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H igh-pressure stu dies of bi nary alloy systems displ ay some speci Ùc fea-
tures connected w ith comp osition referring as a variable parameter . In a

tw o-comp onent system under pressure there are observed transf ormations ,
w hich do not occur in a one-comp onent system. In particular, there is a for-
mation of a single phase from a mi xture of tw o phases or a decomp ositio n
of a unif orm phase into two phases of di˜erent comp ositi ons. A lloys of I n

and Sn w ith neighb ouring elements give us examples of these kinds of trans-
formations. Studies on binary alloys w ith applicati on of pressure pro vide
experimental evidences that the alloy comp ositi on or electron concentra-

tion is one of the main factor for structural phase stability follow ing from
H ume { Rothery rule.

PACS numb ers: 61.50.K s, 62.50.+ p, 61.66.Dk

1. I n t rod uct io n

Hi gh-pressure studi es are mainly focused on elements or on com pounds al -
ready exi sti ng at ambient pressure, e.g. on one-component or quasi-one-component
system s. Investi gati ons on binary and mul ti -comp onent system s under pressure are
largely conÙned to given al loy com positi on. For a two -comp onent system along
wi th two therm odyna m ic parameters, pressure and temperature, one has to con-
sider an addi ti onal vari able parameter | com positi on. Thi s o˜ers f or a binary sys-
tem an addi ti onal degree of f reedom in phase equi l ibri a and al lows the occurrence
of phase tra nsform ati ons under pressure, whi ch do not occur in a one-com ponent
system .

A binary com pound of a stoichi om etri c compositi on in high-pressure studi es
is usual ly appro ached to a quasi-one-com ponent system, however thi s consi derati on
could be appl ied wi th certa in restri cti ons. It is often observed tha t when accordi ng
to therm odyna mic equi l ibri um condi ti ons a binary com pound should decom pose,
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the tra nsform ati on does not occur because of ki neti c hindra nce of di ˜usi on pro cess.
The observed state of the sam ple is theref ore metastabl e. W i th an increase in
pressure the melti ng tem perature usual ly increases to gether wi th the di ˜usi on
barri er tha t hinders the atta inm ent of the equi l ibri um state. Thi s behavi our should
be ta ken into account when one considers phase tra nsform ati ons of sto ichiom etri c
compounds under pressure.

At Ùrst glance one should expect tha t appl icati on of pressure to bi nary al loy
system s wo uld pro duce a m ore com pl icated picture in phase equi l ibri a comparing
to tha t at the am bient pressure because of :

| polym orphi c tra nsiti ons of consti tuents ;
| phasetra nsiti ons of ambient- pressure interm ediate pha sesand compounds;
| decompositi on of ambient- pressure com pounds;
| f orm ati on of new interm ediate hi gh-pressure phases and thei r tra nsfor-

m ati on on further pressure increase.
System ati c studi es on bi nary al loys under pressure were ini ti ated by Po-

nya to vski i wi th the \ pressure quenchi ng" metho d (R ef. [1]) and conti nued in sit u
under pressure (R efs. [2{ 8]). These studi es show tha t the com mon picture of T { x

phase equi l ibri a for bi nary al loy systems can be sim pl iÙed by intro duci ng an addi -
ti onal variabl e | pressure. Three- dim ensional T { P { x phase diagram s f or hom ol-
ogous binary system s turned out to be sim i lar to each other, but shifted along the
pressure axi s. Mi ssing at am bient pressure interm ediate phases can app ear in a
bi nary al loy system under high pressure.

Under pressure the group IV and V elements of semiconducti ng/ semimeta l l ic
typ e tra nsform to a metal l ic sta te. In the binary al loy system s of these elements
wi th the neighb ouri ng m etals the phase equi libri a evolve under pressure f rom
semi conductor /semi metal{met al type to metal {met al typ e. The m ain speciÙc fea-
tures of these changes are as fol lowing :

| extensi on of sol id soluti ons based on consti tuents or ambi ent- pressure
interm ediate phases of a metal l ic typ e;

| decom positi on of stoichi ometri c com pounds or interm ediate narro w-range
phases;

| form ati on of new interm ediate high-pressure phases wi th m etal l ic typ e of
bondi ng;

| occurrence of phase sequences along valence electron concentra ti on di s-
pl ayi ng a decrease in packi ng density and coordi nati on numb er;

| determ inati on of the al loy phase stabi l i ty predo minantl y by a f actor of the
valence electron concentra ti on in spiri t of the known Hum e{ Rothery or electron
phases.

Studi es on bi nary al loys of s p m etals wi th the rela ti vel y sim ple electro n con-
Ùgurati on are of special interest. A binary al loy of the elements neighbouri ng in
the periodi c ta ble wi th m inim al di ˜erences in ato m ic sizes and electronegati vi ty
can be considered as a \ m odel l ing element" wi th the valency as a variable param -
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eter. Thi s system is very suita bl e for theo reti cal analysis on the structure stabi l i ty .
The high-pressure phases obta ined in In and Sn based alloys give exp erimenta l
evi dences for Bri l louin-zoneÀ Fermi-sphere (B Z{ FS) Ùtti ng as a cruci al factor of
the phase stabi l i ty for these nearl y-f ree-electron m etals. W i th thi s respect high
pressure is used as a to ol to analyse phase stabi l i ty in m odel l ing meta ls wi th a
\ vari abl e valency" . These studi es are im porta nt in relati on to electron tra nsfers
under pressure observed in several groups of elements such as alkal i and alkali-earth
elements, lantha nides and acti ni des.

In thi s paper som e features of phase stabi l i ty in bi nary al loys of sp m etals
wi l l be outl ined on the base of recent hi gh-pressure studi es perform ed in di amond
anvi l cells wi th the use of synchro tro n radiati on (R efs. [2{ 8]).

2. F orm at ion of new inter med iat e ph ases in b in ar y a l l oys
u nd er p ressur e

Pha se equi libri a in a system of C components existi ng in P phases are de-
term ined by the Gibbs phase rul e: at given pressure and temperature as vari ables,
the numb er of degrees of f reedom, F , is F = C À P + 2 . A two -component system
theref ore has one degree of freedom m ore tha n a one-com ponent system . W hen the
pressure is vari ed at a Ùxed tem perature, in the system wi th C = 2 three pha ses
can coexist in equi libri um. Thi s al lows tra nsform ati ons from a two -phase m ix-
ture into a sing le-phase state and inversely | a decompositi on of a sto ichiom etri c
compound or an interm ediate phase into two phasesof di ˜erent com positi ons.

2. 1. T he Sn-based binar y al loys wi t h In and Hg

A simpl e hexagonal (sh) phase exi sts at am bient condi ti ons onl y in Sn-based
al loys wi th In and Hg in qui te narrow com positi on regions corresp ondi ng to the
electron concentra ti on of ¤ 3 : 8 el./ ato m [9, 10]. Phase di agrams of In{ Sn and
In{ Hg at norm al pressure are given in Fi g. 1 to gether wi th plots of the phase
sequences observed under pressure [4{ 7].

The interest to hi gh-pressure studi es of these al loys Ùrst ari ses from the
occurrenc e of sh phase in pure group IV elements Si and Ge under pressure, whi lst
i t is not found in pure Sn. The l ight group IV elements Si and Ge show some
comm on features in thei r high-pressure tra nsform ati ons wi th the general trend:
di amond ( cF 8 ) ! whi te ti n ( t I 4 ) ! sim ple hexagonal ( hP 1 ) ! close packed
structures ( hP 2 ; cF 4 ) [11{ 15].

Besides these high-sym metry structures, also som e interm ediate low-sym -
m etry structures have been observed. The whi te t in phasetra nsform s to sh thro ugh
an ortho rhom bic I mm a structure, oI 4 [16, 17]. The tra nsform ati on f rom sh to hcp
occurs in Si thro ugh a low-sym metry interm ediate phase, Si -VI [12], determ ined
as oC 1 6 , space group C mca [18], recentl y found also in Ge [19].
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Fig. 1. Phase sequences along the comp ositi on in the H g{Sn, I n{Sn and Ga{Sn alloy

systems. A mbient pressure phase boundari es are based on the data of [9, 10]. T he stars

and triangles on the phase diagrams indicate the comp osition s of the alloys studied in

our w ork. T he plots below the diagrams show schematically regions of phase stabili ty

under pressure and the phase sequences along the comp osition.

The heavi er group IV element Sn displ ays a di ˜erent structura l sequence
under pressure [20] wi th diam ond ( cF 8 ) ! whi te ti n ( tI 4 ) ! body- centered tetra -
gonal ( tI 2 ) ! body- centered cubi c ( cI 2 ), omi tti ng hP 1 and the related distorted
structures .

Our recent studi es on the sh phase in Sn{ In al loys show tha t starti ng wi th
a sing le-phase al loy at am bient pressure we obta in a two -phase mixture on the
pressure increase [5, 7]. Thus the sh phase in the In 2 0 Sn8 0 al loy tra nsform s to
hcp and bct phases above 10 GPa and relati ve am ounts of these phases in the
al loy changes wi th pressure, so tha t onl y the hcp phase exists above 25 GPa. The
studi es on other compositi ons of In{ Sn al loys neighbouri ng the sh phase (Sn wi th
10 and 30 at. % In) al low for observati on of sing le-phase Ùelds wi th bct and hcp,
as shown in Fi g. 2.

Hg { Sn al loy s wi th the sh phase show sim i lar behavi our to In{ Sn al loys,
tho ugh in thi s system the hcp phase occurred at much hi gher pressures around
55 GPa (R ef. [4, 7]). The hcp phase in In{ Sn and Hg { Sn al loys is a new interm ediate



Phase T ransfor mat ions in Bi nar y Al loys . . . 679

Fig. 2. A P À x diagram of phase regions for the In{Sn alloy system. Di˜erent symb ols

on the phase diagram denote experimental p oints for the alloys studied, corresp ondi ng to

di˜erent phases observed. Tw o (or three ) symb ols at one point indica te a phase- mixture,

w here the corresp ondi ng comp osition of the phases is show n by hori zontal arrow s. Phase

comp ositi ons are determined from atomic volume considera tion . For experimental details

see Ref . [7].

hi gh-pressure phase in Sn-al loys found exp erim ental ly. The sh-to -hcp tra nsform a-
ti on was recentl y reported for the al loy In 2 5 Sn7 5 by the group of Meenakshi and
co-workers [22]. These studi es point out to the region of stabi l i ty for the hcp phase
near 3.75 el ./ ato m. The sh-to -hcp tra nsform ati on was also observed in Al 3 0 Ge7 0

al loy under pressure, when both sh and hcp phasesare interm ediate high-pressure
phases [2].

The bct phase in Sn al loys is rel ated to the high-pressure bct phase in ti n
(Sn I I) [20] and shoul d be regarded as a solid soluti on based on Sn I I. The stabi l i ty
reg ion of the bct sol id soluti on extends to ¤ 1 5 at. % In and to ¤ 1 0 at. % Hg , and
these regions tend to narro w wi th the pressure increase. An interesti ng feature of
these bct phases is a correl ati on between a degree of tetra gonal distorti on (c= a

ra ti o) and the al loy compositi on. The axi al ra ti o decreases wi th a decrease in
al loy electro n concentra ti on. The possible expl anati on of thi s correl ati on should
be accounted for by Bri l loui n-zone{ Fermi-sphere Ùtti ngs discussedin papers [3, 4].



680 V .F. Degtyareva

2.2. T he sh phase in the Ga{Sn al loys

The Ga{ Sn system has a phase diagram of simpl e eutecti c typ e at zero
pressure [9, 10] (Fi g. 1). Ho wever, in the hom ologous In{ Sn system an interm ediate
sh phase occurs on the Sn-ri ch side (around 20 at. % In) al ready at zero pressure
[9, 10]. Form ati on of a sim i lar phase was expected in Ga{ Sn al loy system under
pressure. From the previ ous studi es on bi nary al loys a \ hom ology rul e" was found
for T À P À x diagram s, whi ch says tha t the e˜ect of pressure is often sim ilar to a
repl acement of one of the consti tuents by a heavi er element from the same group
in the periodi c ta bl e [1].

Fig. 3. Energy disp ersive di˜ractio n spectra for the Ga2 0 Sn80 alloy collected w ith

2 ˚ = 9 : 63
£ ( E d = 73 83 keV pm). T he pattern at 23.1 GPa corresp onds to a tw o-phase

mixture: b ct Sn I I w ith a = 3 55 :1 (2 ) pm, c = 33 0 :0(3) pm, c =a = 0: 929 (peaks h k l ) and

b ct-Ga w ith a = 265 : 7( 4) pm, c = 407 : 6(6) pm (p eaks hk l Ga). A fter pressure decrease

to 11.4 GPa and heating at 150 £ C for 1.5 h the pattern at 23.8 GPa corresp onds to sh

w ith a = 291 :5(2) pm, c = 270 : 7(2) pm, c =a = 0 : 929 (p eaks hk l ) and minor additio n

of bct- Ga with a = 266 :4(12) pm, c = 410 : 2(6) pm. T he calculated p eak positions are

show n as tick marks below each pattern. \G " denotes di˜raction peaks from the gasket

material. For experimental details see Ref . [7].
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W ehave perform ed high-pressure studi eson Ga2 0 Sn8 0 al loy, ini ti al ly conta in-
ing Ù -Sn and Ga. The pressure increase wi tho ut heati ng results in tra nsform ati ons
in both com ponents: at pressures around 23 GPa two phaseswere observed, bct- Ga
(In typ e) and bct- Sn, in agreem ent wi th the data f or pure components [23, 20] as
shown in Fi g. 3. We have examined thi s al loy af ter heati ng at 150£ C for about
1.5 h under pressure 11.4 GPa. A di ˜ra cti on pattern ta ken at room tem perature
at 11.4 GPa after thi s heati ng revealed a new phase wi th an sh structure to gether
wi th a smal l am ount of bct- Ga di ˜ra cti on peaks. The latti ce param eters for the
sh phase are a = 2 9 9 : 5 (2 ) pm , c = 2 7 7 : 9 (3 ) pm , and c= a = 0 : 9 2 8 at 11.4 GPa.
The com positi on of the sh phase is close to 15{ 18 at.% Ga. The sh phase is stable
in the al loy wi th pressure increasing up to ¤ 3 0 GPa reached in thi s study and
decomposes on decreasing pressure.

Thi s result conÙrm s the hom ology rul e for bi nary al loy system s under pres-
sure. The electron concentra ti on of the sh phase in Ga{ Sn corresponds to a parti c-
ul ar stabi l i ty reg ion around 3.8 el./ ato m of the sh phasesin In{ Sn and Hg{ Sn. The
structura l data for sh in Ga{ Sn gives the value of the axi al ra ti o whi ch perfectly
agrees wi th the c= a = 0 : 9 3 , kno wn f or the most sh phases.

2. 3. T he In- based binar y al loys wi th C d, Sn and Pb

The group I I I element In crysta l l izes in a body-cent ered t etragonal (bct) struc-
ture, tI 2 , space group I 4 =mmm , whi ch is a smal l distorti on of the face-centered cu-
bic, fcc, structure. Theref ore, i t is m ore conveni ent to describe i t as a face-cent ered
t etragonal , fct, structure wi th an axi al ra ti o c= a = 1 : 0 7 5 [24]. Indi um rem ains in
thi s structure under pressure at least up to 50 GPa [23], wi th slight vari ati on in
c= a , the fcc phase has not been observed for In.

Ho wever a change from f ct to fcc occurs by al loyi ng of In wi th group I I
m etals Cd or Hg [24]. The addi ti on of these elements of lower valency decreases
c= a of the f ct structure resul ti ng in the fcc structure at ¤ 6 at. % of Cd or Hg . An
addi ti on of m etals wi th hi gher valency, as Sn or Pb, results in an increase in c= a

up to 1.10. Ho wever at concentra ti ons higher tha n ¤ 1 2 at.% Sn or Pb c= a j um ps
from c= a > 1 to c= a < 1 [24]. The existence of phase regions fct c= a > 1 and fct
c= a < 1 i s shown in the phase diagram of In{ Sn in Fi g. 1. The vari atio n of the
axi al ra ti o on the al loy com positi on for tetra gonal phases in In al loys is given in
Fi g. 4.

Our recent hi gh-pressure studi es [6] on Cd 1 0 In 9 0 al loy show a f cc-to- fct tra n-
siti on at pressure ¤ 1 : 5 GPa. The axi al ra ti o j um ps disconti nuousl y from 1 to 1.04
and then it increases wi th pressure up to 1.074 at 30 GPa di splaying behavi our
sim i lar to pure In (see Fi g. 4).

Our further studi es [6] were perform ed on the fcc phase in In{ Pb al loys
exi sting under ambient condi ti ons at the Pb content higher tha n 30 at.% [24]. The
al loys wi th 40 and 60 at.% Pb both show a tra nsi ti on from fcc to fct, whereas
c= a jum ps from 1 to c= a < 1 as shown in Fi g. 4. W i th the pressure increase the
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Fig. 4. A xial ratio vs. electron concentrations for fct phases in In-alloys at ambient

pressure (op en symb ols), based on results of Ref . [24] , and at high pressure (crossed

symb ols) from our studies. T he full circle and the cross corresp ond to the data on In at

normal and at pressure 23 GPa taken from Ref. [21] . T he arrow s show the change of c =a

under pressure from the value j ust at the fcc{f ct transition to the value at the highest

pressure reached ( ¤ 30 GPa). T he full curves represent the calculated distortion ( c =a

vs. n ) w hen the Brillou in zone corners of typ e W and W
0 touch the free electron Fermi

sphere determined by n . The Brillou in zone of the fcc structure is show n in the upp er

right corner. For experimental details see Ref . [6].

tetra gonal distorti on increases, at the sam e pressure c= a i s lower for the higher
Pb content. Thi s result was qui te puzzl ing unti l the com mon plot was dra wn for
tetra gonal phases in In- based al loys, Fi g. 4.

The studi es on In 8 0 Sn2 0 al loy [6] wi th the ini ti al phase fct c= a < 1 also show
an increase in tetra gonal distorti on wi th the increase in pressure. The observed
changes in c= a for thi s al loy were lesspressure dependent, however these correl ate
to the comm on trend in the vari atio n of c= a along the electro n concentra ti on,
Fi g. 4. The dependence of the axi al ra ti o on the m ean num ber of valence electrons,
n , indi cates an electronic ori gin of the tetra gonal di storti on as wi l l be considered
below.

2.4. T he In{Bi al loy system

In the In{ Bi al loy system [9,10] there are at am bient pressure three inter-
m ediate com pounds In 2 Bi , In 5 Bi 3 , and InBi , Fi g. 5. Al l three com pounds exi st
at certa in sto ichiom etri c com positi ons and have crysta l structures of site- ordered
typ e.
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Fig. 5. C omparison of the phase sequences along the comp osition in the I n{Bi alloy

systems at the ambient pressure (upp er plot), based on data from [9], and at high

pressure (low er plot), based on the results from Ref s. [8, 25] .

The InBi com pound was studi ed by energy- dispersive di ˜ra cti on wi th syn-
chro tro n radiati on in a diam ond-anvil cell under pressure up to 75 GPa [3]. Ini ti al
tetra gonal structure is tP 4 , space group P 4 =nmm , wi th c= a = 0 : 9 5 . Fi rst tra ns-
form ati on occurs wi th a stro ng com pression along c to a simi lar structure wi th
c= a = 0 : 6 5 and then to a tetra gonal body- centered structure, bct, whi ch is of a
random (di sordered) typ e. The bct phase shows an increase in c= a from 0.91 to
0.96 in the pressure range from 20 to ¤ 7 0 GPa. Som e evi dences was obta ined for
a tra nsiti on to a cubi c body- centered structure, bcc. The behavi our of the I II{ V
compound InBi is simi lar to tha t of the isoelectro nic group IV element Sn. The
im porta nt peculiari ty of thi s sim i lari t y is the same upp er value of the axi al ra ti o
of the bct structure atta ined in both cases.

The In 5 Bi 3 compound crysta l l ises in a tetra gonal structure wi th latti ce pa-
ram eters a = 8 5 4 : 4 pm and c = 1 2 6 8 pm , wi th 32 atom s in the uni t cell , space
group I 4 =mcm [24]. R ecent studi es under pressure [8] shown tha t thi s structure
rem ained stable at least up to 25 GPa. Ho wever, after anneal ing of the In 5 Bi 3 sam -
pl e under pressure 15 GPa at 150£ C for 4 hours the di ˜ra cti on pattern changes
pointi ng out a phase tra nsiti on (see Fi g. 6).

No soluti on for thi s pattern was found by assuming thi s state to be a
sing le-phase state and theref ore an attem pt to account for by a two- phase mixture
wa s made. A tenta ti ve soluti on wa s found as a two -phase mixture where both
phases are body- centered tetra gonal, space group I 4 =mmm , di ˜eri ng by the ax-
ial ra ti o. W e assign one phase wi th the axi a l ra ti o c= a = 0 : 9 2 as bct c= a < 1 ,
and the other phase wi th c= a = 1 : 1 3 as bct c= a > 1 . The ato m ic volum es of
both these phasesha ve slightl y di ˜erent values whi ch al low an estimati on (on the
ground of Vegard ' s law) the di ˜erence in the phase com positi ons as about 10 at. %.
Thi s observati on im pl ies tha t the In 5 Bi 3 com pound decom poses into two pha ses
of di ˜erent compositi on: one is above and one is below of the ini ti al In 5 Bi 3 com -



684 V .F. Degtyareva

Fig. 6. A ngle disp ersive di˜racti on spectra (integrated proÙles) from the In5 Bi 3 com-

p ound (upp er) at 17.8 GPa w ithout heating ; (low er) at 15 GPa af ter anneali ng at 150 £ C ,

4 h, corresp ondi ng to a decomp osition on a tw o-phase mixture w ith bct c =a < 1 and

b ct c =a > 1 . \G" denotes peaks from the gasket material. For experimental details see

Ref . [8] .

positi on. Thi s tra nsform ati on is reversibl e, and the In 5 Bi 3 compound is recovered
on decom pression.

In the Bi -ri ch region of the In- Bi al loy system several interm ediate pha ses
were obta ined by \ pressure quenchi ng" [1], as a sim ple hexagonal (sh) phase and
an ortho rhom bica lly distorted sh phase. A com pl ex phase was found near the
compositi on In 3 0 Bi 7 0 wi th the crysta l structure determ ined recentl y as C mca -oC 1 6

[25], related to hi gh-pressure form s of Si and Ge [18, 19]. The region of C mca -oC 1 6

phase shoul d be extended at certa in P ; T -condi ti ons up to pure Bi , because Bi IV
phase is assumed to be sim i lar to C mca -oC 1 6 structure [26, 25].

Under hi gh pressure a sequence of meta ll ic random ly occupied phases can
be outl ined wi th qui te extended regions of stabi l i t y as shown schemati cal ly in the
lower pl ot of Fi g. 5. The structure of the phases in thi s sequence is determ ined
by the factor of the numb er of valence electro ns as f or so-cal led Hum e{ Rothery
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phases. The In- ri ch region of the In{ Bi al loy system di splays the fo llowi ng struc-
tura l sequence under hi gh pressure:

fct c= a > 1 ! f ct c= a < 1 (= bct c= a > 1 ) ! bct c= a < 1 :

Thi s sequence is consi stent wi th tha t for In{ Sn al loy system under am bient and
hi gh pressure shown in Fi g. 1.

There is much sim i lari t y in the hi gh-pressure phases of bi nary and hi gh-
-pressure form s of group IV elements. Thi s impli es these phases to be com m on
representa ti ves of polyvalent sp meta ls and al loys, ra ther tha n parti cul ar charac-
teri sti cs of certa in elements or groups.

3. Th e Bai n pat h f cc{ bcc an d Br i l lo u in zo ne con cep t

T etra gonal distorti ons from fcc to bcc structure s represent a so-cal led Bain
path. Both structures can be described wi th the comm on cell , whether body-
-centered tetra gonal, bct, wi th c= a equal to

p

2 and 1, or face-centered tetra gonal ,
fct, wi th c= a equal to 1 and 1 =

p

2 for fcc and bcc, respecti vely. To understa nd the
stabi l i ty of the tetra gonal phase against the cubi c one, one should consider two
contri buti ons to the crysta l energy: (1) the electrostati c Ewa ld term and (2) the
electronic band-energy contri buti on due to Ferm i-sphere{ Bri l loui n-zone intera c-
ti on. The electrostati c energy calculated f or a com mon tetra gonal structure along
the deform ati on from fcc to bcc has two mini ma corresp ondi ng to c= a = 1 (f cc) and
c= a = 1 =

p

2 (b cc) [27]. Thi s indi cates tha t Ewa ld term f avours the high sym m etry
cubi c structures and the tetra gonal di storti on is caused by other term s.

Attem pti ng to understa nd the stabi l i ty of the tetra gonal pha sesin In- al loys,
Svechkarev [28] has supp osed a lowering in the crysta l energy, when BZ corners
to uch the FS. The pl ot of c= a vs. electro n concentra ti on, n , calcul ated for BZ
to uchi ng FS by corners of typ e W and W 0, is presented in Fi g. 4 (sol id curves).
A conta ct of al l W -typ e corners wi th FS results in fcc phase, as i t appears at
n = 2 : 9 4 , i.e. by al loying of In wi th ¤ 6 at. % Cd or Hg .

For the In al loys wi th the electron concentra ti on n < 3 : 1 2 , the axi al ra ti o
fol lows the upp er branch of c= a vs. n , as shown in Fi g. 4. For the In al loys wi th the
electron concentra ti on n > 3 : 1 5 , the tetra gonal distorti on fol lows the lower branch
wi th c= a < 1 . Thi s phase exists at am bient pressure in the range from ¤ 1 5 to
¤ 3 0 at. % Sn or Pb. Our observati on of the fcc-to -fct tra nsiti on on In al loys wi th
40 and 60 at. % Pb indi cates tha t pressure causes an extensi on of the fct region
to wards Pb. The values of c= a in thi s extended region fol low the Svechkarev plot
c= a vs. n , pro vi ding a new evidence for thi s m odel of BZ{ FS Ùtti ng.

Accordi ng to thi s model , one can consider the stabi l i ty of either fcc or fct as
determ ined by a balance between electrostati c and electronic band energy term s.
The latter contri buti on to the crysta l energy appears to becom e m ore signi Ùcant
under pressure, stabi l ising the tetra gonal distorti on. Fol lowing a l inear extra pola-
ti on of the exp erimenta l data to ward bcc, the latter is expected to be stabl e at
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n ¤ 4 el./ ato m, as the pl ot c= a vs. n crosses c= a = 1 =
p

2 at n = 4 : 2 . The bcc
structure is real ised under pressure in the heavy group IV elements Sn and Pb
[20, 29]. However, a tetra gonal distorti on occurs in Sn under pressure before the
tra nsiti on to bcc, wi th the axi al ra ti o reaching c= a = 0 : 9 6 (0 .68 in the fct setti ng)
[20]. Simil ar tetra gonal di storti on of bcc has been observed under pressure in the
isoelectronic compound InBi , wi th the sam e axi al rati o [3]. The dashed l ine in
Fi g. 7 extendi ng from thi s point at n = 4 towards lower electron concentra ti on
represents tetra gonal distorti ons f or bct in the Sn-ri ch al loys wi th In and Hg under
pressure [4, 5, 7].

Thus the comm on plot of the Bain path from fcc to bcc as a functi on of c= a

vs. n represents a l inear behavi our of c= a in the m iddle part wi th strong devi ati ons
from l ineari ty by appro achi ng both fcc and bcc.

R ecent observati on of decom positi on under pressure of the In 5 Bi 3 com pound
(n = 3 :7 5 ) and f orm ati on of two bct phases wi th di ˜erent c= a [8] corresp onds to
the proposed model. Axi al ra ti os of both bct phases fal l onto the pl ot just in
the region of the c= a jum p from c= a > 1 to c= a < 1 for bct phases, Fi g. 7.

Fig. 7. A representative plot for axial ratios of the tetragonal phases for I n{Sn and

related alloys as a function of electron concentration. Dotted horizontal lines corresp ond

to c =a values for fcc and bcc structures. T he solid lines represent average values of axial

ratios for I n alloys with C d, H g, Sn, Pb, and Bi at ambient pressure, whether stable [24]

or metastable [30]. T he dashed lines represent axial ratios observed at high pressure for

the alloys In{Sn, In{Pb [6] (middle branch), and Sn{H g, Sn{I n, I n{Bi (low er branch)

[3{5, 7, 8] . The dot- dashed vertical line indica tes the comp osition of the initial I n5 Bi 3

comp ound, and horizontal arrow s indicate its decomp ositi on into tw o tetragonal phases

w ith di˜erent c =a ratios and di˜erent comp ositions, denoted by open triangles. T he solid

triangle denotes the high pressure bct phase in I nBi [3].
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4. Co n cl u si on

Hi gh pressure studi es on binary al loys show speciÙc tra nsform ati ons l ike a
form ati on of new interm ediate phase from a two- phase mixture and inversely | a
decompositi on of a homogeneous phase into two phases of di ˜erent com positi on.
These tra nsform ati ons are al lowed for a two -com ponent system , due to an addi -
ti onal vari abl e | com positi on, whi ch pro vi des for the pha se equi l ibri a one degree
of freedom m ore tha n for a one-component system in accorda nce wi th the Gibbs
phase rul e. For instance, the sh phase in the In 2 0 Sn8 0 al loy decom posesto hcp and
bct phases above 10 GPa and, inv ersely, the sh phase is form ed under pressure
from the m ixture of Sn and Ga in the Ga2 0 Sn8 0 al loy. The In 5 Bi 3 compound was
found to decompose under pressure into two bct phases wi th di ˜erent c= a and
di ˜erent com positi ons.

A binary alloy system ha vi ng at ambient pressure a phase diagram wi th sto-
ichi ometri c com pounds or narro w-range phases evolves under pressure to a phase
di agram wi th a sequence of m etal l ic phaseswhi ch are mostl y of random or substi -
tuti onal typ e wi th qui te extended regions of stabi l ity . The com positi on ranges of
hi gh-pressure phases do not relate di rectl y to tho se of low-pressure com pounds or
phases.

The structure and stabi l i ty regions of the high-pressure pha sesin the binary
sp m etal al loys are determ ined m ainl y by a facto r of the electron concentra ti on as
for the electroni c Hum e{ Rothery phases.
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