTAL _RESULTS . ' ‘ f o

4.1  INTRODUCTION

This Chapter presents only tne important experimental
regults within the sc:p/e of, the. total investigation; the = ™~
\ an‘alysis of these results is Ldiscussed in Chapter VI Some T . )
of the result; given. in ‘this Chapter depend partially upon
the theoretical model presented in Chapter ‘v

S‘ .' 3

as will be /5
j.ndicat/ed ' o N

PAN

¢
Y . ' ' /

4.2

;‘,"&: ’ ) . | X .~ RN ', N N
" VOLUME AND RESISTANCE HYSTERESES . e -(\

‘rhere .are two types of volume change if'or HgSe under.

ot

( pressure. VOlume change due to compressibility and volume
~change due to phas\e transformation. Bridgman [13] measured .
‘the compressions of m\ercury ¢halcogenides andg the

compressibilities were determitied from_ his data for HgSe Lo

1.5392 x 10 3kbar -1.

2.272 x 10 3kbar -1

» at low pressm'e phase cand at high

e phase . The relative change of

je to the polymorphic phase transition in this .

s

o mate‘nal was reported by Jayaraman ot a;.? [16] eto be 9.0 %.

e '; Ofl the total sample volume, ‘and by Lacan et al. [Q] as 8.2 %. " .
Y- In this 1nvestigatio\n, however ‘ the analysis ofathe measure—' e
[ . A » Sk L ) .
mentsﬁ,gave a value of ‘8.29,“‘%‘1‘ \/ .

19
y - . -
< .

s " - - .o &2
. LW

One get of the r
Laboratoire des Hautes Pressions, GNRS, 92-Bellevue,. 2
.« Fyance, through t’he:courtesy of Drs. A, Lacanm and SRR
: Je Peyronneau. - .

‘data analyzed ‘here was obt'ai'neé‘ from .
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The experimental pesults ‘of the simmltaneous
measurements of volume (solid line) and re31stance (dotted“
line) bf. HgSe, displavedﬂin their typical hystereses, are

shownr in Figurev4.1 (8]. In this figureé the ordinate contains -

-
AL

S two scales' plate displacement and normalized resistancegj'
&

to sample resistance at atmospheric pressure R o while the

;’ : abscissa displayégonly the pressure scale. The pressure as ) E 1

a function ‘of base plate displacement clearly depicts the o ~;V.

E :’ﬂ effect of tne volume change vf the large sample due to phase 4
transition superimposed on the experimentally adjusted

pressure variation. Consequently, the rate’ of volume change ' %

is superior to the rate of change of pressure and hence the

{ oo umddo i

;f ’ | ) increase of pressure is being modulated by the large sample
volume reduction. “This.pressure interruption as indicated

g B +~ by A for the upstroke transition (A' for the downstroke

transition) . in Figure 4.1, was already observed in the case o e

of RbLC1 and called "retropressure" [68 69] The period of

retropressure in HgSe was about 12 5 minutes for a rate of -

R + -
2 - change of pressure . Kt éz bar/min. Tﬁé resistance sample : C 'g
volume, taking fnto accouﬁt its compressibility, was deter- ) :

Wined to be 2.84 x 10 -2 cm3 at the outset of the upstroke ) ;

transition. Ité&resistance increased first slowly during the —

>

<oy \ M :;.l
period of retropressure then in a much faster rate, chrarging . -
F /4 by several _arders of magnitude as pressure was increasedi AT |

A .
In Figure 4.2 the'measureé;resistance variation is - ‘tk

depicted as a functioﬂ of the,measured volume variation

- ) _ismall circles), during ths period of retropressure
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e 4 variations of the base plate displace- i
. , ment (cm), expressing the volume change -
\ ‘ © due to the polymorphic phase  transition- g
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' r a function of pressur8 (kbar) in ,the high T g
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The total volume V(t) under pressure as a function’
of time and the advancemegﬂ’of the reactidn,a'canﬂge given
(68 69 } as : \
v(t)av (t) + v, (t) + v (t) .
' (4.1) .
. 1 v
< =Y, [I-BLP(t) ]+v1[ 1-B ?(t)}(l-a)wln [1-3 P(t)] a:
&3‘ - T
* \‘ ‘ ‘ H
where VL(t)J- v, [1-B, P(t)] ‘
vie) = v [1-8P(8) ] (1-2) : K S
Dlﬂf’ ¢ - ‘ \ ' .
V,(t) = v, 5, [1-B,P(t)]« ‘ : o
Then the degree of advancement of the reaction o can be
expressed as: . . i n g
AV(t) - (V.Bf + v_B.) P(%) : -
o= — TI;L(" 11 = (4.1-a)
. 1 __1___ - '
v, 1 - 5;-4’) + (B, 5, - B,) g(t)]
:' where av(t) = VL + Vl - v(t) ‘ ' (4.1-Db)

Here P(t) 1is the pressure at time. t ; VL'Ais the volume
of the pressure transmitting liquid and v, is the volume’ ;

.of the sample, both volumes belng at atmospherlc pressure.

Vijt), Vl(t) and V (t) which are the respective volumes ’ﬂ?

&% ‘the liqutd and phase I and phase II of the sample are
P tons:Fered as-a function of tlmepuuring the transition. _‘
L' By and B, are the correspgnding compressibillties o .
of the liquid, low and hlgh pressure phases of the sample.
’Dl and bz are the densities of the low and high pressure.

& phases. They were reported by Kafalas et al I12] to héir the

values of 8.239 gr/cm and 8.946 gr/bm ﬁhspectivel

AV(E) . is ‘the volume change determined from the measured

0,

displacement of the pressure gener&ting base plate as a

function of -time. The detailed measurements and calculations

3
3 ' R N . .
. . .
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of. both samples during retropressure are found in Table 4.1

and Appendix B.

Al <

»

{‘
FL

4.3  TRANSITION PRESSURES AND NUCLEATION

HgSe in the forms of sxngle and polycrystals as-

well as powder, did not show any dlfference in the outset
of upstroke and downstroke transition pressures, using the

direct re51stance measurement t*chnlque. However, pressure

et l!"
f
e S RN Y

B
Y

3 dlsperSLOn was noticed with respect to upstroke transition

pressure that had an 'average value of 9.6 kbar. A dimilar
,. ‘ { )
result was obtained for the downstroke transition pressure

4

with an average value of 5 kbar. In the case of upstroke,

i transition pressure dispersion of approximately 600.0 bar,K .

, : , ri ‘
and downstroke, of approximately’ 300.0 bar for single,
' Y

polycrystals and powder HgSe, were found. In fact, a range

G SRR TR %&‘%_i LR

of transition pressures of‘l.o kbar was previously noticed "~
 and reported for HgSe by Lacam et al.[8], for samples exp sed

. ' to almost identical conditions.

. e,
3

The results of upstroke ‘and downstroke transition
o presgﬁres as a function of different nucleation'concen-

, %, - i . )
ntrations (by molecular weight percents) are illustrated

in Figure 4.3. Each experimental curve contains a set of

points detected in the_ same pressure cycle. The rate of
’ v

- . applied pressure %E is varied for each cycle ranging between

10 to 100 bar/mins It can be seen from this figure that ‘the
’

outset of upstroke transltion pressure dd%reased as the num-- -

ber of active centers increased in a non-linear manner and
JOVA .
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* Summary ofithe measured and calculated data for both, the
"large and small samgles durinlretropressure.

Table 4.1

w

Time|Volume of l Volume of | Normalized|Calculated

(t) | large samplefResistance measured sample

min V' (+) cm3 31(!12;)))1&0 zcm3 . Res:(.:f):afmce ‘\ReAs:%:;:ance
o |-9.8 2.8 q°. '~ 0.01 ‘ 0.0135 ~ q
1 9.82 2.8 - 0.046| o0.01 | 0.0145 ¥
2 9.76 | 2.8 fo.110| o0.02 0.0153 ‘
37| 9.68 2.8 0.203| o0.02 0.0171

4 o.s58 - | 2.8  |o.321| o.02 0.0199 o
5 | 9.49 2.7 0.440| ©0.02 | 0.0249 b
6 | 9.38 2.7 0.566] ©0.03 |~ 0.0309 5
7 9.2, 2.7 0.673] 0.04 00,0430 ‘ g
8 9,23 2.7 0.741| 0.05. 0.0500
9 9.20 2.6 0,779| 0.06 0.6625

‘10 ‘9.18 2.6 oj799 -3 0.08 0.0760{

11 9.17. 2.6 0.812] 0.11- | 0.0972]

12 | ©9.15 2.6 0.839] 0.14 " 0.1413

" The volume of the large sample*v'(t) was directly measured
" as indicated in Appendix B, while that of the small sample

' calculated from the measured values of equation (4.1-a).

——r . N a~

V(t) was calcplated proportionally to that of V(t). a is

‘The measured resistance values were obtained directly on
the small sample from the experimental chart calculated,
using. the model of Chapter V. .. - 4

< N .
, . N
]
’ “ ~
. ’ -
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(mol.wt.%) .

3.0+ r -
|

1

2.0~ Tf ‘ sle' __EXPERIMENTAL
| /‘Y
. 'I' ..

" AMOUNT OF NUCLEATION CENTERS

' . PRESSURE (Kbar) » P

il o

Fig. 4.3 - Upstroke (r.h.s8.) and downstroke (1.h.s.) out-
7+ set of tran\s;/tion pJ;;gssures (xbar) are plotted
4s a function of heterogeneous nucleation con-
centrations (mol.wt.¥), (dotted lines).
computed outset of upstroke transition pressu—
res using equation (5.9), (Solid line) are
also shown. The theoretical curve for the down-
. stroke transition was not computed due to the
" difficulty of, the observation of the retropres-
sure cycle (2" “of Fig.4.1) needed for the expe-
rimental adjustment of .the conversion function.
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".(shown in Figure 4.3) displayed a very similar behaviour !

- in the opposite direction of transformations.

. _ hucleation concentration. These shifts or changes of ‘ -

‘noticed, due to the saturation effect- and hence this

- change or difference between transition pressures ( APtL

[— I ——

1]
\
<
w .
P F o

reached saturation. No adiabatic heating effect was observed
during these transitions, The start of downstroke transition

pressures as a function of nucleation concentrations

\ k

; ) - S

4.4 DETERMINATION OF THE NUMBER OF NUCLEI IN HgSe CRYSTALS 1
In a“given piece of crystal there are a number of - :

‘ , ‘ %

possible imperfections, such as impurities and defects.

fhese_points of imperfections can be considered as potential.
nuclei’; when given sufficient energy under pressure, some’ . -

will reach the critical ;:;;\and become growth nuclei. This
section discusses how to determine experimentally a number
that is assumed to be proporti%nal to ‘the number of growth

nuclei at the outset of upstroke transition!pressure for HgSe. . k

‘ *.

" It is noticed from Figure 4.3 that the outset of
upstroke transition pressures were shifting, i.e. the

upstroke transition pressure decreased as a functiom of

transition pressures as a function of nucleation concentration
from the normal transition pressures of the ‘non-nucleated

HgSe, were”decreasing non-linearly up to a nucleation
concentration of approximately 1.0 %. Above 1. 0 ¥ and up =
N .
to 3.0 %, no 81gﬁ§ficant transition pressure changes were
- \

{

region is ignored he}e. In the non-linear region, the ¢

1
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- in the opposite direction of transformations.

. _ nucleation concentration. These shifts or changes Jof
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reached saturation. No adiabatic heating effect was observed
during these transitionsy The start of downstroke transition .

pressures as a function of nucleation concentrations

" .(shown in Figure 4.3) displayed a very similar behaviour

A
[ . '

4.4 DETERMINATION OF THE NUMBER OF NUCLEI IN HgSe CRYSTALS

In‘a“qiyen piece of crystal there are a number of
possible imperfections, such as impurities and defects.

fhese-points of imperfections can be considered as potential
Y ,
nucleis when given sufficient energy under pressure, some "’

will reech the critical ;IZE\and become growth nuclei. This
section discusses how to determine experimentally a number

that is assumed to be proporti%nal to "the number of growth

nuclei at the outset of upstroke transitioﬁ!pressure for HgSe. .

v
< i
t
“

It is noticed from Figure 4.3 that the outset of

v

upstroke transition pressures were shifting, i.e. the

upstroke transition bressure decreased as a functiom of

transition preesures as a function of nucleation concentration
from the normal transition pressures of the non-nucleated

HgSe, were:decreasihg hon-linearly up to a nucleation
concentration of approximately 1.0 %. Above 1. O % and up =
\ »
to 3.0 %, no sigficant transition pressure changes were
- N N '

noticed, due to the saturation effect-and hence this

{ . \ N . f
region is ignored he}e. In the non-linear region, the ¢ C

change or difference between transiﬁion pressures ( APtl ' !
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of non-nucleated and nucleated samples can be expressed by *

3 | : :
E;_ - : \ ) APt - Pt B - Pt : , (4.2)

- =N, NeNpgs , .

. . ) 'S ) N
P i ) Here Pt 18 the start of upstroke transition pressure of )
1 o ln-no .

HgSe with the unknown nucleation concentration N_, and

Ptl B is the start of upstroke transition pressour‘e of
N'NHgS ~ ‘ :
4 : o . : )
HgSe with the known number of a given nucleation concentration
. \ .

-

. of. HgS.

\
[ -

o '\" ‘ Figure 4.4 shows the points obtained experimentally

as the differences in the outset of upstroke transition 8
préssures\( AP.), plotted as a function of the  logarithm

of the number _of -the cor;eéponding nucleat,iqn concentration
(log N). A straigl;t line was obtained, based on the average
values of APt fér a gj:ven concentration, and was extrapolated

o

s to. zefo APt . The intercept of the extrapolated line with

the axis of logarithm N, gave a value of 18.72 with an
antilogarithm valuke for N6=5.31x1918_ cm'.3.&He;1ce, the ' .
‘value No ,. obtained at APtso, wés assumed to be tﬁg number

of equivalent nucleation concentration caused by crystal impef- -

fections in HgSe. The nucleation concentration N, when com- . .

b 2imE e e n

.

pared with the HgSe material concenlt}ration,‘.gave a percentage °

ratio of 0,03 %, as was calculated in"Appex;di:x c.

"y
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Plot of the experimentally deter-

mined difference at the start of up-;
stroke transition pressure (APt) ‘

versus' the log of the nuclei
oncentrations. Each set of marks
epresents di £fferent samples at\the
sare pressure .cycle.
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the reaction can "then be given by ‘the following expregsion.

Il—B P(t)] 2 vie) T Y-
- D1 5 - © (5.7
v1 [1 - 5;+(5; Bz-Bl)P(t)]

where the notationsjcorrespond to those defined with
respect‘to equation (4 1). Continuing the development of

the conversion -function, one has to note that equation (5 5)

* ) )

does n6t take into dgccount that during the pressure

induced phase transition there is a volume chgnge due to

L

the change of crystal structure, which has to be cbnsidered.

Expressingkthis volume change of t}ansition}with'densities
. a Y 4 . R

of the low and high pressure phases, and taking .into

account the corresponding compressibilities,'equation (5.5)

can be written in the following form : RN
— 2 o : ; 2/3
°1V1[1-BIP(t)1+13§ '°1’N z(a)w(u)[1-232P(t)/3](5§) A
< ( - . ZE
Z‘Yfl‘?B;P(t)/3l B+ 7 N z(a)wla)] 1-28 p(t)/aj(—l-) ]

»
N o ' e o D1/3
where A '=‘L'[1-B1P(t)/3]’ N ¢ (a)[l-BzP(t)/B] (—-) R

L 3
’ 3 ~ " o , D
‘and B = zW[1-2B P(£)/3]- ¥ z(a)w(a) [1-2B,P(£)/3] (52)

S
., .
Equation (5.8) gives the sample resistance as a function

of the advancement of transition, a . The ddtails are

- developed in Appendix D .~

(5.8)




"Using equation (5.8),. the sample resistance as a

function of pressure during the cycle of retropressure

is coTPuted. The resulting curve is shown in Figure 4,2.

Tt can be seen that, taking into consideration experimental

errors, especially 'the relatively largéiseries resistance

-

introduced by the eLectricaf feed-throughs, the calcu%ated

-

curve follows satisfactorily the exper1menta1 data.
. ~ :
L ¥

NUCLEATION DEPENDENCE OF THE OUTSET OF TRANSITION
PRESSURE N o '

The outset of transition pressure Pt as a functien

of nucleation concentration can be derived from”equation (5.8),

neglecting the small difference between the compressibilities

_©of the low and high pressure phases and letting Pt=Pkt),

[see Appendix ﬁ],as:

2

[ 1 p,2/3 - 5 1/33]

£ . ,

"1"1*‘5‘% - Iz a)w(u)gﬁi—) (L-N"2(a) (52) ]

!’l- \ r‘ p n | D e/3 : y

R( o) ZW [2H + (;l 1IN z(a)wla)(52) ] |
2 1

'

The result of the calculation using the last equation is
shown in Figure 4.3. It follows satisfactorily the
‘experimentally measured values taking into accgunt
different sample sizes used and different rates of applied
\ - pressures The influence of the latter is not included -

1

in this model,

“n




5.4 THERMODYNAMCAL EQUILIBRIUM, ACTIVATION VOLUME AND

' REACTION KINETICS |, . v 3
’ ‘ > * isv““:
¢ ' Consider a reac 'ion descr}‘l‘)fzggby the Von't Hoff
. 4 : :

rule as follows:

R L) ‘ . T ' .
- : i
- ' aA + bB 4+ .... :‘_—_’ AL +mM + .... (5.10)
| v ‘ ‘ r2 ! | B

-

.  where A, B.... etc. are the reactants, “;x;’L, M.... eta. are

b

the products, and a, beeo., 1, m.... are the number of .

- moles, If the’ rate‘of transformation from. one form to the '

other (r ) is equal to the rate of the reverse transformation

g (rz), Fhen the system is said to be in equilibrium.

: . o

‘ When two phases of a crystal are in \quilibrim , -
Z! - ‘the thermodynamic potenttdls of the two phases 'are equal,
1 ‘that is: | R . )
g < Uy - TS; + PV, = 52 - TS, + évz (5.11)

3 —

% wheré the symbols are the usual symbols used ‘in

i ) thermodynamics and the subscripts 1 ar;d 2 repreéent the

& low and«vfhj,gh pressure phases,respéﬁtively. Bas:aed on

5 k equation (5.11), Jacobs [71] derived an expression to

E' . éa.'{.pulate the equilibrium prefssui'es of the poly;niorphic;

. ‘ ' ‘pha;e tfanefi;:ion's \in metallic halj:des. klge suggested that

- the temperature terms in isothermal pressure analysis can

be ‘neglected. The expression is in the form of :
, ) _ )
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’ during the pressure induced pol&morphic phase transition, the

rature 1s-employed as the thermodynamical varlable the

. reaction, the reactants with initial gnergy (El) must gain

' the reactants (Elz or the products (E,). The change in
-i?ternal'energy of the system or the heat of reaction

@ E), igigiven\by

Ne AT | 86
. | ) : . ~

.y ' . [

where El(r) andlEz(r) are the lattice energies and

Vl ande g ~pre the volumes of the respective phases,

Accordlng to the’ absolute rate theory [17] g if tempe- -

L4

AN

energy change during a reaction will follow the path

schematically depicted in Figure'S.Z-At Thus; during the

an energy of activation (Ea) greater than that of either

v .

A

' . N

. } ;
- . o8

. N , N

™~ ¥

v ~ .

AE = E. - E

L - B (5.13)

When pressure\is employed as the thermodynemieal variable,an
analogous concept'tq\rhat of "adtiyaﬁion energy" is encoun- _
tered and is called the "activation volume". Figure 5.2-B
elearE;_;Iiﬁstrates'e»sample,volume patﬁ during the poly- ° °
merphic phase transition, where crystal volumes for'ﬁhe
stable low pressure state (V.), transition state (v#) and
the stable hig@ éressure state (Vii%,are~indieated. Thus,

ﬂ: N
system with an initial volume (V ) has to pass through the . .

tranéition sgﬁteeeharacterized by its volume of V* (represent—'.‘
ing oniy a small fraction of the material) to be able to

réﬁch the final volume (V. Vit ), [ see Appendix;F].~

. The adtivation volume (av#) or the vdlume qhange

‘between the initial state (V ) and the tr\\bition state (V#)
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Energy path and states within the
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Fig. 5. 2-(B) - Polymorphic volume path/within the

. activation volume 4

course of a reaction sfowing the

for pressure

induced reaction.




. , . - . ' g‘. .
, as defined by Evans and Polanyi [17] is given by :

N\ ’ \

v
.

(5.14) R

S avk=vh - v

M \

-~

No confusion should arise between this volume change ’

i.e. the activation volume (AV#) with the change of

volume between the initial state (V ) and the final state

(VII) The latter has been established experimentally in-.
the case of HgSe to be 8.29 % oﬁ the original. volume at
.o ® N . LY

~atmospheric pressure, and can be expressed symbolically as:

I

AV = Vv, -V . (5.15)

\ I II .
| | ¥
. ‘Thermodynamics can predict only the feasibility of /

'a reaction,but are not concerned with the reaction process
,' * itself. On the other hand, the mechanism of a reaction®
based on the kinetic data :anolves steps so as to provide

K ‘ | how events occur as a function of time.

"okl - .
: - !
. -

. Therefore, “the priﬂcipa.l- e}cperimental approach to - ' N
: T ’ .
study thé ‘reaction process is to measure the rate of change

of species when a reaction p;éceeds and the dependence of .

- this reaction rate ot the concentrations of the reacting .

ot

species and on pressure and/or temperature.

gy

5.5 ‘ACTIVATION VOLUMES AND RATES OF TRANSITIONS

o 'I’he rate of transformation oharacterizes the change

In mate ial concentration per unit.time. The rate equation .\ o

1

\
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. descfibing the behaviour of the reaction depends on the order ‘

LA ‘ ‘
of the reaction. The latter is strictly an experimental

quantity and merely‘provides information akout the way which

the rate depends on concentration.  The reaction of the
pressure induced polymorphic phase transitions in mercury
_ chalcogenides has been shown to be of first order [7]. Thus,

the rate equation can be written as:
' :
=-ravit) (5.16-~a)

"where r is the rate constant, and aV(t) is the change
t | ., of volume as a fungtioﬁ'of t [ see Appendix E .

From equation (5.16-a), the rate constant can be given as:

-~

C vo_ d av(t) I TR ‘
. r = &lo)ae (sec )/7’ (5.1Q6—b)

Since this is a first order reaction, the unit of the rate

Gl it i ) R et st ARG Sl p b A it et ) 2 o e i e e
I A 4 ¥ v % . e ok g

9 . constant is seo-l. Data for AV(t) cen be obtained u51ng

Rt 2

the dlrect re51stance meas&;ement technique. The change in

i reSLStance is measured on the sample and transformed into

the corresponding change of volume using the model developed

in this Chapter.'
LN

between the _transition state and the ré tants. In the case "
of 8 d-solid phase transitions, where only the low and -
high pressure phases with the transition state Vi, YT and v’
ﬂare present, no so;vent effecb has to be\considereds However,
‘in the case of kinetic'stpdies in solutiong,the role of the
'soivenf and its rEérrangegei; during the” transition résults

. ) !

Activation volume av} is the difference in volume ‘ N\ °
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in a much‘more,complex syst&g\as‘discussed by Evans .and ‘, E

Polanyi [17],and is'not the subject of tbis investigation.

- . t

It has been a common practice to analyze experimental
- ' M N "“

'results'pf transitions on the basis of the Van't Hoff

equation, in the form which was“first introdudgd , using

the transition state theory developed by Evans and Polanyi[l7]
Thus, the expression relating the rate constant of the

pressure induced phase tran51tion tr') to AV# is

[

- § é; e my# oy {5.17-a)
: ' ' RT

»

- — . .
where R is the gas constant and T is the absolute

temperature. Thus, the activation volume at room tempefature
('R

- .from equation (5,17-a) is given ast ' ' o,

/ . | . ' J - s

7

L
T awhe p'p &inrxr 3cm” atm d 1ln.r ]
wie -R T SFp—.= 24\305x10 Sromole — dp (5.17-bJ.

/- It is evident fron equation (5.17-b) that the activation

f
volume depends on the rate constants and the pressure

variations. The rate constants. and the pressure variations

are in ‘turn dependent upon the nucleation concentration,

.as is shown by the experimental results (see. .Chapter IV)

,

and their kinetic interpretation (see the following Chapter).

. ‘: { .

5.6.  REACTION uzcnanxsu BASED _ON THE Tnasa-n:nrnslonar
\ ‘) -
HETEROGENEOUS MODEL. - /-

Follo%ing up the assumptions stated at the beginning

.

of this Chapter some of the potential nuclei existing in “' .

- a sample must- acquire sufficient atoms or molecules to reach

0 R y o ' s - ' . a
- - _ » K '
. . - Cx 4

¢ . * . )
L] ~ ! L4 " .
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where 2(x), w(a) and 2(a) are the length, width and

~ carry the same meanings as before. The total volume of

_ the sample as a function of time will consist of the sum

' 1 ' : . ‘ f Y
gegﬁftr'call in three-dimensional cubes with .a numbeﬁkof

~

)
Q . . .

. - .
Yo
B

. . N - e »
\—u\‘ . .
.
, % 01

) \ N ’ [N ’ ’ '

T

4
N
§

[ N R
their critical size before they start to grow. Hence, in the

L

bl nnrtay

the upstroké transitionj/;hase IT is assumed to grow

o~

WHE

-

L Ry

uclei within| phase I. Further?ore, as the reaction

procegds, the total volume of phase II increases, while that

PR TR SN
3

Phase I decreasds. It is therefore nelessary to deduce

\

equations to expreSS'bofh volumes as a function of time

during the reaction. The total volumes of the growth nuclei
in phase II at any time will constitute the volume of the‘\\

High pressure phase, Vz(t), and hence:

'
e . +r

}

) ) v = ¥ MaNE(adwle) o - (50180
e ' | R ,}// .
S

R o R B inshe o B N TR

thickness of a cubic nucleus (see p. 80).
e v

2

-
S35

iz
£S5 0%

The volume of the low pressure phase is then expressed ‘. ' e

[Appendix E] as : )

, | ’ D, .

- V(L) 5= (5.19)
M1 .

A e - R

WV (8) = vy

-
A%

/

. & . .
where V. is the volume' of the low pressuré phase at the outset

Al

of the upstroke transition and the rest of ‘the symbols

e mdtes
i T s o omiethy

/ oo

of Yl(t)'én& v,(t), as‘giﬁéﬂfpreViously’in equation (5-6),

- that is:’ L >

A

r . .. . . <

i V() = Vl(t)°+ Vz(t) ‘ “ s

, . b, .,
= V) [1-B,R(t)] (1-a)evy Ei-[l-nzp(t)]a

“
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The last equation satisfies the boundéry,condiéions for the

"volume, of a sample before, during and after transition,

~
h)

l

transition pressure‘(VI) is equal to the" sum 'of the volume

of the sample duriné transition, V(f), plus the accompgnied‘\

\‘volume change AVitY,D[Appendix E ]. This can be re-expressed

as : ) o S -

- vit)> * {5.20)

AV(t) ~=‘ ,VI .

% 9

Substituting equation (5.6) into (5.20), one obtains

3

A7 . . o
av(t) =‘VI"“ I(t) + Vzﬂt)] (5.21{—
which is‘thé‘volume variation accompanyiqg the pressure -

.induced pélymdfphictphase.transition. Experiﬁentally;-

w ¢

av(t) is determined from.theidirectly measured change’ N
M . K \

of sample resistance using equatioﬁ (5.8) and normalizing -

)

therefore : .
; . |
i a) at the outset of upstroke tr tion \pressure
' ‘ [+ : . ! . ‘ 4
t=t=0,0a=0 , V,(t)) =0, hen
Q l“
/? V(to)—s Vl(to) = VI
.b)a‘after the transition is completed . v
;f‘_t=t£,l'gx=1 y Vi{t) =0 , hence
V(tf) =\V2(tf) = VII ' . 1N
s . : ! A - :)- o A
v w o . ~ I )
~J . 'The initial volume of a $ample at the outset of upstroke
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to a unit'vqlun"le‘ of 1.0 cm3‘ (see the following Chapter).
‘The rate of change of this volume characterizes the rate 3

¢ of transition as in equation (5.16-a), i.e.

-

TR s e SR L, i il

: d Av(t) Yule) .
) . o —— = \'4
. Rate It r av(t) ‘ .

¢ -

PRI

w v

+ l' .
Since the degree of advancement of the reaction (a'_)
is by definition’ a parameter that measures the amount o'{
mater{al transformed w1th reSpect to the available .

) material it can be ea51ly expressed according to this

‘model [ see Appendix.E] as : ‘ ' S,
B o = vz(t‘), 22/ _ (5.22)
I - .
f . - J
Although ‘th%'s model is simple enough to.explain the = ;
ki\netics‘ and the mechanism of phase transition i"n Hg Se '
nder pressure, showing a good agreement with the ‘ i
experimental data, it is only valid for 86,0 % of the 4
reaction ‘as ind:l.cated in Table 5)1. The.last par't: of the
5 transition, ‘that is-jus_t before completion, might involve
i\;iqestion (62}, i.e. overlapping of"‘i‘é{any.of the“growth ,
nuclei among themselves. This phenomenon is not investigated ' .
"in this work. S C |
' ’The numerical dif}farenc‘es between the two values
©Of q, using equations {5.7) and (é‘22) are given in . . .

l" Table 5.1, which obviously are not very signifié'ﬁt.
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Table , 5.1 . ® o ,
The degree of advancement of the reaction a obtained e v
separately_from equation (5.7) and from equation (5. 22). ot
. @ M ] . N
— ¢
Lo Time(t) . a using a using
min eq.(5.7) eq. (5.22)
\ 0 . o 0,057
1 10,048 v 0,057
) - 2 v 0.112 . 0.104
b . o )
3 0.205 0.182
: 4 0.323 0.276
s - 0.441 0.391 .
.6 0.566 0.502
- g 7 0.673_ - - 0.617
.8 0.741 0.654
. v .
9 0.780 . 0.712
. 10 '0.892 0762
11 0.816 0.810
’ 12 0.845 4 20,860
. g T D . | _
The verification of the evaluated a's (equatioh 5.7) "

U ‘based on the experimental data of Figure 4.1,
and the calculated 'a'e (equation 5.22).used .

.- to fit the complete model. The rate of applied
pressure in this experiment as. stated before

was 82 bar/min. .
[4 N ! A . , a®

N . +
. . . N

Nk




’ v L} » .1
. . s ..*

N MY R b s e aa . - —— [ A - - . ‘7

o
g s
" e R A

L - . " . CHAPTER VI

’ S

N

', ANALYSIS OF THE EXPERIMENTAL RESULTS .- . ;
: / E 2 H

6.1 ‘INTRODUCTION * : .

N

The purpose of this Chapter is to analyze the

experimental data based on the developed model.~The results

of the direct resistance measurement technique will be

compared with the results of the conventional indirect

volumetrlc measurement technlque Furthermore the analy31s

.y

e

R . 1ncludes the ¢xperimental values of ‘the actlvatlon volumes

/ -
as ‘a function of nucleatlon concentration and  other related

..
et .
TR A ey

:

=
ke

n.
o
2 ﬂtﬁl’l\

R i g B

o data.

L

R .7 6.2  COMPARISON OF THE DIRECT ELECTRICAL WITH THE e
B + INDIRECT VOLUMETRIC TECHNIQUES B

8 f . °

)
The conventional volumetr?c measurement technique -

o

for the solilj-solid polymorphic phase transition, as was

- pointed out earlier, requires.large sample volumes, i.e.

¢
- v v

in the range of 20 % of the usable chamber volume. Such a

»

B requirement is essential in order to enable one to analyze

- Ty the transition.satisfactorily. If. the applied rate of

A
oy 74

X 9 » pressure (4P/4t ) is kept constant, the volume reduction ‘ 14
i - of the sample due to the transformation_causes pressure -
redubtion‘in‘the chamber. Thi; presSurefreduction’is
\propagated by means of the liquid preseure transmittlng‘

< meoium and is detected by the manganin. coil r sistance.

- . . . . . s
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5) " The slope of the indirectly measured volume change R
.;-:(during the retropressure includes,volume variations g
ST of the solid due to its transition and of the liquid

7

s .
3 - N -
EO e ~

b 3 N USRI PP
L

96

. : . ..
' . AN ‘ ' .

oﬁgthough the pressure detection was "sentitive to +1.0 bar,

as_indicated in Appendix \A-ITI , the measurements are
N L, o .
° considere&. RN ‘ -

>

o ~ .o, \A R - . @

>

1) Indirect, since ;he solid volume variation is being !

=

detected’ through ‘the liquid by pressure variation._
2) Cannot be relied on for‘rate measuremenfs due to liquid

we

e ' relaxation time inte;ference. o or z;n

A o

> 3). P not provide information for actiMJ;ion volume,sinc;gv
» >: ii,depe§Ss on fate measurements ai const;nt pressures.
. 4) The pressurelrste inside the thamber during transition
cannot be kept bopst;nt despite ‘the fact that the
apglieé bressure,réte‘can‘be constant, This is because

~'~of the large shmple volume variation during the period

-

. of retropresaure. '

>

due:to its’compressibility, Fyrthermore, for most of
the reaction (up to'a=0. 8), tﬁe volume variation due
' 2o the solid transition {s much larger than the volume

", variation of the liquid due to compressibility and hence
the former dominates the latter. However the -
end of .the reaction (o> 0.8) “the volume vari tionnof

-~ the solid'is difficult to obtain. This is'beoausef . o

o _the voluﬁe\varietibn‘of‘the solid begopes smaller .

‘and smaller, comparable to the volume Garietion of

[N
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""model presented in this work. : N

P e

e gt o S S RS T G S DD e

the liquid and hence it is difficult to measure

-

‘the former precisely.»
X
s I & .

' The volumetric technique, however, provided plenty of

information concerning transformations of many materials
0 C ~

bl

under various pressure ranges and their related S

{
compre351b11ities.‘It is also important to remember that .

the great work of Bridgman—wasehased ‘on this technique.

.
The electrical or resistance measurement technique,.

’

_ on ‘the other hand, proved to be very‘fruitful; in addition

’tagthe‘ﬁact that it can provide information on the Band

structure of the métenial it'requires only small sample
- . a
volumes (less t:l"zan'lo'3 of the usabl% chamber volume),
Its transition measurement is direct with a resistance o

change by four or five orders of magnitude. The concept

‘of £his”fechnique is not _unknown, but the elycidation,

-

the reagtion” mechanism interpretation_‘ elation to the -

kD

A7 il it 0 R S e gt V0T L B

transformation were well explained by the heterqgeneous

¢

-
A} ' N

7 -

Furthermore, from the practical point of view, g

if for example one desires to measure the influence of

o

various nucleation concentrations on transition pressures

(as has been done _as part of this investigation with the

results given in Chapter IV), employing the volumetric ‘
3urement technique the amount of material needed

would be enormous. The total volume change during

ES
- N
+ LI




transitionﬁgn the volumetric technique is less than one .
order of magnitude. as compared tg;tpat of several orders’

-

of magnitude for the dire¢t.techhique.

I3

6.3 - RESISTANCE VARIATION AND ACTIVATION VOLUMES

The Fasistance variation of a sample under pressure

.can only be noticed at and above the outset of the upstroke
. ) ¥ . \.d . )
_ transition pressure. This is, determined, experimentally

%

from the simultaneoué volumetric and resistance

- R \ i N
measurements, summarized in Figure 4.1. It was stated -

M ol

earlier that thexdetgﬁtion'resolutiqn was about 2 mQ

(see Bppendix A-IZI) in this investigation. No noticeable

. , . -
resistance change was observed until transition aéfug&}y_K

- took place. The resistance changé depicting the polymorphic

phase transfprmation started first by increa51ng slowly
o,
for a few mlnutes (dQuring retropressure) ‘and then at a

faster rate to several orders of magnitude. Figure 6.1
; B vy

2

.

. .
v

;

‘L

:

2T

;‘% N

shows a p;of of typical experimental data for the resistance

of HgSe wﬁich began to change duriﬁg the first few minutes
of the transformafion with an applied_pressufe rate
AP/at of 80 bar/min. It is this portion of the resiétancen
change that determines the activation volume of the

’ ‘ o o
\material and its transformation rates., '

oo\
The folldwing steps are taﬁenvto determine the rate &

cdnstants of transition i.e. a normalized partial volume ‘change

-d V(t)AW(t) within a givhn interval of time dt (usually oneé
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E‘ié‘.‘ 6.1 - Typical sample resistance variation’
E / _dux_-ing‘the first few minutes of the
. , upstroke transition. pressure with

g . 8P/At =80 bar/min. =
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minute), as a function of a, at a ﬁarticuiar pressure :
‘1) The reéis.ta;xce value of a saxaple’with a given
~ nucleation concentration N is measured at the
 beginning of the time interval at. )

2) The convers:.on function, ‘i.e. equation (5.8) as a

funct:.on of a, is ufed to calculate a res:.stance

-

@ value identical to that of the measured value.
AN

The values used for the length i(a), the width w(q)
<~ and t’he/depth'g.'(or)'pf a growth vnuclei, to eval:,l,ate l
‘step (2) at the given nucleation concentration N of
step (1), serve to determine V,(t) in equation (5.18):
4) The volume of. the low pressure phase V,(t) of |
eq\;ation (5.19) is calculated by usj.ng the obtained
value of V, (t)'of equation (5. 18).‘ ' 2
5) The total vof}.ume vit) of the low pressur3 phase V (t)
and the high pressure phase v, (t) is obtaine by '

- .4

employ‘ing equation (5 6 s o ' -

of

6) avV(t) of eduation (5.20) is evaluated by using the

value acquired for V(t) from step (5), and then

normalized to'a s\amp.le of a unit v]:»lume of 1.0 cm3; .
o . . ~ .

that is, tp calculate a corresponding av(t) for a . /

samp]?e of 1 0 cm3.~ - ' ‘ o

7) The steps (1) through ( 6) are repeated for another

‘value of Av(t), except that this time the resistance
' measurement of step (1) is performed at the end of
. " . ¢ N . .
the time interval dt.: ’

» ’ — . L

-
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' ‘o 3 d | ~
‘Thus, ‘a value of Avdz(tz 'is c red for the transition

rate cOnstaht of equation (5 -b)/ at .2 given pressure, °

By iteratin% the abové procedure at different

I3

pressures (during the first few minutes of transition)",';

dav(t) -
s ral values for Vle)aE are obtained. Plotting the natural

1 ithm of these values versus pressure, a straiéht line is

constructed, using the least square method.' These resulté are '

shown in Figure-6.2 for a non-nucleated (Na5.3x1018 cm;"3)

* HgSe sample,. The activation volume, as defined in. equation

u (5. 17—b) is then easily determined by measuring the slope of.
,/“

the line and- multiplying it by -R’l‘ The obtained value is

g 113

the difference in partial molar volume between the transition

state and the initial ‘state (-reactants) RN /*\.‘-\\
v - -
4 ,\_. i ~ A & ) . ~ .

Mj«( ' .
’ 6.4 nimeLzAnon concmm-rxous TRANSITION RATES AND
Y A TION VOLUMES

Using the technique described in section 6.3, ‘the

. t:gansition rate measuréents of samples contqining different

amounts of nucleafion % ncentrations of Hgs (0.05 %, 0.1 %,
1.0 ‘% and 3,{.)_ %), in the case of the upstroke transitions
—we‘x\'e performeq. The results which displayed different ‘

: k\,'tra\msition rates for, the different nﬁc‘leation concentratione ID
are summarized in Figure 6.3. In this fiqure, it is clear

that the rate linearly increaSea as the logariéh.m of the

»

' nucleation concentration decreases. A- atraight line was

f}#&eé using .the least /square méth‘od_‘ ox§\ a Hewlett Packard

Y
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Minicomputer Model 9830 A, This line, however, wﬁen

extrapolated as in the figure to a low semiconductor grade

e

.

.
”"ﬂ/&f- I T P i et

impurity concentration (1 p.p.b.), i.e. an impurity
cohcegsration of‘lO13 -3

rate of 1.56x10" -3 cm /sec. This extrapola;ed transition ‘

,-gave a corresponding transitio%

e A B s

~

- rate. yas done for the purpose of comparisan with the
‘measunad traﬁsition rates of the annealed 8

"will be discussed later.

N e

The activation volumes for the'nucleated'saoples
were also.determined as a function ofthucleation concentration
following the steps diven in section 6.3. The'experimental~

. 'points which determined the activation volumes ‘were collected

and plotted as follows. a S .

6.4 shows the logarithm of the rate

with 0.05 % nucleatlon concentration. \

igure 6.5 is similar to Figure 6.2, excep}
at it is for a iample with ‘0.1 % nucleatioh

concentration. c ’ . ’:L‘ 5.\\ ;

Figure 6.6 'is similar to Figure 6 2, except

[that it 1s"for a sample with 1.0 g nucleation

concentration. ' j' \ ‘/f

2 }{ ' -~
«4) PFigure 6.7 1s similar t;}PiQ?re 6.2, axcept

IS

that.1t is for 4 sample with 3.0 % nucleatibn = |
/6 - o
concentration.4
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The obtained data, i.e. activation volumes, outset of

,upstrok% transition Pressures, their'rate‘of transitions

during the first one minute, and the corresponding nucleation

conﬂyggrations are summarized ih Table 6.1.

Reading small resistance values and more important

their very small variations, within a time interval (dt)

at the beqinning of the transition, from the experimental ’

charts, involved uncertainty in the reading precision.
Therefore, it was necessary to determine the range of

uncertainty for all the resistance values and their

Corresponding volume values used to determine Figures 6.2,

6.4, 6 5 6.6 and 6.7.,This uncertainty was taken to be
the chart resis ce reading resolution of :Z-mQ.Thus,

each resistance value read from the chart was considered

as the mean value with possible deviation valu€s “(un-' ¥

certainties) of 2.mq . The corresponding mean .and

deviated volume Values were calculeted,‘each as specified

in section 6.3. The uncertainty ranges determined‘for the

volumgnvalues and hence ,Jfor the transition rates, are

.indicated for all the experimental points in the above-

'mentioned figures.

1)

‘It can be seen from the data given in Table 6.1

’

and the above-mentiochned tigu;;:kthat“the amount of nucleation

concentration affects the activation volume of transition

directly. Thus the higher the number .of nucleation

concentration in the material, up to the saturation

1
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e

L)




109

R R

d \ '
. . ’ ! maen\ovv sneTonu 3O muﬁm
‘ I
& -
) ., o~ 4 . i
N § - s
8z°Z - sz°8 s ¥ 12 SLOYT¥| 0T X E°S 0°E -
z0°Z Ze°8 € F ¥ 6290¥T| 0T x 8°1 o°T
N - \/ . .nl
VS v 16°8 Nsrﬁmmw €90VT | 10T x 8°T 1*o
98" ¥ c 16 €F 9e | .sL89 |[ggOT x 8°8 §0°0
i - - ‘ -
TZ°s .hm.m\.v L + 0§ oviv. QAOﬁ X £°G EO0°O
\/ 0 . . hmHoE va ’ )
' oas (F2qX) f g £ ) A §
. ¢ o L p=01%) . .um _ $AY- b.ﬁoﬂunn spinooiou A“uz..no& %)
‘38s53N0 S3T 3®© aanssaxd UOF3IS sumyop - -
UoT3fSURI} JO 93ey | -ueay ayorasdn | UOTIRATION UOT3BIIUSOUO) UOFIRITONN

L

J
r

e - -

/

1°9 -9a1qer .

" gUOT3eIJUIOUOD .UoFIRITONU JO
JIUSISIITD IOF mwcﬁmuno hﬁamv:wﬁﬂhomxo.mumm‘Uﬁwoc

+

] ,

™

F




. N ©
t .

concentration of 3.0 %, ‘the lower the activation volume ’ /

+

needed for 1;_he transitionfto prdgeed.' : T _' .

.
hd

-

' 6.5  TRANSITION PRESSURES AND‘ACTIVATION“VOLﬁHEé;. o

. ' fd.,gure‘ 6.8 displays the outft of upstroke i:ransit{lon'
pressures vexsus activation volumes of HgSe with different

| amounts of ‘n.ucle\ation concentrations, as give'n,i‘n Table's.‘lf.ay
‘These exp/erimental points were ploti:ed, and ~usin‘g the l‘eas.t'
square method, were fitted to a straight line and.e;ti‘apolatea
to‘;zgx"o activdtion volume. The purpose of this extrapolati:n
was{’ to attempt t:he determination of {(;he thermodynamic ‘
equilibrium préssure. However, due to.the measurements'
errors of the activation.,volumes, the :interceéts with the
pressure axis. ave values between 7,22 - 7.26 kbai'. These
-values are com;%)arablt; with the—theofetj.ﬂi;:ally dete ned
value of 7.28 kbé;, using 'equaj:ion_ (5.9) with the s‘a‘t‘urfrtion
nucleation ,c‘oncentration of 3.0 %. All these ;zalu,es f\éll )

‘ well within tl"l: hystere;is curves published in the litera-
_tures [12,13,16,72], but are lower than the ones calculated

. from the lattice energies by Lombos ‘et al. [15]. -

The outset of transition pres,s‘nre P

. can be defined as

- ( Py * Popn + Py N | é(ﬁ.}_.;) \
where P, and P, are 'the'\nuclheation independent thermo-

'aynamic equilibrium pressure and nucleation dependent

- . ' ¢
kinetic pressure, respectively, Thus, if the pressure L
- ® e ¢ o o : =

t N
14 : - . AY

6 i

ey 1.’-;;%";&%&&

g4

3
e
~
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kbar gr-mole

o slope = 0.0510

’ .intercept = 7.24 +0.02 kbar

PRESSURE (xbar)

cm

. » gr-mole

Fig. 6.8 - Activation volumes versus pressure for

),

o

various nucléation concentrations as

in Table 6.1.
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at 240°C, reduced the carrier concentration from 4x10

v N -
- Vol
i . .
°

Y
A
B

. .
o 2 ~

_induced pblymorph{z.phase transition is asséciated with .

a zero activation vSIume ﬁhen the kzggxiﬁ‘pressure needed
=4

is also zero. In this case the transition pressure is equal
‘/“

1}

to the thermodynamic equilibrium pressure. Furtheimore,
as' the activation volumé is increased (al a function of *

decreasing nucleation concentration), the kinetic pressure

L]

is also increased, thus‘increasingﬁthe required transition
REessure. This argument -is consistent with the measured

data of Table 6&1.

“

“ Py :
TRANSITION RATE MEASUREMENTS WITH ANNEALED
MERCURY SELENIDE CRYSTADS . '

6.6

!

Brebrick and Strauss [10] reported that the amount

of carrier concentration increased when annealing HgSe

crystals with saturated Hg or Se. Similar resultg“ﬁere

obtaihed by Rodot [73'] by anneaiing HgTe crystals'with
saturated Hg or Te. However, HgSe annealed in jﬁ%gum
18

17

to 1,4x10"", as ﬁ&ﬁlished by Blue and Kruge K6] .

v 3

Lehoczky ot al. [35] measured the decrease of impurities

of HgSe annedTed #n, vacuum under different conditions

*7(time and remperature); In theepresent\investigatien,

I K ,
the vacuum annealed samples of HgSe revealed faster

transitibh rates than the non-annealeé samples indicating

that annealing in a vachum decreaSed the ﬁumber of nuclei

in these samples, substantiatinq the previous observations
(35, 45] N R |

© - lizv
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§ . In tﬁepcase of the upstroke transitions for the
é ' - - various nucieation concentrations, th? ;n;easured rates, nor~
1: et F malized to a sample volume of 1.0 cm3,. were Presented in
) f . section 6.4. The curve that fittied the experimental points
) -» was extrapolated to a nuclea‘t’:ionl concentration of 1x1013cm-3,

- 3
- s+ giving a corresponding rate of 1.56x10 3cm3/sxec. The rate
s N - -

measurements obtained frem the annealed samples (also

- normalized to 1.0 cm3) showed no significap:t deviations

. -in spite of their different annealing conditions, as
presented in Chapter III, T &

. *® ’ o
. - The upstroke transition rates of six independently

=

performed experiments maintained an average value of
-2 )

"~

cm3/sec. This value is one order of magnitude
3

2.5x10

cm3/sec, as

higher than the extrapolated rate of 1.56x10"

# .
obtained in Figure 6.3. This is probably due to the

'
-

assumption that more crystal defects were eliminated by -

*

13 -3

# ' : : .o
annealing than, as (Kredicted, by means of extrapolation,
i.e. 1x107"cm “, si

ce the nucleation concentration, as
. ¢ N -
~ was pointed out earlier, consisted of both, foreign

-

particles and crystal defects. The predicted concentration
7 ‘value was selected arbitrarily, base$ on the generally
- “ , ac;:epted semiconductor grade p’ur:@t‘:y of. 1 p.p.b. The ot_gtsejt' of .
upstrc;ke\ transition pressures of these sampiles gave an
Unfortunately, a11>theée samples far;oke during the :upatroke
0 { E transitions and"hgnce , did not l;rovide_any further 4dat; on',

the fuli.;ransfbrmation cycle. '_

" average value of 8.16 kbar with a dispersion of over 1.0 kbar..

ki oy e 1 R
ik e e, o -t

3 ¥




SRS  CHAPTER VII . IR

. .
" . ( 7’\ - . , *
. ‘ ©  SUMMARY AND CONCLUSIONS .

R - 4 . 4
——_— /'rhis thesis has elaborated on.the heterogeneous nuc-’
leation aspects of the pressﬁre ‘induced polymorphic phase
N ) transitions in mercury chalcogenides, ﬁs';ng the direct
" fesisi;ance ﬁeasurement technique. Based on the empirical __~
résults, a model is derived and verified by the. experimental
- data. The influence of nucleation on tx:['ansition pressures is -
+ clearly demqnsti'ate;:l. f‘urthermore, by me?s of transition

p‘x"essur‘es and activation volumei of the absolute rate ‘theory,

the thermodynamical equilﬂgri_.um pressure is determined.

- .o Figure 4.3 demonstrates the following theoret.ica.\l

and experimental results:

1) The upstroke transition pressures will decrease as

4
a function“of nucleation concentrations,

o -

2) The upstroke transition pressureé dispersions can

“be noticed for all tlijucleated and non-nucleated
] safnplés. . .

- 3) 3he downstroke transition pressures show similar

3 phenomena as in 1 and 2 . )

i »

'4) These résults effectively-reduce thre width of the

Lo reported hysteresis- [8,15,16] of the preasuiq induced

polymorphic phase transitibn in the case of Hg,se,‘
. v . o v
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] Altnou‘gn‘the experimental inveetigations of this wotk “w
_include both, the upstroke and the downstroke transition
» pressures; the theoretical valtes have been eva,luated‘for
the upstroke transition pressures only. For the downstroke

transition pressures, the theoretical values can be*

R DN e B -
f

obtained, using the same model, by inverting the conversion .. .
function and evaluating it as a function of nuc-leation

» —

concentration .

5 N A range of pressure was. identified around the thermo-
lthough "the system was in a K ;

state with both phases co-

d\ynamica].'rpressnre, where,
thermoaynami_cally/;étastabl

e

L

existant, the kinetic pressur‘ for a particular nucleation
concentration was not reached. "l‘hus .the potential nuclei

‘daid not attain the critical size of growth nuclei and the

" rate of reaction \&as undetectably small (i. e. this was the-

process of nucleation as compared to that of growth).

. - faot this wasg very similar o the phenomenon observed ~ : e
- and originally /reported by Bridqman [72) during his rate ~

‘q. N ‘ studies of the polymorphic phase transitions. He called ~

: this phenognenon "the region of indifference". By means of R u

transition velocity, using the indirect ﬁumetric

L | measux‘ement technique . he detected in many cases a -

pressure range within which the rates of tranaition become - '
nearly zero. No ::orrelation hasu yet been‘proposed between
: the reqion of" indifferenoe ‘and the aize of the critical

7nuclei at or above the uturation concentr&tion (3.0 x nol.wt ).

) ’ -, N ) B ! E ' "\" J
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. " Therefore, based on the kinetic data given in

Table 6.1° and on the determined thermodynamical equilibrium -
pressure ( 7.22-7.26 kbar), it is proposed ﬂlat- the. "region of |

indifference" is directly related to the kinetic pressures

which in} turn are dependent upon the z;umber and size of

\

. the critical nuclei,present in the material.

o

3 T Fur‘t:}_iermore, it is proposed that the region of

indifference, instead of the hysteresis curve, can be :
‘utilized ta characterize the pressure induced polymorphic k

phase transition.

—
-~
P

5 - . - N ' . ' B ‘
. . , " L
¢ X \i It was assumed that when the potential nuclei reached

-

the critical din_lension, that is at the outset of a transition
& ~ .

pressure, growth nuclei were formed.and the reaction started -

* to proceed with measurable rates. %These were related to the

!/
’

fractional volume transformed and consequently, the rates )

CEE LT R TR g TR
4

. - o of transition were easily detectable by both the ind;x.rect

volu}netrlc and the direct resistance measurement technique.

. . / The Kinetic data in tabie 6.1 ana section 6.6 provide

(./\’ ' the necessary information, to demonstrate thé dependence of

4 ‘ ‘ transition rates on the nucleatioDn c.oncentration. Thus, ' .
‘ « the reported sluggish .pbas‘e transformatzien of Hgge under
pressure [8;16'] ‘either: ’ o gm0\

a 1) increased (i.e. slower rates of transfoz’:matio ’
| by increasing the number of nucle\tion concentratic H

ii) decreased (i e. faster rates of _transformation) ARE

by decrea_sing the number of nucleation concentration.
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Moreover ,~ the anneale'd samplves provide a very k{ftl | / ‘
, ) transition with an average rate (during the first minute)
| - of 2.5)1:10"2 cm3/sec .for an estimated nuc}eation concentra; on
Lo of less than 1);1013 em™3, This is a 'g;onsiderably larger |

4
14

‘ transition rai;e than the one for the non-annealed samples which
-4

-

'is 5.2x10 cmB/Sec..Such a fast transition rate suggests

that a"large number o} crystal defec;ts were removed by the
annealing process. ' \
v ¥

Although the rate of the applled pressure (AP/M:) //
was kept constant for a giveh nucleation concentration the
'measured transition rates varied with time. This was

expected from the basic -theory of kinetics of chemical : (

a

reactions {74 1. Thus,. the transition rates, starting

with a given v'alue will diminjish as a function of. ’ -
t -

time to zero when thd‘z-(ransition is completed At a /
i

oA constant pressure and within the first minute of th} outset
g ~ of the ups troke transition, each tabulated value of the

<

. .\transition rates in Table 6 1 as well as in section 6.6

N

ot was taken as the average of several measured values for

" the :respective concen}rations and the annealing.

Al - o

- - : The’ l'ieterogeneous nucleation model presem:ed in

| . Chapter V has been employed in this investigation to -

. ' o “elucidate the mechanism of transformation in a totally

o new and simple approach. It describes closea.y the

" ) 'transformation during 0<us 0.86 . It is not valid for
\ ﬁ the 1ast~portio:x of tl\e)transition (i.e.-0.86 <us(L’,Cd, ‘

Ho. .
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- .i.e, the overlap of growth nuclei amond.themselves;
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possibly due to the inuoivement of ingestion [62],

‘ ..0
. (W

“'The conversion function for’ the upstroke transition '

fbressures deduced from the model, serves as a bridge

~

between the theory and the experiments. This is performed
hy taking a sample resistance readianat a given time

during. a transition, and finding the orresponding resistance

"\ 1
value of the conversion function. Hence values such\as
S

Vl(t) V (t) av(t) and & were easily obtained. Further-

more, the conversion function contributed additional data when

reworked ,as in equation (5.9). Here the transition pressure

dependence of nucleation concentration was ‘also easily obtained.

The transition rate measurements, based on the

‘absolute rate theory [17,61], provide the values of the

activation volumes as a function of nugleation concentration.

The outset of the upstroke transition pressures for different

nucleation concentrations and their corresponding activation'

volumes (Table 6.1) have been used to determine the thermo-

dynamical equilibrium pressure of the Hg§e compound, as

in Pigure 6.3. Thez; results would have beed%very difficult
if not impossig%e to obtain without-the developed kinetic
model and the direct resistance measurement technique.

This is because in Bridgman's region of indifference [72]+

including the. thermodynamical equilibrium pressure the rate‘
sy, :

of transition is undetectabtg small,

w . .
’ 0

P

- The decrease of the activation-volunes as ‘a function

r

. of nucleation conpentration ethplified the decrease of the

&




N ’!’ ° . . " ’ '
R . ~
. W emw myes R ""hﬂ&#‘w“mavv-w'w AT L - ave Avontm r o S . .
. s . - . - - . ‘
) .

110
transition Bp.rrier between phase I and phase II. Defining
the transition pressure P ¢ i‘n'\chapter VI as the sum of
thermodynamic and kinetic bressures,,i.e. Ptgpth-'fpk' it
can be seen that any decrease in the transition pressure -
as a function of nucleation concentration must have been
due to a decrease in the kinet:.c pressure. The éenergy

necessary to climb and overpass the activated state given

by A4G#* i.e. the variation of free energy between the

.initial and the transition state (hindering potential),

wes supplied.in the form of PV [Appendix'F'] . Therefore,

a decrease in the activeti'on volume (the pressure der'ivativel
of the. hindering potential et a constant teinperatnre) for \
a given nucleation concentration, corresponds to a decrease

in the required energy to overpass.the barrier and’

., consequently, to a decrease in the transition pressure.

h

-

Furthermore, if there were no potent:ial barrier during
the course of transition (resulting in a zero activation
volume), then the transition eould have taken place at
the {:hermodynamical equilibrium pressure with zero rate
of reaction. It then becomes clear that the kinetic "
pressure was need!d to, supply the necessary energy in the
form of PV to enable the system to overcome the activation

f . -
vollZme barrier, upon which the transition was dependent

to proceed.

The resistance measurement technique prov:ldes a
direct means' of followinq the polyuorphic phase transition
under pressure. In the case of HgSe, this technique has

‘ proven to be m preciee than the indirect conventional )

-

Wy

'
1i0ber,
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o /
volumetric measurement technique. The resistivity variation, .

3 of the former is also related to the material band structure

@

-
YA iy St i e

variation, as discussed in Chapter II.

Therefore, for pressures up to their transition

oA

pressures, the resistance invariance of the mercury

PAI ~Rera & v ST R M

s o SR ot M ARG

chalcogenides indicates strongly that these materials are
zero "g‘ap‘semiconductors ‘or zero overlap semimetals. This

is 'because, in the case of the normal band structure for

the diamond or zinc-blende compounds , the energy gap

- (EngTS—ErB) is also the thermal gap Eiv Since Eg > 0, ard N
the .level (re) rises upward with pressure faster than ( ra), /
a_ : ' ‘
3 | | [53,55],1i.e. 35 (EFG-EFB) is pos’\itive(,‘then Eg which is
p . equal to Et, increases with pressure and a resistivity . -

- variation is expected. On the otper hahd, in the inverted P

% - band structure, the energy gap (Eg:Ers-E r‘sr) is not the same

as the thermal gap [EtnEc-Evl as giverhl by equation (2.5)].
’ The thermal gap Et is zero and is indepgndent of pressure
‘. ‘ and temperature |55,57j, while the energy 'gap‘Eg<O, ‘and the \
| level (Fs) still rises upward with pfeséure faster than
. (,FB)' [(54)], i.e. g—F;(ErS'ErB) is negative, thus Eg
.decreases with pressure. However, since E. is zero and D .

™

" does not change with pressure, a resistivity invariance , \f ' ]

is expected. Therefore, hydrostatic pressure experiments

can provide data enabling a choice betwgen these two médelé.

In the case of HgSe, since there was no noticeable

F . " resistance variation under pressures ug to the transition
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7. pressure throughout this investigation, the inverted band ,
N . - . . . ' % 2
structure or the zero gap concept is the' suitable choice i

for thisj compound. In this, El is zero _and independent of

. 7

pressure, whereas: g" {Erg-Erg) is negative; hence Eg ’ %
. " v%
i

Ta =7

would decrease w1th pressure up to “the transition pressure,

~

As soon as the trans:Lt:Lon pressure is reached, the crystal
i L structure changes (i.e. ‘from the zinc-blende to the /’

hexagonal c1nnabar)- consequently, the band structure changes

from the inverted band type :Lnto the normal bafd type

< where Eg is p051t1ve. This is supported the fact that by

~ * at transition pressure thé\/resis vity of HgSe changes by ‘ k.
several orders of magnitude, yeflecting the band structure:

change, from the invberted’t e to the normal type.

Based ‘6n these grounds, HgSe can be considered a zero,gap

_ v -
semiconduttor.

g The transition resistivity variations, when Grans-

\ - e [

formed into volume changes, can be of great value in geology to

o, ) C ,
facilitate understanding such phenomena as earthquakes which
might be related to the iﬁolymorphic phasev tran!it'ior;. It

- l'has been suggested by Fermor [75] as early as: 1914 and. .
reviewed lately by Birch [6 ] that the volume change oo
caused by a pressure induced polymor.phic phase ' ) : ,
transition might be related to earthquakes. Mo;'epver,
Press [76 ] has published some ‘data on', the resistivity
variation of the earth's crust prior to earthquakes

'I‘hese measurements were made by feeding currents. into ‘the - e ]

»
[

)




ground and obSérving voltage variations a few kilometers’

) A away. Press indicated that generally it has been observed x

that earthquakes are preceded by a decrease in crustal

' resistivity. Therefore, since the crustal rocks of the

deep earth experience great pressures as well as very

high temperatures, nucieating thése rocks might be of i .

K importance if{they undergo polymorpﬂic phase transitions

to produce the disastrous earthquakes. This initiates . 5 )

’ ' the transition in a controlled manner (i.e. earlier and

i . with slower transitio%frates). Such investigatio ay
. Y R .
improve earthquake predictability and thus reduce man-"

.kind's fear in one of the biggest catastrophes of nature. . .
3 | . o .
, In conclusion, the author hopes that the results g .

obtalned in this thesis would be useful in further under—

\ phase transitions [77-80] s and that“zero~gap materials ‘ (h %
such as HgSe and HgTe would provide valuable engineering . ‘ 3
"device applications. Presently, one of the most promising : K

applications would be photovoltaic infrared getectors

|
\
) ‘ standlng the kinetics of the pressure induced polymorphlc -
l possibly working at room tepperature. This would be a

K - very valuable\a&dition to laser communication systens.

a o~ ' ‘ R g
. . L~ ' Lt ~ . . . N - N
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APPENDIX A-I_
i by ’ 5‘
A TYPICAL CALCULATION OF THE EXCESS MERCURY NEEDED TO
CONTROL THE PRESSURE-%N AN. AMPULE
% .
‘ )

. A cylindrical ampule with a typical, diameter
:5;;32.0 mm (inside) and a length'L = 60.0 cm is used.
. -~ The desired préssure inside the ampule is.20 atm. The S

melting point of HgSe is 798°K and btkdbackground temperature

R
!

is 580° K. ‘
) ‘ : 2 ‘ . \
. - ' = 4.82.% 102' cm3 .
. ‘ g ‘ ” ) ~ , ¢
Molecular wt. of figv 200 5? mole - e “
o . . - ‘ g
Molecula‘r wt, of Se . 78.96 mole - , :
. " " ' :
) IQ‘Q ’ ﬂ. . '

If one takes a ‘measured wt. of Hg of 188.38 gr, .
then the corresponding 1 1 ratio.-by molecular wt. of
Se to . form HgSe = 62, 89 gr. To maintain a pressure of
20 5%m inside ‘the ampule ' extra moles of Hg is rbquired.

N 4 2, 3 °
o n'lmole,),*’ - Piv 20 atm x 4,82 x %0 cm = 0.134 mole
. RT3 205 x 10! gsg_gg, x 880°K ‘
e ‘ mole K . Y
wlierewR' is the gas constant |
- .. the needed excess weigh’t of Hg to éon'i:ro; the pressure
inside the agpule " ' ' B

= 0,134 mole x 200.59 ﬁsi; - zsfqb_drf
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2 . ' N o PRESSURE MEASUREMENT PRECISION L
E N . . s . . ' k )
~‘ i . ‘ . ' N
: 1%

- A full scale deflection in the Keithley Instrument
'Model 150 B Microvolt Ammeter of. 600 uv corresponds to '

a manganin coil resistance\change AR of 0.1 4. The coil

resistance, R or at atmospheric pressure 'is 128.6 g.. The:

2, AR (s e ® S L .
e i ;

) ‘ pressure P is rela%ed to 4R and R by [se€ equation (3.2

Ty

:
N
[ K
.

¢
P = 420 -ﬁ‘ﬂ kbar
[e] ) .
/ . For R = 0.10%, R_ = 128.60,0ne gets - "
P = 420 x 22t — = 3.3x10°! kbar = 330 bar.

© ‘ . ’ . ~ 12806

*

Consequently-330 bar give:a naximum deflection of

600 uv, i.e, 2 uv: deflection coxresponds to 1 bar.

’

' The strip chart recorder was set up such that the
600 uv ohtpuéﬁgrom the Microvolt Ammeter drives the pen .
160 divisions (10 in). Therefore, 2uv output, which
rresponds to 1 bar, drives the pen 1/3 of a division
55.03 in), which is detectable. .Thus, the pressure can be

= ~read within a precision of :1 bar.’
% . )‘ -
At the upstroke transition,the outset of the transition.

. pressure is determinablL within about 20 bar. Since the
! average transition pressure is 9.6 kbar, the percentage‘
'error-is given as ‘ \
.~ 20-

B .. e.ex10°

X 300 = 0.21 %. e
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APPENDIX A-III B

RESISTANCE MEASUREMENT .PRECISION
>

. n -. o
For a constant current of 21 mA through the sample
the strip chart recorder was set up so that 50 mv full

scale corresponds to 100 divisionq(lo in) on tﬁe‘stfip

chart.

-

+ The corresponding resistance is

i -

]

S50 mv
R= ZTm* _ o
of one tenth of a division, the resistance change can be

2.381 1 .

x. 1 - 2. 381\10 9.

read within
100
. / N Iy '
R
¢
.
,Nl
o
P o
.
~ .
. > [d
» e a .
.
_‘l
-~ N
L
3
- > -
b ¥ - A
» ! v
.
L ©
- . .
& ¢
0 ’ o
¢ a
-
.
° v 't ¢ v
. .
e v ’ .
v "\‘ '
s :
g

2.3810 . With -a strip chart resolution‘f

B e LRy | ™
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N~ ' APPENDIX B

r:?

CALCULATIONS OF VOLUMES DURING RETROPRESSURE

S
4

ah

- .The volume of the resistance sample at atméséherig:

pressure (Vl) was 2.88le—2cm3. The volume of the same sambl‘e

LA e R

at the outset of the upstroke transition pressure (V) was

2.84X10-2cm3‘, calculated from the relation : \ ) .

'; b VI = Vl(lfBlPt) o . ‘, ' . ‘ ’ ) %

3 - N . .
‘ where B. is the compressibility bf phase I and P, is the

1
. upstroke transition pre'ésurg. The volume of the large
sample at) atmospheric pressure _(Vi) was_ 10 cma. The - /

- volume of the large sample at the outset of the upstroke ’ SN

transition pressure was \ ) .
J V. = V,(1-B.P,) = 9.86 cm> o ’
I 1 1"t -
g . N r ~ — 7 ‘ . |
The rate of the applied pressure (%—%) read from the
strip chart = 0.082 %.5 -, The transition time (t) read a

frﬁg'the chart = 12 min, While the plate displacement during

. )

ti‘ansition_ A% = 0.26 cm.. The total volume reduction of the

large sample due to transition AVR = 0.829 cm§ (estjmated .~

. , \ .
 via 4%). The .total pressure reduction (AP) due to sample

A volume reduction, was evaluated as follows: '’ .

= .y

- o - AP = 4t ='0,98 kbar

[

~




e

-~

The instantaneous volume reduction of the large

©

sample "as a function of time during the tramsition is given

"by ¢ - ' J -

-

N N
d AVR(t) =

AVR

where 4P(t) is the instantaneous pressure change, obtained

from the strip chart at time (t). Therefore, the- large

- sample 'volume as a. function of time during‘the transition

“

can be expresfed as .

. v'(t) = v'I - AVR(t) (B.2)

S s
Iy 3]
o

The small sample volume variation as a function of
time was obtained by assuming that its variation is

proportional to the,large sample volume variation, i.e.

"

v e,
8 . ‘ - V(t) - —-—-—r——— . . (Bo3)

Vi

<
{0 )
Table B.1 lfsts the” measured pressure (inside the

chamber) and AVR(t) during the retropressure cycle. The
calculated values fqr equations (B.2) and (B.3) are

given in Table 4.1 together with other related data. - \

o 3 . r
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. Table B.1

- “

‘Supplementary measured data to Table 4.1

Volume Reduétion

.\Tfmghft) Pressure -
mi . in Chamber. of the large
: P(t),. kbar samples3AVR(t),
e | e
W e | s
1 . 9.43. 0.04
2 8 T o.4a . 0.09
3 9.43 0.17 .
4 | 9.40 0.27 ¥
5 9.36 ) .0.37
6 532 .48
7 b 9.29 ., 0.57
8 9,31 0.62
///05' 9.35 0.66 "
10 9.41. 0.67
11 9.48 o,és
12 v 9.53 0.71
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B O . PERCENTAGE CALCULATION or Tﬁ; GROWTH NUCLEI N
: ‘ ' .~ MERCURY SELENIDE < 1

. . . B : \J.‘ o

i “EEE molecular vplume (vh3 of a unit cell of HgSe at

E phase I.is given by Ref. [ 15] = 56.46x10 2%

«

cm3/mdleculé-

e The concentration (n) of HgSe éj/yhase I is thus given by

; - . . éﬁé' . y s
,5~7 oo n o= %_ - mole les24 75 - l 77 x lQ22 polecules

s m° 56.46x10 cm

o . .on

[

From Fig. 4.4, the intercept of the line with the axis of

L _1og N at SP £=0 gave a value of 18.72. Therefore, ,the

. ', . es;ihated céncentration of growth nucleifin a. pon-nucleated

1
[

- sampie af HgSe N_, is given by . »

o’ : ' " l ‘\,»

C N =1og7! 18.72 = 5.31x101% ‘en™?

' 5 -
| — & . «

Thus, the ratio of the growth -nuclei concentration (No) to

t

‘the coricentration of HgSe . (n) is

N

. =2 = 5.31x20'%/1.%7x10%2 = 3107

. i - . Ny

3 S :
cOnsequéntly,.the growth nuclei occupy about 0.03 % of
the concentration of HgSe crystals as-grown, Jsing thé

. . i . .
modified Bridgman technique.

Yy

PR ot el
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APPENDIX D/

8 -, THE comnsxou mmgbxon OF THE
Hs'rmoemmou%uonm

_..-\' |J\
F{&v's;léA‘ in the text shows‘aktypical parallelepiped

\ sample of HgSe of length (L), width (W) and depth (2),

t&éether with the distributed nuclei within the ‘sample. The

resistance of the sample is proportional to its length (L)

}and inversely proportionafkta its cross-sectional area

~ <Y

(zw), i.e. \

4 ' ‘ ~R-o%—*w N, - Lo " (D.1)

Let‘N be the concentration' of the nuclei in the ‘ ~ _

! . - : .
‘material, N and N be the number of nuclei along L and

" . on the surface ZW, respectively. Also, let % (a), w(d) and .

£ : z(a) be the length, width and depth of a cubic adjusted nuc-

;leus (see p 80),along L, W and Z,. respectively. Suppose
that the sampke is divided, following L, into cross-sectional
surfaces (zW), as illustrated in Fig. 5.1-B ‘and D. The type

4 of surfaces of Fig. 5.1—D (first type) is.for the untrans-
| formed (phase I) parts of the sample, whereas the type of

"Pig. 5.1-B and C is for those surfacesecontai#&ng the -

growth- nuclei (second type); both are considereé as a -

. ¢ - . 0 :

. function of « , -

y
My !

The sample length contributed by the surfaces of the =

Bt

first type is obviously L-N.Q(a) .vThérefo;e,,the sum
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of all the resistances of the first type at any tipe during
the reaction can be written as:

* '
G‘L - N 1(0) * ~
Ro =Py T W : (p.2)

whex\%‘\ol"is the resistivity of phase I. . S
\\\‘ “

«

fﬁé?ﬁaeond type of suifaces (Fig. 5.1-B) contains two

parallel resistances due' to the coexistance of both phases.
o ~

The total length of these surfad%;\is N'z(u); The cross-
. ; ” . ‘
sectional area occupied by phase is‘[ZW-N“z(a)v(a)] and

that occupied by phase II is. N z(alw( o Therefore, these ¥

\

resistances can be expressed as: o .

.RI."; fi'eta)
I T law - Nzl

-~

e BII’ /"'""_'_'ﬁ s ) / e (D.4)

e ' N z(u)w(u)-

and " ~ K ' S &

" where Ry and RIi are tﬁe resistances of phase I‘and‘II'

reapectivelgh!&%-is the resistivity of phase II The total
resistance of the surfaces of the second type is given by

the parallel combination of R; and Ry, that is

. ‘ .
- p.N 2(a) . ’
S L L — o
pz[ZW-N z(a)wla)] + pl z(a)w(u) .

.
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N ' ' \ .
. Since the two types of surfaces are in series, thj

'to’t‘al sample resistance as a function of a from eqs. (D.2)

1 and (D.5) become:-

{' { . . N' ol a) ) . |
3 < ’ - A ; P4p . a ) s
:». R(a)-R°+Rp,plLtzIw!.(a)+ : \ "41_2 “( —

p poLZW-N Zz (o)W )]"‘plN z(alla)

plz‘ \);\"‘ R

3 ‘ PV +(= 2N 2z Jw(a) [L-N 2(a)]) ]

L om ‘” 2 . ~ — ' .{(D.6)

. o ZW (288 z(0 Jwla )+ =2 %" z( wla) ] C.

) LN ‘ 2 R

whici'x is identical to eq.\'(5.5) of Chapter V.

Y
L Y

|

L‘ > -~
E o . .The change of the volumes of both phases due to -
[ their compressibilities and transition, ca’d be taken into

. ¥ »
account by considering their compressibility and density

A S APy WAy %

" factors. These can be written as:
+ - - 3, s
. Vi (B) = vyla-Bple L
: and . . : < T (p.7)
) o V,(P) = V[ 1-B,P(¢t) ]
-4 ° ‘& . '
i ' @ where Vi:(P'\) and VZ(P) are ‘the volumes as functions of

1

pressure, of phase ]é”and phase II, respectively. B, and
: B, are their respective compressibilities apduP(t)'is'

ﬁ ‘the pressure at time t. From eq. (E.6) of Appendix B, -
: \ﬁ:;i one obtains: - . - / - ‘
b . ‘ R 5, o
. j‘} VI = VII -D-; . : | - (D.a) .
! Ve
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" which expresses the total volume relations due to t.ransition

g m A, =

by their density factors, Consequently, dEring transition

the volume of the sample in phase II, Vz(. ), is related to

. Fad
the parent partial volume V,(3) which induced it by ’
’ V. (ak = v, (0) 22 — (D.9) R
. 1 2 - Dl . * ;
: . $
D
C} - . , - .
— 0 . T
Note that‘Vi(a ) is not equivalent to Vl(t) whiclz is the . . %
untransf,ormed portion pf? the volume of .the sample at a T :
given time t (see Appendix E). ‘ e
- The linear compressibility is. approximately 1/3
v ' ¢ L
of the: volume compressibility of a homogeneous material Lk
' ’ Al g\
-under hydrostatic pressure. Therefore, following eq. (D.7) A
one may write: . ;
' . x
L(P) = LI1-B,P(¢)/3] \ $
, W(P) = W(1-B,P(t)/3]
| Z(P) = Z[1-B,P(t)/3] - ‘ (D.10%0
. 19qP) - 2(a) [ 1-B,P(t) /3] | S ) )
N N . — e
w(a ,P) = w(a) [/r'-BzP(t)/3] . }z
’ .. ' . . i
° z(a ,P) = z(a) [ 1-B,P(t) /3] {

S\lbstituting these values and the transition 'density
factors [ see eq.(D.9)]into eq. (D.6), it becdmes: . ' 1

c L e ‘ 02. o s D.2/3'~
Dl l[ l-B P(t)]+(—-— -pl)N z(a)w( u)[l 2B P(t)/3 ]("'—) A
R(a)m=

D, \
: N Bl c (D, ].Q)
. ' - B D, 273
zw[1=28,P(t)/3 B+ %z\(;:)w( a)[1-2B,P(t)/3 ](T)—) }

N TR
. . .
,

.
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where A = L{1-B,P(£)/3 }N's (a)[1-B,P(£)/3 I(5%)
. ) l .

- . [{" ’. V .D
B =2W [1-28,P(£)/3]-8 z (s Jw(a)[ 1-2B,2(¢)/31(53)
. : 1

\

Equation (D.10) is given in the text as eq. (5.8).

The outset of the upstroke transition pressure Pt as a
function of nucleation concentration can be deduced from -
‘ e

eq. (D.10) by neglecting the small difference between the' /
e_p{ressipillties of the low a.nd high pressure phase '

|
I
(i.e.{1-B P(t)} and {1-B P(t)}]- also, P(t) converges - | {

to«Pt at the outset of the upstroke transition pressure heﬁce
‘it is given as: ' o - T :

D‘2/3 x> 1/33

2 P
V. +(5=) (—- -P N z(a)w(a){ L-NIL (a)(—-)}
M1 B, %, B
5 273

R(a)zwW(zwe(5E) (53

= <1)N"z(a)w(a) ]
2 . .
1. (D:11)
Bl

K

o
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APPENDIX E

THE VOLUMES OF THE PHASES DURING THE UPSTROKE TRANSITION

"  Let vy be the vélume of a sample in phase I at

atmOSpheric pressure. Also let vy (P) be its volume as a , :

Az

.
3

function of pressure which-is given by o . . e

N\
\ - . F . .
. R v, (P) = V. (1-BP) \ (E.1)
, o
where Bl is Eheheompressibility of phase I, and P is the

ORI

applied hydrostatic pressure... At the outset of the upstroke} :

.transition pressure (P )oYy (P) becomes Vi, foe. o \-

’ M / ' I . N N
- : ! VI ”Vf(l'Blpt) \\ (E.2) -

( . gf.
Similarly, let th be the volume of the sample when it is -
> . traﬁs'formed into phase II: and let VZ(P)$59 its volume in ‘

phase II, as a function of pressure, given by . 1

Y
. . “

szp) » Vﬁ(;~B}P)

where B, is the -conipreg's‘sibiligy at phase ITI and P zP.t
P kbeing' the pre%sure at which Eranéition is completed. N
lhen transition is completed at pr.essure Pt . VQ(P)_ ‘ '

Mbecou\es vn, i.e.

Vir = Vz(l—Bth) | (3.4-‘)‘

-

« Note that the subécxjipts I and II represent phase I and

phase II, respectively.
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The mass conservation law reqtiires.that the ‘totgl
mass of a sample must remain constant. Thus, '
- m, = ml_(t) +m,(t) = mo, - (E.5)
' where my is- the Sample mass at the beginning of the . .

transition, my (t) and m, (t) are the masses of the first

' and the second phase a(time (t) during the transition .

~

(when both phases co—exist) and m;, is the masg of the
sample at the end of the transition. The previous equation
can be re-expresse_d by: ‘

c

: ] . : . S
“vInl = Vl(t”’r + V,(£)D, = v, D, .(E.6)

where Dl and I:’2 are thé densities of the firét and the

second phase, respective],y

Duri;xg -the transi'tion,'the total sample ;Iclume . :

V(t) .is given by\:’ ’ |
V) = vy e) + V(e

¢ . ' © p (E.7) .

: = Vl[l—BlP(t)] (..*..--~==)+vl 5, Li-sp(6)]a - J

wﬁere v, (t) is the ’fraetional s.ampl‘e volume transformed .
into phaae II, and V, (t)] is .the remaining, 'untranlsformed
fractional sample vol e of phaso I. When transition starts
at time t-t =0, the degree of advancement of the reaction

a=0 aﬂ'a‘ the sample volume is Voo similarly, when trans-

fomatioh is. completed t:-:tf

(final time), a-1 ‘and the
; .

-
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g - | sample volume becomes VII“ Therefore, since for

5 ‘ t st stf, Ox asl then a is a time dependent parameter,
4

proport:.onal to the amount of material transformed, hence

g: C Vz‘(t)- is qivtan as :
', : ‘ . Vz(t) - Vz a-BzP(‘o) ] a (E.8)

£ ~ S ' o .
3 Using the approximation [1--B o [J.-B2 £ 1 and the mass

conservation law it can be shown that:

- 9 ~
¢ ' ‘ 3 . Dl ot '
) o 3 . vzg vl B; . . (Eog)

kY

Substitutiné eq. (E.9) ‘into eq. (E.8), it becomes
? ) . . . (‘,‘J- . ) - )
' v, (t) vy Dz[ 1-B,P(t)] a (E.10)
However when v, (t) -increases as a function of &, V (g(

H

y . " decreases and is given by "
v - - ' - n
Vy(t) = v, [1-BP(£)](1~a) ¢ (E.11)
’ i T i \ \ “ o | .
; .Furthermore, substituting eqs. (E.10) and (E.1ll)
’ . R R - ?/

;i.nto eg. (E.7), one obtains “

Y

- Hence, : - T _
| L, . L

. ' i ’ as ———TAthlb . .“D ’ (3.13) ;

v, [1- 312-‘ +<5§ B,-B,)7(t)]

s

- . o D, | :
r L VIR) = vy (3-8 R(E)](1-s) Tv]_{.ﬁ;du-azg(f:)}a‘ (5.12)

i ¢
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i‘? ' ~ where , . . .
g | avit) = v, [1-B,P{t)] - V(t)
;F . - ‘ |
§ =V, [1-B,P ] -V(t) = vV -V(t) (E.14) ‘l
:.o‘ ) ) ‘ * ' N . V N ‘. |
N Substituting eq. (E.7) into the last equation, it '4
% becomes . - . '
AV(t) = v, ~[V,(t) + V,(t] (E.15) é
". I 1 2 4‘ . - \. “:
¥ ' ~where according to- the model]| .text eq. (.5.18)]‘;"‘ “
A - : % ‘ e ‘ 9
« N y 1 " '
e 5 - : ~ uVZ(t)~- N 2@)N whk)z(a) o (E.16) i
. B R . - ) “ ' \ ' * ¢ %}%
and from eq. (E.6), - N g X g
A , D, . ° | ’45
N ) . . o | V,(t) = v - V,(¢) B, (.127) . - 3
& N ) ‘-‘{
,“, \ N ‘ \ 8 . . ’ | - N
: . Applying the following boundary conditions to eq. (E.15), &
ong obsérves that: | . W
1) When transition starts, t=t =0, vz(é‘)qo and V1(0)=VI ;§1
. S AV(E) =0 i
- ‘ \n . ; Ll - ’ ¥ v §
o - 2) When transition is completed, t=t_, 'Vz(tf)-'vn. - 2
) | ‘ »_and Vy(g)=0 e« ST L .
o B AV(E) = Vo Vi N
TN ) . ) ’ o : )
' hence, the total volume change due to transition is .. e
E . e, T _' o 6 .
: | T avteg) =y \ x
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Now, approximating {lfBéP(t)] to, [i-BZPuj,
eqs. (E.8) and (E.4) be written for a as (

4 ‘- ' ) N\ , D ‘ ’ ‘
'vz(t)ﬁ'- X ‘
; - Iz I C

4 " . ' ~ N -
) ‘ - which is much simpler than eq. {E.;13). It also satisfies

. thé boundary conditions:
1) When transition starts, t=t =0, VZ(o_).o | |

< r i a

2) When transition is complgged{ t-tf,’Yé(gf) = Vpy
v EZ
IID v
L o2
v
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APPENDIX F
r. o s EFFECT OF PRESSURE ON REACTION,
3 j-'} N -
3 VELOCITY
,.&' ' ‘ ' . ‘. . =
3 S The equilibrium constant X for the reaction
. ' ’ o e >
.g’». ' ) . rl i . N
3 B A aA + bB + .00 —= LL + mM + .... \(P.l)‘
AV e N . . s )
‘AF \32 N 5. ;,'2 A . i .
3 ‘(where the symbols areé as in p.85) is defined as
a_.b , ' .
" K = .A_,‘.Z.‘E,_’E.-_'.; ap ~ (P.2)
’ ‘L I;l aMx. e N
is related to the ‘free energy change or chemical potential
AG by
] )
] . rl G - )
- N u. K -_ T -'exp (-A'r- ) (P.3’
’ RT . -

r} . ‘ n
] s . ’ .
. where r;. and r, are the rate constants of the forward

]
. yand reverse reactiqns, respectively, R .is the gas constant

and T is temperatufe, then

i : ) . ,
Inr, ~lnr, =-8& - " (r.a)
1 2778 L S M
. - ‘T .
| The last equation may be split as follows - o 2
¥ . A ) $ o . ‘-
s i - - .
1n ry =- A;’:l + const, ) . {r.S8)
: RT \ S
. .. and - S ! Co
s ' . 2 . ¢ '
o lnr, = - —= 4 const, : (r.6)
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The splitting of eq. (F.4) into egs. (F.5) and (F.6) is

based on the assumption, that the rate constant of the reaction

depends only on the increase in free energy AG' going from

" the initial state (/Y to the transition state (1), (see
Figure F.l). Eqs. (P.S5) and (F.6) can be written as

N ' ]

r'= vexp (-4 ) - (F.7)
RT

v > -

where v is a constant, oLt
P .

Y
\
; &
. e

Reaction coordinates °

?
.

=
)

-

Pigure F.l : Schematic diagram for energy E, chemical
. ‘ . potential G .and volume Vas a function of -
reacticn coordinates for temperaf;ure and
prenure 1nd\med reactions,showing in: the
same f.igure the var:lation of the Gibbs free
c enerqy (chemical potential) also.’
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. Now , from transition state theory, onewrites

o= st - past

,

-

‘_where AH'

and AS’ are the variatg.ons in enthalpy and
entropy, respectively, Differeqtiatiﬂg the free’énergy_
change, related to the transition state, with respect to

B . g
- pressure at constant temperature gives:i

: aAGw - aAH"' _poast
9 Iy e Iy T T |,

The increase in enthalpy can be given as:

sat = et 4 Pav "~ (F.10)

v

i ’ E* .
_.where AE# is the increase in the internal energy of the

system:kp is the pressure and Av is the. volume variation,

P

Differentiating eq. (F.10), one obtains:

. ¢ ‘
d AH = dAE + Ppd pv + pv dP

?

From the laws of thernio%ynainicé, one has:

aaet araast-p aav
‘  Substituting éq. (P.12) into eq.. (P.11), one gets:
Q) . ~ - ~ -

' dAHf-'TdAS'-rAvdP

-

1!
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Differentiating the last equation with respect to pressure

at constant temperature,yields _

' “
, . . AV = §§§:[T -1 §g§-]T . s (F.14)

Consequently, from egs. (F.9) and (F,14), it follows that

k}
s

. ) !

= % |
~. ) . ’ s

PR,

P, Lo 9AG | - . -k
, . 5 _\// E -s—p-—-— . 8' AV . - (Fo 15 ) .i é
. : : ‘ ‘ i %

Since AG# is the increase of free energy going " g

from the initial (I) to the transition (%) states for a

- .,

.,

forward readtion, the volume variation Av given by its pressure
\  derivative at constant temperature, can be identified with

$
the activation volume AV , then :

- ~ ' -

o o ]
} S ' avhe av = 226 ~ (F.16)
: . . T .

Thus, the volume of the activated complex or transition S ;
- ' state V# is greater than that of the initial vy or final A
ﬁ : Vit states (see Pig. F. 1) angd the activation volume AV#

e N W N IR et S !-j*"xk-. Wk, bbb

is the difference in volumes between tha initial and
:f ' transition states, as defined by Evans and Pélanyi°[17]
Furthermore these authors provided an expression for
AV# related to the variation of the rate constant

with respect to pressure as:- \ ‘ \

(P,17) o

‘, ‘.
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