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Phenomenological theory of the reconstructive phase transition
between the NaCl and CsCI structure types
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A phenomenological model of the reconstructive transformation between the NaCl and CsClI structure types
is described. It consists of two consecutive displacive mechanisms, coupled to tensile and shear strains. These
mechanisms give rise to intermediate orthorhombic structures, includirglthendB33 structure types. The
model is shown to explain consistently the experimental observations in different groups of binary compounds
as monochalcogenides, monopnictides, and monohalides. The isostructural transitions found in rare-earth chal-
cogenides are interpreted by the coupling of the displacive order parameters to the change in compressibility
related to the valence transitions. The previous models proposed for the NaCI-CsCl transformation are criti-
cally analyzed.
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[. INTRODUCTION state. Different orientational relationships were found for the
B1 andB2 structures depending on the external conditions,
The current—phenomenological or statistical physics—on the samples sizes, etc., leading to the different proposed
approaches to phase transitions do not apply, in principle, tmmodels, but no definite insight into the microscopic origin of
reconstructive structural phase transitions, because the athe transition mechanism could be deduced from the experi-
sence of a group-subgroup relationship between the symmenental observations. In contrast, high pressure measure-
tries of the phases surrounding these transitions does natents on monochalcogenid@s!* revealed that in these
allow the definition of an order parameter, which is the pre-more covalently bonded compounds, tB&-B2 transition
liminary step for the theoretical description of a phase tranoccurs with a volume change smaller than 5%, and often
sition. This traditional view was recently contradicted by atakes place via intermediate low-symmetry phases. These re-
number of work$ ® that, starting from the concrete analysis sults shed light on the actuBl1-B2 transformation path.
of the transition mechanisms of some reconstructive transi- In the present work, the experimental data obtained for
tions, showed that the corresponding order parameters couldad sulphidé?~1* PbS are used to formulate a theoretical
be defined as nonlinear periodic functions of the critical de-model of theB1-B2 transition(Sec. l)). It is shown that this
grees of freedom involved at the transitiqasomic displace- model explains the different and sometimes controversial ob-
ments, spontaneous strains, probability of occupancy of seservations reported for thB1-B2 transformation in other
lected positions by the atoms, eétcin particular, it was monochalcogenides, in monohalides, and in some pseudobi-
shown that starting from a given structure, definite values ohary compoundgSec. Il)). At last (Sec. IV), the previous
the critical variables could give rise to new symmetry operatheoretical models of thB1-B2 transformation are critically
tions associated with another structure, destroying the grougnalyzed.
subgroup relationship with the initial structure. Most of the
examples of reconstructive transitions, considered in Refs.
1-6, were taken among element crystafssince the sim- ||, THEORY OF THE B1-B2 PHASE TRANSFORMATION
plicity of their structures allows to demonstrate the connec- IN PbS
tion between the transition order parameters and the critical
displacements and ordering of the atoms more directly. The A Structural mechanism for the B1-B33 transition
aim of the present work is to show, in the same framework, At room temperature and atmospheric pressure, PbS has

that a fuII_ theoretical trea.tr_nent can be proposed for the %_Pe NaCl @1) rock-salt structurdspace grougemam, Z
constructive phase transition between the NaCl and CsCl L : s
=1). With increasing pressure a phase transition takes place

type structures, which takes place in several families of bi- ) .
nary compounds. at about 2.2 GPa to an orthorhombic phase having the TII

_ 1 14 i
Various crystallogeometric models have been proposeatructure_type B33, Cmcm Zf4)' The transition has a
for the transformation between the NaCl and CsCl structurain@rked first-order character with a volume decrease of about
types(denoted, respectiveNd1 andB2) in reference to the 4-7%. and a W'fe region of coexistence betweenBheand
experimental situation found in alkali and ammonium B33 structures? Furthermore, the reconstructive nature of
halides’™ In these classes of ionic compounds, B to  the transition is typified by the absence of a simple group-
B2 transition takes place directly on cooling or with increas-subgroup relationship between tBd andB33 symmetries,
ing pressure and, due to the large volume change rangin§e coordination number of the Pb atoms increasing from 6
from 10 to 17 %, has an explosive character, the crystal beintp 7, as shown in Figs.(& and Xb). X-ray observations
generally broken into pieces in an almost polycrystallineindicate that the relationship between the basic vectors
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(b) lational symmetryincreases sincePbnmis a subgroup of
index 2 of Cmcm More precisely, the cell-doubling
B33-B16 transition is induced by a one-dimensional IR (
or 73 in Kovalev’s notatioh’) at the Y point [k,
=(0, (2m)/b, 0)] of the C centered orthorhombic Brillouin
zone. This transition can be second-order.

B. Theory of the reconstructive B1-B33 transition

0 ¢ (1) Let us formalize the mechanism described for BieB33

i transition, using the procedure described in Ref. 1, by ex-
\Q ¢ (2 pressing the order-parameter amplituglas a function of the

/ . atomic shifts¢, taking into account the periodicity of the
| le® € (ath)/4 lattice in the=[110] directions. One find$

v @

22
77(§)=Sin( \/—5) (2.2

FIG. 1. Increase from 6 to 7 of the Pb coordination number The 7(€) dependence is represented in Figa) 2Thus for
when going from thé81 structure typéa) to theB33 structure type £.=0 andfcza/(Z\/E), the B1 structure is formed, whereas
(b). (c) l?isplacive mechanism cqrrespond_ing to tA&-B16-B33 for §C=a/(4\/§) and§c=3a/(4\/§), two different domains
mechanism. Comments on this figure are in the text. of the B33 structure occur, which can be deduced from one

I another by a fourfold rotation along the[110] directions.
(20,by,Co) of the B33 orthorhombic unit cell and the basic For all noncritical values of, theB16 structure is obtained.
vectors 6,5,5) of the conventional face-centered cubi¢ ( The effectivern(¢) expansionLandau free energydescrib-

=4) unit cell, is given by ing the phase diagram that involves tB&, B16, andB33,
phases, is
L avb . ab - R ) .
BT PoTEe 0T D FIn@]=57%@+ 77 O+ 7O+ . (23

The critical wave vectoEl of the fcc Brillouin zone as- The equation of stgte results from the minimizatior-ofith
sociated with the change in translational symmetry expresse@SPect to the variable
by Eq.(2.1), is ky;=(0,0,/a). It is located at the middle of
the A line, joining the centerI{) to the boundaryX point Fr: 7](5)&—5[&4' brp?+cy*+--.]=0. (2.9
(I2=(0,0,(277)/a)). IZl is invariant by the point-groupmm, _ _ -
and belongs to the six-branches sEr with Ko=—Ky Ky It shows that there are the following three possible equilib-

- . - . rium structures:

=(0,7/a,0) ky=—k ks=(/a, 0,0), andke=—ks. Five (i) the B1 structure for 7(£)=0, i.e., for &
ireducible representationdlR's) can, therefore, be con- —ga/(2,2),a/(\2), ...:
structed, which are labeles} to 75 in Kovalev's notation'> (i) the B33 structure for apldé=0, for &,
A standard Landau symmetry analysis shows that the twelve- al(4+/2),38/(4\2),5/(4\2), . . .:
dimensional IR75(ky) induces thePbnm space group for
the equilibrium valuesp;= 7,=7n#0,73=---=71,=0 of
the corresponding twelve-component order parameter. It co
responds to the GeS-typ&16) structure having the same

&77_ an

(iii ) the B16 structure fom+bz +c7*+---=0.
The region of stability for each of the three corresponding
r[:')hases; is determined by the inequality

basic translations as tH&33 primitive unit cell[Eq. (2.1)]. 9 FIK: &y

The displacive mechanism associated with #&—B16 —= (—) +p—|(a+bp?+cyt+--+)
phase transition, which represents the effective order- 9E 9€ 9&

parameter componenig = 7,, is shown in Fig. {c). It con- J

sists of an antiparallel shifting of the atoms located in the +2—77(b7;+ 2cy®+--)=0, (2.5
(001) cubic bilayers, denoted (1,2) and (3,4) in Figc)l in 23

the cubic directions=[110]. One can see from Fig(d) that  \yhich yields the phase diagram represented in Fig) B

for the specific magnitudé, = :a/(4\/§), corresponding to  the plane &/c,b/c) of the phenomenological coefficients,
the atomic displacementa-b)/4, the B16 structure be- wherea andb are temperature- and pressure-dependent co-
comes the B3 structure i.e., theB33 structure is formed for efficients. The arrow in Fig.(®) figures the thermodynamic
definite critical displacement, of the atoms from their ini- path followed for the reconstructivig1-B33 transition. Note

tial cubic position in thex[110] directions, and therefore that the three phases merge at the N point, and thaB ilte
represents dmit state. At the B16-B33 transition, the trans- phase can be reached from tB& phase across a second- or
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FIG. 2. (a) Sinusoidal dependence of theorder-parameter magnitude, associated wittBtheB16-B33 mechanism, on the atomic shifts
¢ inthe =[110] directions, following Eq(2.2). (b) Theoretical phase diagram corresponding to the Landau free energy defined(By3Eq.
in the (a/c,b/c) plane. Solid lines are first-order transition lines. Dashed lines are second-order transition lines. Dashed-dotted lines are limit
of stability lines enframing the first-order transition lindkis a triple point.T, andT, are tricritical points. The arrow indicates tBd -B33
reconstructive transition path.

first-order transition line, the two regimes being separated byC. Structural mechanism for the B33-B2 reconstructive
a tricritical pointT,. Another tricritical pointT, is found on transition

the line separating thB16 andB33 phases. B Above about 22 GPa, PbS undergoes another first-order
For a realistic description of thB1-B33 transition, one  ansition from theB33 structure to the primitive cubic CsCl

has to take into account, in addition to the primé&gymme- (B2) type structure Pmadm,Z=1). The corresponding vol-

try breaking displacive order parametey, the spontaneous | < drop is~6% at 22 GP4° The reconstructive character
st.r ain componentse,y anq =t €y~ 28, agsomated. of the B33-B2 transition is reflected by the absence of a
with the m3m—mmm,, point-group change, which consti- 455.subgroup relationship between the symmetries of the
tute secondary order parameters. The effective contnbquBhases and by the increase of the coordination number for
of these strain components to the Landau free energy has thgs pp atoms from 7 to 8. FiguregaBand 3b) represent our

form® proposed transformation mechanism for this transition,
which can be decomposed in the following two successive

5 d , dy€ steps:
F(7.6xy.8)=n" (0184t 528)+ S &yt 5 5, (2.6 (i) A shifting of the atoms belonging to the layers denoted

1 and 4 in theB33 structure, in the same10] direction,
which denotes the improper ferroelastic character of thavhereas the layers 2 and 3 remain unshifted. Figuee 3
B1-B33 transition. Taking into account the values fotthd shows that for a general magnitugé of the atomic shifts,
for the lattice parameters in tH&l (a=5.9239 A) andB33  the Cmcmsymmetry is lowered to its subgroupbcm (Z
(a,=3.98 A, and b,=11.11 A, ¢,=4.16 A) structures =4), but for a displacementa@b)/4 of the atoms from
yields: e,,=0.006 ande=0.1, providing an estimate of the their initial positions, the symmetry becom&mmm (Z
orthorhombic deformation of the initial cubic cell. =2) with the basic vectors

(@) ¢& & % (1)

< FIG. 3. (a) Atomic shifts, involving four(100)
—> layers, from theB33-type structure to th®bcm
< *\Q_‘ (2) (a+b)/4 intermediate symmetry and th€Emmm limit
\|
|

phase, shown ifb). TheCmmmunit cell is used
for representing in(b) the atomic shifts corre-
sponding to the shear strag, at the Cmmm

—Pm3m (B2) transition. Comments ofa) and

(b) are in the text.

(a) (b)

144106-3



P. TOLEDANO, K. KNORR, L. EHM, AND W. DEPMEIER PHYSICAL REVIEW B67, 144106 (2003

fBZ
5 Cmmm
1
Pbcm
"
P
cm
\’/833 B33 B33 Bis
\ Y :
; p }’;
a -l
82 82
Cmmm
"
B2

(@ (b)

FIG. 4. (a) Sinusoidal dependence of theorder parameter in function of the atomic shifts in thg110] directions, following Eq(2.9),
and corresponding to th@mcm— Pbcm—Cmmmphase sequencé) Phase diagram associated with the Landau free energy defined by
Eq.(2.10, inthe @’'/c’,b’/c") plane. TheCmmmphase is replaced by its shear-deforrB&iphase. The arrow indicates the reconstructive
B33-B2 transition path.

D. Theory of the B33-B2 reconstructive transition

[0} >y g

o= 5 Co=Co- (2.7) The B33-B2 transition follows the same theoretical
scheme as thB1— B33 transition. Starting from the initial
B33 structure, one gets tilebcm symmetry for a general

The Cmcm—Pbcm—Cmmmsequence of symmetries can magnitude of the atomic shift’ in the =[110] directions

be described analogously by an antiparallel shifting mechawhile the Cmmmlimit state is obtained for the critical shifts

nism in the directionst[110], the atoms belonging to the §é=a/(8\/§). TheCmcm—Pbcmsymmetry change is in-

layers(1,4) and(2,3) being shifted in opposite directions. In duced by a one-dimensional IR in Kovalev’s notation'9)

thl_s _case/theCmmm symmetry is formed for_the critical  ; they point (K;=0,27/b,0) of the C-orthorhombic Bril-

shifting ¢ =al(842) corresponding to the displacements o in zone. The corresponding single order-parameter com-

*(a+b)/8 of the atoms from their initial @mcn) posi-  ponent{ can be expressed as a function of the antiparallel

tions. Note also that at thBbcm—Cmmmtransition, the  displacementg’?°

translational symmetry increases, sirRecmis a subgroup

of index 4 of Cmmm The cell-quadrupling transition

Cmmm-—Pbcmis associated with a two-component order- ((f')=5i”(

parameter that has the symmetry of the two-dimensional IR

7, at the wave vectok.=(0,w/a, 0), located inside the which is represented in Fig. (@. Thus for £l

C-centered orthorhombic Brillouin zone, at the middle of the_q a/(4./2),a/(242), ..., theB33 structure is formed,

I'Y segment(the A line). . whereas foré.=al(8+2), 3a/(82), 5a/(8/2), ..., the

(ii) The orthorhombic limit state witlC mmmsymmetry Cmmmsymmetry is obtained. For all other values¢sf the

corresponds to a shear defornigd structure, i.e., it can be ppem symmetry occurs. The effective(£') expansion is
transformed into theB2 structure(to which it is group-  pere

subgroup relatedby the shear strais,, . Figure 3b) shows

the displacive mechanism associated with the increase in a’ b’ e

symmetry fromCmmmto Pm3m. It involves three succes- F'[§(§')]=7§2(§')+ 754(5 )+ géﬁ(f’)‘*' AR

sive fcc layers forming the orthorhombic structure, and con- (2.10

sists of a displacement of the atoms belonging to the first and

third layers along th@001] direction, while the atoms of the which by minimization with respect tg’ yields the phase

intermediate layer 2, relax along th&10] direction. The diagram represented in Fig(b. In this phase diagram, the

relationship between the primitive cubi@d,b.,c;) and ~Cmmmphase has been replaced by its shear-deformed cubic

orthorhombic basic vectors,b, ,C,) is B2 transform. Since the shear stragp, always arises dis-
continuously at the® m3m— Cmmmtransition, due to the
existence of a cubic invariante,(y)3 in the corresponding

a,=a,, b,=2(b.+c.), C,=—b.+c.. (2.8 free energy!the transition separating titbcmandPm3m

Q
S~
I
Dy
(]
O
Il

477\/5,
)

(2.9
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FIG. 5. (a) Symmetry connections between the structures involved iBthd2 transformation mechanism. It shows that the phonon
instabilities occur on the same direction of the fcc, primitive cubic an@-centered orthorhombic Brillouin zones. The volumes refer to the
primitive unit cells.(b) Embedded1 (full line), B2 (dashed, andB33 (dotted projected Brillouin zones showing the coincidence of the
respectiveA lines when theB1-B2 mechanism it taken into accourit) Respective orientations of the lattices, as resulting from the
proposedB1-B2 transformation mechanism. For labeling see text, E3j4), (2.7), (2.8), and(2.11). [Note that the(c) reflects theAmmm
unit cell instead of th&& mmmstandard setting.

phases is always first order. Note that ®enmm-Pm3m  Fig. 5b), which shows the embedding of ti&l, B33, and
transition also requires the existence of (imeprope) tensile B2 Brillouin zones, one can see from Figabthat the suc-
strain componene=e,,+e,,—2e,, as a secondary order cessive transition mechanisms relate to the sAnfiae, I'X
parameter. Using the value found for the cubic lattice paramcubic or I'Y orthorhombic, of the Brillouin zones. The re-
eter in theB2 structure of PbS by Chattopadhyayall®  spective orientations of thB1 andB2 unit cells are repre-

(a.=3.289 A) gives an estimate ef,=0.25 ande=0.28 at sented in Fig. &). It corresponds to the following relation-
the B33-B2 transition. ships between the lattice vectors

E. The B1-B2 transformation mechanism in PbS a=actb.—c., b=ac—bc+c., c=b.+c

In summary, theB1-B2 transformation in PbS occurs via
the intermediate B33) orthorhombic phase having a wide which yield definite coincidences between the crystallo-
region of stability ranging from 2.2 GPa to more than 35graphic directions in th81 andB2 structures. They will be
GPa. The first-order transitiorsl -B33 andB33-B2, which  discussed in Sec. Il C in light of the experimental observa-
take place, respectively, at about 2.3 GPa and 22.5 GPa, céions in alkali halides.
be described as displacive transitions of the reconstructive The periodic(nonlineaj character of the displacive order
type. TheB33 andCmmmphases correspond to limit states parametersy(¢) and {(¢') associated with th81-B33 and
that are formed for critical displacement, and defirijei- B33-B2 transitions is summarized in Fig(é. Note in this
mary or secondalyshear €,,) and tensile(e) strains. In  respect that these transitions involve different sequences of
these states, the translational symmetry increases with r@tomic layers, i.e., distinct displacive mechanisms, although
spect to theB16 and Pbcm intermediate states, and the the atoms are shifted in the santd 110] directions. This is
group-subgroup relationship with the initial structu®-  because the shearing required for obtainingBRestructure
spectivelyB1 andB33) is lost. Figure &) shows the sym- occurs within the double layers, throughbg2 shift, which
metry connections occurring in the sequence of structuredestroys the collective displacement of bilayers associated
assumed in our model between & andB2 phases. Using with the B1-B33 mechanism.

144106-5



P. TOLEDANO, K. KNORR, L. EHM, AND W. DEPMEIER PHYSICAL REVIEW B67, 144106 (2003

B2
/7
6 Cmmm
ZN
\ ' & \
\ / \
\ V; .
y ' \
B33 Pbem \\ ,’
n \ \ ! )
0 S @ ) 3_a I, g v a
Nz WE_\ 82 I'ﬁ
X \ \ 1 B1
\
B1 B16 N \\ /I N1
\ % B
/ 0 \
d 2 at 3a 5 \\ ;
% 42 22 % 42 ’ B33 a
7 \ // / N
k. ’ B2 :
~ ¥ «
_/ Cmmm

(@) (b)

FIG. 6. (a) Sinusoidal character d81-B2 transition order parameteng(¢) and (¢'). The solid curve shows the actual nonlinear
dependence of the effective order parameter as a functigranti¢’. Note that thep(¢) period is twice the(¢') period.(b) Phase diagram
associated with the total free energy»,{) defined by Eq(2.12. Comments on this figure are in the text. The lines and points have the
same meaning as in Fig(l®. The arrow indicates the thermodynamic path followed in PbS.

Figure 6b) shows schematically the topology of the phasein which the transformation has been observed. The majority
diagram which contains only thB1l andB2; and interme- of them belong to the classes of monochalcogenides and
diate limit phases of symmetrig}@mcmandCmmm It is  monohalides. In this section, we show that a consistent inter-
obtained by minimizing the total free energy pretation of the experimental results reported for BieB2

transformation can be made in light of our proposed model.

FLn(€),L(E)]=FLn(&)1+F'[L(&)]+ 6776 (&),

(2.12 A. (Ge, Sn, Ph and (Ca, Sr, Ba) chalcogenides

with respects t& and¢’, assuming large negative values for  Monochalcogenides of the groups IV and Il elements,
the coefficientd andb’ (b<—2\ay, b’'<—2\a’y’), so  Wwhich undergo a temperature- or pressure-induBéeB2
that theB16 and Pbcm phases are unstable. Thieterm  transformation, are listed in Table I. PbSe displays the same
expresses the coupling between the two displacive mech®1-B33-B2 sequence of phases as PbS with similar volume
nisms which influences thé mcmintermediate region. The drops at theB1-B33 andB33-B2 transitions. At variance,
arrow in Fig. @b) indicates the thermodynamic path fol- PbTe and SnTe show thB16 intermediate structure type
lowed in PbS, but one can have a dir&%-B2 reconstruc- assumed in our model to correspond to noncritical atomic
tive transformation, since th&21, B2, and B33 phases shifts in thex[110] directions. In our description, the group-
merge at a triple poinN,. Note that, with the exception of subgroup relate®1-B16 transition can take place continu-
the Pm3m— Cmmmfirst-order transition line, all the tran- ©OUsly. This is verified in SnS and SnSe and to some extent in
sition lines in the phase diagram are straight lines as thefPTe, GeTe, and SnTe where the drop in volume is smaller
represent reconstructive transitigisFinally, it should be than 2%, i.e., the transition is slightly discontinuous. In
emphasized that our proposed transformation mechanism f3€Se, thé816-B33-B1 phase sequence observed on heating
fully reversible, i.e., although thB1 structure was taken in COrresponds to an inversion of the sequence of the two ortho-
our description to be the “parent” structure, since it is stablerombic B16 andB33 structures, with respect to our pro-
at high temperature and low pressure, B structure may P0sed mechanism. It means that on cooling from &ie
be taken alternately as the initial parent structure by simplygtructure, the limitB33 structure is first stabilized before
inverting the signs of the critical shifts and spontaneoudransforming intaB16. This picture is confirmed by the first-
strains. order and almost second-order characters found, respectively,
for the B1-B33 andB33-B16 transitions in GeSe. THR3m
IIl. APPLICABILITY OF THE MODEL phase found at low temperature in GeTe and SnTe represents
a shear deforme®1 structure induced by the spontaneous
TheB1-B2 transformation corresponds to the most wide-shear components,,=e,,=e,,.
spreaded reconstructive mechanism found among binary TheB33-B2 orB16-B2 transformation occurs directly in
compounds. Tables | to IV give an extensive list of materialsSnTe and lead chalcogenides with a volume drop ranging
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TABLE I. Sequences of temperature- or pressure-induced tran- The two-layer arrangement described by von Schnering

sitions, related to th®1-B2 transformation in(Ge, Sn, Pb and
(Ca, Sr, Ba-chalcogenides. In colum(®), the lower row gives the
critical temperaturdin Kelvin) or pressurgin GP3a, whereas the
upper row indicates the corresponding drops in volusWgV. Sec-
ond (2nd) and first (1stmean second-order and first-order, respec-
tively. The relevant references corresponding to the materials liste

in column(1), are given in colummn3).

@

2 ()

GeS
GeSe

GeTe

SnS

SnSe

SnTe

PbS

PbSe

PbTe

CaO

CaTe

SrO

SrS

SrSe

SrTe

BaS

BaSe

BaTe

InTe

B16 10,13,19
SEE TR
R3m %{ B1 %asle 10,13,19
516% 533 10,11,13,19,61,62
816% B33 10,11,13,19,61,62
R3m 72T”i> B1 %516
25 GPeB2 63
Bl4.§°épa 1613—41?6% 2 1134
B1 %am 66
0,
B1 3%)5182 67
B1 Sés%asz 65
B1 %’am 70
0,
o155 b2 "
B1 le—éZ?aBz 67
B1 %ﬁ,’alaz 68
816133—'(3;/; B2 69
B1 %Dalaz B
| 4imem 51;';61 B1 151§Pa32 24

and Wiedemeiét for the B33 structure in SnS and SnSe,
and their propose&816-B33 displacement mechanism of the
bilayers in thg 110] direction, is consistent with our descrip-
tion, although the limit character of thB833 structure was
gverlooked by these authors. Another confirmation of our
model can be found in the angle-resolved photoemission
measurements of the band structure of PREf. 23 which
reveals a maximum along tHeX (A) line of the fcc Bril-
louin zone. This is in agreement with the phonon softening at
the middle of theA line that should be observed on ap-
proaching theB1-B33 transition, as resulting from the dis-
placive mechanism assumed for the transition.

For all the alkaline-earth chalcogenides, listed at the bot-
tom of Table I, theB1-B2 transformation is found to take
place directly with a volume drop ranging from 9% in BaTe
to 13.7% in BaS. This large discontinuity does not permit,
apparently, the stabilization of intermediate structures. Note
that it is of the same order than the sum of the volume dis-
continuities found at th&1-B3 andB33-B2 transitions in
PbS or PbSe. We have also included in Table | the pressure
inducedB1-B2 transition, found in InTe at 15 GPA.InTe
displays the remarkable feature that the room pressure tetrag-
onal form, which has thé4/mcm (Z=8) (B37) structure
type, transforms at 5 GPa into tH&l-type structure, al-
though it constitutes a deformed B2-type structure. The
B2-B37 group-subgroup related transition is induced by an
eight-dimensional IR {5 or 75 in Kovalev’s notation of the
Fm3m space group, at thie point (k.= (#/a,w/a,m/a)) of
the fcc Brillouin zone.

B. Rare-earth monochalcogenides and monopnictides

The following three distinct sequences of transformations
are found for the rare-earth monochalcogenides listed in
Table II:

(1) A direct pressure-induced31-B2 transformation
found in LaTe, GdTe andCe, EV-(S, Se, Te The transfor-
mation pressures occur between about 7 and 22 GPa with
volume drops in the range 4.5— 13.2 %.

(2) A sequence of two pressure-induced transformations
B1—-B1—B2 that has been observed in SmTe and EuO.
The isostructuraB1—B1 transition occurs progressively in
SnTe, in the interval 0—6 GPa, and discontinuously in EuO,
with a volume drop of about 4%.

(3) A single isostructuraB1—B1 transition is found in
the other rare-earth chalcogenides reported in Table II. It
takes place continuously in SmSe, with a small volume drop
(e.g., 0.8% in YbSkor with a large discontinuity as in EuS
or EuSe.

from 4 to 8 %. These numbers suggest that the intermediate The isostructuralB1—B1 transition is currently inter-

phases, with the orthorhombic symmetriédbcm and
Cmmm assumed in our description of tB33-B2 transfor-

preted by the #—5d electron collapse related to the change
in valence of the rare-earth ié*2° In the nonstoichiometric

mation, are squeezed within the strong discontinuity occurrare-earth compounds listed in Table Il, the isostructural
ring at the transformation. Such a discontinuity is inherent tacharacter of the transition was confirmed by the observation

the shear straing,) required to transform the “latent”

of a critical point of the liquid-gas typée.g., in Sm$_,S,)

Cmmmsymmetry into theB2 structure, as noted in Sec. or by the existence of two critical poin{g Sm, _,Gd,S and

IID.

Sm;_,Y,S) bounding the first-ordeB1-B1 transition line?’
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TABLE Il. (Continued.

nictides. The notation in the columns has the same meaning as iil) 2 3

Table I. Cont. or disc. mean that the corresponding isostructurat
transition is found to take place continuously or with a discontinu-C€P
ous drop in volume. For the nonstoichiometric compounds, a given

concentratiorx has been selected.

@

)

©)

LaTe

CeS
CeSe
CeTe
PrTe
SmS
SmSe
SmTe
EuO
EuS
EuSe
EuTe

GdTe
TmSe

TmTe

YbO
YbS

YbSe
YbTe
SmS _,S&
Sm_,La$S

Sm,_,Gd,S
TmSeTe;

Tm,_,EuSe
LaSh

CeSb

CeBi

B17 GpaB2

11.5%
Bl 5 Gpatt

E’)10.65 GPaBl

cont.
0-4.5 GPEE’1
cont. or dis 9.1%
2-6 GPaCBl 11 GPaB2

4% 6.5%
Bl 30 GPaBl 40 GPaB2

12.5%
B121.5 GF’{:‘%2

B1

Bl

Bli15GPB2
Bl1— - B1
10%

Bl-——= B1l75 gpgdistortedB1

0.4 GPa
B1——B1
cont.

BllS— 20 GPaBl

BllS— 19 GP"?l

x=0.1
0.97 GP;'J?l

x=0.1
Bl0.4 GPaBl

Bl1——B1

x=0.32
15 GPet
B1 4% g1
10%

B1 maPMm mm

B1

B1

B1 6% B2+ P4/mmm
P
13 GPa

79
73

84

74

25

26

26

26

26

26

26

26

79
82

25,26

72
26

26

26

81

80

27
83

87
76

74

1

3% 10.5% 78
Bl oGP To GPL?

CeAs 11% 75
Blizepa’
NpAs 5.4 GP 9% 86
B1 434/mmmzsmpgz
CeNi 1st 30
CMem o5 K04 gpg™MC™

Ceyg-xLaThy Blo'sﬂ)GP@]. 85

Let us show that the different experimental situations dis-
closed in rare-earth chalcogenides can be described by ex-
tending the theoretical model proposed in Sec. Il. With this
aim, we introduce a nhonsymmetry breaking order parameter
p that expresses the change in compressibility of the com-
pound when changing its electronic state, ig.has two
equilibrium values corresponding to thé 4nd = states of
the rare earth ion. Singeis a scalar quantity, all the powers

p" are allowed by the symmetry of the initigdareny Fm3m
symmetry. On the other hand, the coupling wfwith the
order parameterg(¢) and(¢') associated with thB1-B2
transformation has the form

v1p 7P (€)+ vaplP(E)). (3.9

Accordingly, the Landau free energy describing the phase
diagram of rare-earth monochalcogenides is

F(n.{,p)= F(77,§)+%pz+ §p3+ %p‘“r p(vin?+v,0?),
(3.2

whereF (7,{) is defined by Eq(2.11). The linear term in the
p expansion has been discarded by redefining the zepo of
(with p=0 in the initialB1 structure and by the subsequent
renormalization of the phenomenological coefficieatsg,
and y. Figure 7a) shows a section of the phase diagram in
the (a,a) plane, wherer anda are assumed to vary linearly
with pressure and temperature. The phase diagram is ob-
tained by a minimization oF (#,{,p) with respect to¢,¢&’,
and p, assuming a sixth degree expansion Fdrp,{), and
neglecting thes coupling betweerny(¢) and £(¢'). It also
assumes a region of stability only for tiBd, B33, andB2
phases. One can see that there exists a first-order isostruc-
tural transition line between twB1 phases, withh=0 and
p#0, ending at a critical poinK. The arrows in Fig. @)
represent the thermodynamic paths that have been disclosed
experimentally in rare-earth chalcogenide®1a— B2 direct
first-order transition, 81—B1— B2 sequence of two first-
order transitions, and 81—B1 transition that can be
slightly or strongly discontinuous depending on the distance
to theK-point. Note that the tw@1 phases merge with the
B2 phase at the triple poiri;.

The existence of two critical points in the phase diagram
of the nonstoichiometric mixtures requires a more elaborated
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TABLE lll. Sequences of temperature- or pressure-induced tran- TABLE IV. Pressure induce®1-B2 transformation in selected

sitions, related to th&1-B2 transformation in alkali andAg,TI)

examples of pseudo binary compounds. The corresponding volume

halides, and in alkali metal hydrides. The notation in the columngrop is not indicated.
has the same meaning as in Table I.

@

@

©)

NaF
NacCl
NaBr
Nal
KF
KCI
KBr
Kl
RbF
RbCI
RbBr
Rbl
CsF
CsCl
CsBr
Csl
AgF
AgCl
TI
NaH
KH
RbH

CsH

0
8.9% B2

B127 GPa

0.57%
29 GPaB:L6

0
8.5% B2

—_
1.75 GPa

0,
Bl —>17'3 i B2

14.5%
gy 14:5% B2

13.3%
B10.42 GF’aBZ

B1

745% __ 0.53%
BzTSK B1 watetragonal

2nd
B2 waPMm mm

2nd 2nd

25 GPa P21M300 Gp

1.5% 9.5%
Bly77 Gpa"™ 55 opL?
8% 4% 4%

2 B33 B2
79GPa “'135 GPa °17 GPa

3.3%
|333429 K,0.47 GP%
6%
Bl29—35 GPE2

13.4%
Bl 2 Gpat?

11.7%
2.2 GPaB2

B2

poo

Bl

B1

37
92
37
37
89
91
88
89
94
93
89
89
89
8,90
40,41
42,43
95
44
96
98
97
97

97

(1 ) 3

KCN Bl55 GpB2 102,103
RbCN Blgss GpB2 104,105
NH,I B1-270K,0-0.3 GPB2 45,99
NH,CI B1-457°K,0-0.2 GPB2 99,100
NH,Br B1- 400K 0-0.2 GPE2 100,101
KNO, B1-350 K,1.1-1.7 GP32 106

which becomen?(&) = p? and £2(&€) = p2. As shown in Ref.
29, such a transformation producedaublingof the critical
point K and a reentrance of thBl phase(a “topological
metamorphosis®) which are shown in the phase diagram of
Fig. 7(b). The isostructural transition cunkg K, has a shape
similar to the first-order transition line bounded by two criti-
cal points, found by Aptekar and Tonkdwas separating the
semiconducting and metallic phases in ;SpGd,S and
Sm,_,Y,S. Asimilar remarkabl®1-B1 transition line, with
two critical points, was also reported in the nonstoichiomet-
ric rare-earth compound CgQLa,Thy 4, which has been
included in Table II.

The phase diagram of Fig(& also allows an interpreta-
tion of the B1—-B1—B2 phase sequence observed in the
rare-earth monopnictide CeP and of tA&-B2 transforma-
tion in CeAs. The LaSb and CeSb monopnictides show a
transformation from theB1 to a tetragonally distorte&?2
structure, with theP4/mmmsymmetry =1). It obviously
corresponds to an intermediate stage betweenCthemnm
symmetry assumed in our propoge83-B2 mechanism, and
the B2 structure: thd®4/mmm symmetry can be obtained
from B2 by a ferroelastic deformation with the spontaneous
tensile straire=e,,+e,,—2e,,, whereas th&€ mmmsym-
metry results from a further ferroelastic shear deformation
€xy- When thec/a ratio strongly differs from 1(e.g.,c/a
=0.82 in CeSh the transition to thé2 structure may not
occur, or take place at much larger pressures as in NpAs. The
wide range of coexistence of the tetragonal and cuBi2)(
structures found in CeBi confirms this interpretation.

In Table I, the isostructurdd33-B33 transition reported in
CeNi (Ref. 30 has been included. It has been related to the
pressure-induced delocalization of thieeerium electrons®

interpretation, which refers to the catastrophe theory of phasand can be interpreted on the same basis a8ih81 iso-

transitions?®2° In this framework,p plays the role of an

structural transition by assuming a coupling of the compress-

“internal” degree of freedom of the system, which does notibility p to the order parameten(¢) associated with the
break the symmetry but may induce a multiplication of theB1-B33 transition mechanism. Figure 8 showsaad) sec-

existing singularities. More precisely, induces a nonlinear
transformation of the square invariangg(¢) and ?(&)

tion through the phase diagram corresponding to the Landau
expansion
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(@

FIG. 7. (a) Phase diagram associated with the Landau free energy defined K§.Bgin the (@,«) plane. The lines and points have the
same meaning as in Fig(l8. The isostructural transition line separating B phases ends at the critidélpoint. The arrows show the
thermodynamic paths found in rare-earth chalcogeni@®sTransformation of the phase diagram @ when taking into account the
doubling of theK singularity, which splits into two critical point&; andK,, as a result of the “topological metamorphosis” described in
the text.

a b c a B halides, and in NaF, NaCl, and CsF. The transition pressures
Fln(8),pl= 5772(5)+ Zﬂ4(§)+ 5776(§)+ §P2+ §P3 increase from about 0.35—1.2 GPa in Rb halides to 27—30
GPa in Na-halides. The corresponding volume drops range
Y 4 ) from about 9 to 15 %. Distinct orientation relations between
P tvpn(8). (33 theB1 andB2 structures have been reported from x-ray and
) . o ] _neutron-diffraction studies. In CsCl, Watanagseal® found
;I'hehphé\;g diagram co?}a;]ns two dlstlncgrgglong of stabilityhe  coinciding  orientations [110]g,|[100]g; ~ and
or the B33 structure, which are separated by an isostructurgloo,,|[011]s,. An analogous coincidence was disclosed
transition line ending at the critical poiit. by Blaschko etal® in Rbl: [110]s)[001]s; and
[001]g,[110]g;. In the same compound and in RbCl, RbBr,
C. Alkali halides KF, KCI, KBr, and Kl, different orientation relations were

Three types of phase sequences are found in the alka@bserved by Okaf**and Fujiwaraet al:**[111]g,][ 100]g;
halides listed in Table I, which confirm different aspects of and [100]g||[ 111]g,. Analogous relations were found by
our proposedB1-B2 transformation mechanism. A direct Onoderaet al®® in RbCl. These authors suggested that the
pressure-induce®1-B2 transformation is observed in 11 multiplicity of orientation relations could be attributed to dif-
members of the family, namely in potassium and rubidiumferent external conditions, sample sizes, etc. Figu@ 9
shows a unit cell of thé32 structure embedded into a unit
cell of theB1 structure, consistent with o®1-B2 mecha-
nism and with Eq(2.12. It clearly showshat all the orien-
tation relationsproposed by the different authoase com-
patible with the respective orientations of tH&l and B2
unit cells, i.e., they can be deduced from th&insic B1-B2
transformation mechanism. The coinciding orientations
found by Watanabet al® are indicated in the Fig.(8), left,
whereas the right-hand side of Figi@@ shows the orienta-
tions that were found to coincide in Okars® studies.

In contrast, the fact that analogous, but not identical, ori-
entation relations were found, e.g., by Watanabal. and
Blaschkoet al,, has to be related to the general property of
structural domains at reconstructive transition. Starting from
theB1 structure, six orthorhombic domains are created at the
B1—(B16 orB33) transition, which transform into one an-
other by the fourfold(three domainsand threefold(three

FIG. 8. Phase diagram associated with the Landau free energ§omaing rotations lost at the transition. At theB{6 or
defined by Eq(3.3), in the @@, «) plane. The curves and points have 833)—> B2 transition, each of the orthorhombic domains will
the same meaning as in Fig(b2 The isostructural transition line give rise to a differently orienteB2 structure. Therefore, the
B33-B33 ends at a critical poiri. B1— B2 transformation results into six possible orientations
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[001]5 Another phase sequen&il—B16 is observed in NaBr

| [(11]% [100]5, and Nal at 29 and 26 GPa, respectively. This is the first step

= — A of the B1—B2 transformation mechanism, but no other

\T phase was found in these compounds up to 50 GHae
/ — [\ '[111182 small drop in volume {0.5%) is consistent with the pos-
Ik sible second-order character of tBé— B16 transition.

| CsCl, CsBr, and Csl form a distinct group in alkali ha-
ﬁ\i L el lides, the phase sequences of which may illustrate our pro-

@ [110]g¢  [100]g4 posedB33—B2 mechanism. In the three compounds, the

room temperature and pressure phase haB#hstructure. In
CsCl, theB2— B1 temperature-induced transformation takes
place at 745 K with a large volume drop of 17%. Two series
of contradictory experimental observations were reported for
the transformations under pressure. A first set of results using
different technique$~—*'gave an apparently coherent picture
with a cubic(B2) to tetragonal continuous transition above,
respectively, 65 GPa, 53 GPa, and 38 GPa in CsCl, CsBr,
and Csl. Another continuous transition was observed above
56 GPa in Csl, to an orthorhombic phase. The tetragonal
phase was suggested to have the CuAul-type structure corre-
sponding to the space-group symmefy/mmm (Z=2).

The improper ferroelastiB2— CuAul transition® can effec-
tively be of second order and associated with a three-

FIG. 9. (a) Orientation relations between thi3 andB2 struc- Component order parameter transform|ng as the Hg’$r
tures following theB1-B2 transformation mechanism are indicated 7, at theX point [K=(0,7/a,0)] of the P-cubic Brillouin

8 2,33 (i ; X
as found by Watanabet al® (left) and Okai?3 (right). (b) Orien- zone. However, more recent results by I\/BCHI.,42'43 using

:ﬁtlonal domains of th&2 structure. Comments on the figure are in synchrotron x-ray diffraction, yield a completely different

e text. phase sequence in Csl, which is closely related to our
B33—B2 mechanism. These authors found that above 25

for the cubicB2 structure, as shown in Fig(l9. Recipro- GPa, Csl is orthorhombic and transforms to a hcp structure

cally, starting from theB2 structure, theB2—B1 transfor- above 200 GP& The suggested orthorhombic structiire

mation yields six orientationdd1 domains. In other words, has the same cell-doubled unit cell, with respect to B2, than

at a reconstructive phase transition, the initial and final structhe Cmmmsymmetry assumed in our mechanism to be a

tures both display a distribution of domains which reflectsshear-straine82 structure. On the other hand, the symmetry

the point symmetry of the intermediate structutesre, the ~ “close to” Pb2,m proposed for the orthorhombic phase is a

orthorhombicnmmsymmetry. As a consequence, since our Subgroup of thePbcm group involved in ourB33—B2

B1-B2 transformation mechanism implies a coincidence beMechanism. In this respect, a verification of the high-

tween thg 001]s; and[ 110]g, orientations, it also implies a Pressure “te_tragonall" structures disclosed in CsCl and CsBr

coincidence betweefL00]g; or [010]g, orientation with the ~Would constitute an interesting test.

orientation[ 011]g, or [ 101]g,. Analogously, thg 110]g, di-

rection may coincide witj 100]g,, [010]g,, or [001]g,; ) ) _

and [111]z, may coincide with [100]s,, [010]s,, oOF D. (Ag,Tl)-halides and alkali-metal hydrides

[001]g,. In AgCI the pressure-induceB1-B2 transformation oc-

In addition to the set of orientational domairmsitiphase curs via two intermediate phad&saving theB33 structure
(translational domains are created at tld— B2 transfor- and, at lower pressure, a structure that was first suggested to
mations. For example, at tH®1—B2 transition, antiphase beB16,!° and later the symmetry was proposed to be mono-
domains will form which are deduced from one another byc|inic P21'44 The 8% drop in volume at thgmgmﬁ P21

the translationst; = (a/2,a/2,0), t,=(0,a/2,a/2), andt; transition is effectively in favor of a monoclinisheay dis-
=(al2,0,a/2) corresponding to the basic translations of thetortion of theB1 structure corresponding to atomic displace-
primitive F unit cell which are “lost” in theB2 structure. ments deviating from the-[110] directions assumed in our
These antiphase domains may appear as a regular array approach. However, symmetry considerations and the struc-
stacking faults which have been detected in Rbl by Blaschkaural data reported in Ref. 44 point towards the high@ic
etal® It has to be noted that in their neutron scatteringsymmetry, which is more likely than the polderroelectrig
experiments, these authors find traces of an intermediate2, symmetry. In AgF, theB1-B2 transformation takes
structure between thB1 andB2 phases! and of phonon place directly above 370 K at 2.5 GPa. Below the preceding
anomalies in frequency and intensity, for the transverseéemperature, an intermediate structure is stabifz@dich
acoustic phonon branch (§PDcorresponding to thaA line of  has been assumed to display the hexagonal inverse NiAs
the fcc Brillouin zone considered in our model. type structure, but the small drofl.5% found at the

(b)
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B1-NiAs transition denotes a nonreconstructive transitioninvolves intermediate structures which do not correspond to
mechanism and a lower-symmetry structure. Table Il alsasotropy subgroups of the initiaB1) and final 82) struc-
includes TII that illustrates the last steB33—B2) of the  tures.

B1-B2 transformations, and the alkali-metal hydridéé, The proposed model has been shai8ec. Ill) to provide
K, Rb, C9-H which display a direct pressure-indud®d-B2  a consistent interpretation of most of the experimental obser-
transformation. vations reported for th&1-B2 transformation. More pre-

cisely, we can say the following:
The B1—B16—B33 phase sequence is partly or fully
_ ) ~ realized in the group-IV-elements chalcogenides and in some
Table IV contains some examples of ammonium halidesyeta| halides. In rare-earth monopnictides, the orthorhombic
univalent cyanides and nitrites, in which tB&-B2 transfor- (Cmmn) structure assumed in our proposeé&B3-82
mation takes place. For all the listed pseudobinary COMtyechanism, is replaced by the supergroup symmetry

pounds, the transformation occurs without intermediatei%/mmmcorresponding to an incomplete shearing of Bz
structures, and thB1 andB2 phases are found below the structure

melting line at, respectively, low and high pressures, with a (2) The different set of orientational relationships found in

B1-B2-liquid triple point. Another typical feature of the L o : . .
corresponding phase diagrafhis the existence, below the alkali halides are verified by.the relative onentatlops of the
B1 and B2 structures resulting from our mechanism. Be-

B1-B2 region of stability, of a number of lower symmetry ~. S Lo . . ;

) — sides, the multiplicity of observed coinciding orientations is
phases that are group-subgroup related to eitheFth8m o qineq in terms of the orientational domains, transforming
(B1) or to thePm3m (B2) symmetries, and, therefore, re- into one another by the cubic symmetry operations lost in the
sult from second-order or slightly first-order phase transiintermediate orthorhombic phases.
tions fromB1 or B2. lllustrative examples are them3m (3) The continuous or slightly first-order character found

. P43m disorder-order transition in NIC! (Ref. 46 or the for the B1—-B16 and B16—B33 transitions, support our
ferroelasticEm3m—s Immmtransition in KCN and RbCN? symmetry analysis of these transitions. This is also the case

= — L a7 for the strongly first-order character always found for the
and theFm3m— R3m transition in KNQ.™ The B1 B2 g33 g5 transition, which may explain the absence of in-
transformation mechanism in NfBr was investigated by

F 4K & who found ori onal relationshi termediate structures betwe®B83 andB2, that has been
raser and Kennedywho found orientational relationships, ¢|ated to the discontinuous character, predicted by symme-

SfUCh as[OlO]Bl.H[101]32, i._e., con_sisten.t with t.he ObsefYa' try, of the corresponding shear strain. Phonon observations in
tions reported in alkali halid&ut involving a different ori- Rbl also confirm our basic symmetry assumption of a soft
entational domain. A more surprising result reported by thesg, ;e i the fcc-Brillouin-zone\ direction associated with
authors is the change in the shape, from cubic to rhombuﬁ1e full sequence of displacive transitions.

E. Pseudobinary compounds

Shape‘?" of pla}telet crysta]s p’NH]‘}Br at theBl—BZ trans-_ (4) The remarkable features characterizing the isostruc-
formation. This observation is discussed in the followingy, 5| transitions in rare-earth chalcogenides could be inter-
section. preted by a coupling of the displacive order-parameters as-

sociated with theB1-B2 transformation, to the change in
compressibility related to the valence change of the rare-
earth ions.

In summary, a theoretical model has been described in A number of models were previously proposed for the
Sec. Il for theB1-B2 transformation which assumes two B1-B2 transformation. The most cited model by Buefger
successive displacive mechanisms corresponding to tH@llows the suggestion by Shdfiof a contraction along the
B1-B33 and the B33-B2 transformations. The second [111] cubic direction and a simultaneous expansion at right
B33-B2 step also requires the discontinuous onset of a spor@ngles. It is analogous to the Bain-deformation mechatism
taneous shear strain transforming the orthorhombic intermebce-fcg in which the contraction and expansion occur along
diate structure having@ mmmsymmetry into theB2 struc- and perpendicular to a fourfold cubic direction. Although
ture. This description follows the general scheme proposeBuerger’s mechanism verifies the increase from sixfold to
in Refs. 1—6 for the analysis of reconstructive phase transieightfold atomic coordination, it implies a commam11]
tions, namely, it involves the following: direction for theB1 andB2 structures, which is not observed

(1) Intermediate structuresthe symmetry of which experimentally. Furthermore, it assumes that the primary

(Pbnmand Pbcn) are subgroups of thEm3m (B1) and transition order-parameter for tigl-B2 transformation is a
Cmcm(B33) initial symmetries pure shear strain, that transforms as the three-dimensional IR

(2) Limit structures (B33, Cmmn), corresponding to 77 at thel” point of the fcc Brillouin zone. This would allow

critical displacements, at which the group-subgroup relation€Ventual  intermediate  structures having  rhombohedral

ship with the initial structures is lost. (R3m), orthorhombic Cmmm or Immn), monoclinic
However, with respect to the theoretical models proposedC2/m), or triclinic (P1) symmetries, neither of which was

for, i.e., the bcc-hep or bee-fee reconstructive transitibifs,  observed experimentally.

theB1-B2 transformation mechanism appears as more com- Two models, based on Buerger’s mechanism, have subse-

plex, since it requires two distinct sets of displacements anduently attempted to correct the preceding deficiencies. As-

IV. SUMMARY, DISCUSSION, AND CONCLUSION
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suming a martensitic twinning-type mechanism for theexperimentally. Watanabelst al. mechanism actually over-
B1-B2 transformation, Fraser and Kenné&tygeduced the looks the two-by-two layers atomic shifting which leads to
orientation relationships, habit-plane indices and shape déhe observed fourfol@€ mcmunit-cell. The symmetry analy-
formation associated with different shear componees,(  Sis by Stokes and Hatcfi,who consider maximal isotropy
ey, , ande,,) involved in the mechanism, assuming coher-Subgroups induced by IR’s of the Brillouin-zone boundary,
ency stresses between the host and guest phases. ThisYiglds the same madt_aq_uage intermediate structures proposed
equivalent to depicting the twinning induced by the transi-by Toledano and Dmitriev° Similar inadequate results are
tions to the intermediate structures mentioned here above. [Ptained by Sow& who combines symmetry considerations
order to fit the orientation relations predicted by Buerger’s'”V°|V'”g maxw_nal, translational or orientational, _subgroups
mechanism, with their own observations jiNH],Br,% and a geometrical model_based on the deformation of a het-
Fraser and Kennedy found that a contraction of approxi€rogeneous sphere packing. _ . .
mately 40% alond111], and a correlated expansion of not _The fact that the reIevant phonon _|nstgb|llty stpmated
less than 19%, would be necessary. It would lead to a drasti¥ith the B1-B2 transformation mechanism is locatieside
deformation of the crystal shape, which is not observed at thE€ fcc Brillouin-zone, in the middle of th&-line, was noted
B1-B2 transformation. The regular change in shape found i?Y Christy>® From group theoretical consideration, this au-
some microcrystalline samples AfH],Br (Ref. 43 or the  thor proposes the sequence of symmetrfgsiBm—Pbnm
volume elongation disclosed in CsQRef. 8 can be well —Cmcm—Pbcm—Pm3m, which omits, with respect to
explained by the shear strain which is part of &83B2  our proposed description, the limit structure wihmmm
transformation mechanism. Gufan and Ternovskiroposed symmetry, and the shear strap, required to reach thB2
another variant of Buerger’s mechanism, which assumes structure. The importance of finding the suitable soft mode
monoclinic intermediate phas€g/m, Z=1) induced by the instability for understanding th&1—B2 mechanism was
primary shear strains,,, e,,, supplemented by the second- stressed, by Okai who, however, overlooked the possibility
ary shear €,,) and tensile ,,+e,,—2e,,) strain compo- of an instability at a point located inside the fcc Brillouin-
nents. In terms of atomic displacements, this model can bgone.
expressed by parallel shift of the atomic fcc layer$001) A number of theoretical studies of til-B2 transforma-
along[110], that would lead again to a change in the shape ofions have been recently proposed, based on first-principle
the crystal from a cubi®1 form to an oblique prism form calculations %2~%° These works refer to the dire®1-B2
for B2, which is not observed experimentally. transformations that occurs in alkali halides, and do not as-
A different displacive-type mechanism was proposed bysume intermediate pathways between the two structures. The
Watanabeet al® on the basis of their observations on the main crystallographic models discussed in the present sec-
temperature-driverB2—B1 transformation in CsCl. This tion have also ignored this essential aspect of BieB2
mechanism, which is similar to one of the geometrical mod4ransformation mechanism. Only the recent experimental ob-
els proposed by Hyde and O’Keeffeassumes a shifting of servations in group-1V-elements chalcogenides have clarified
the atoms within the (11@) layers and a combined shifting the property of the mechanism to take place via definite in-
of half of these layers along tH®01]g, direction. Tolelano  termediate structures. Our analysis has shown that the con-
and Dmitriev® showed that the reversdil—B2 Watanabe secutive stages separating B¢ andB2 structures are as-
mechanism could be expressed by antiparallel displacemenssciated with several symmetry breaking mechanigmder
of the atoms located in the successive (QQIplanes along parameterns which makes theB1-B2 transformation to be
the £[110]g, directions. It coincides with a soft-mode insta- indeed one of the most complex examples of reconstructive
bility at the zone-boundar¥( point of the fcc Brillouin zone. phase transition.
The corresponding six-component order parameter yields the
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