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The ordered structures of Sj@re shown to derive from a common parent disordered bcc structure having
different fractional concentrations of Sj@nolecules. This property allows us to describe the mechanisms of
the quartz-coesite and coesite-stishovite reconstructive phase transitions, and the structure of the corresponding
interphase boundariefS0163-182608)04842-3

I. INTRODUCTION Il. bcc PARENT STRUCTURE FOR THE SiO,
POLYMORPHS
The main crystalline forms of SiOfound in the earth’s A. Crystallographic description
crust(quartz, tridymite, and cristobalitdhave quite distinct Let us start from the stishovite high-pressure form of

structures, each with a well defined range of Stability UndESioz, which is stable in a wide range of pressures above 80
equilibrium conditions. In addition to these common SjO  kpars® In its rutile-type structuréspace-grouj, Z=2)
minerals, there are at least four high pressure pRa&es represented in Fig. 2, the Si atoms occupy the corners and
atite, coesite, stishovite, and a hexagonaiN-ype) which  center[positions 2a)] of the tetragonal unit cell. The oxy-
are also important in the crystal chemistry of the earth, in theyens have an octahedral coordinafiamd lie on the diago-
region from the upper mantle to the lower mantle. Althoughnals of the faces perpendicular to tleeaxis. This corre-

the structures of all the ordered, stable and metastablsponds to a slightly deformed bcc lattice shown in Fig. 2, one
phases of Si@are well knowr? there has been no attempt to stishovite unit cell being formed by four bce unit cells, with
describe comprehensively the structural relationships bethe following relationship between the basic translations:
tween the various structure types, in the framework of the
current theories of phase transitions. This is due to the com-
plexity of the phase diagram of SjOshown in Fig. 1, and wherea;, a,, anda3.are the primitive bcc lattice vectors.

the observations that several of the transformations between N the bcc sublattice the oxygens are ordered whereas the
the phases are of the reconstructive tfpghe aim of this Si atoms are randomly distributed in octahedrally coordi-

article is twofold. At first we will show that the whole set of Nated positions (), one site among six being filled. There-
SiO, structure types can be understood within the same unfore. one can describe the S.t'.ShOV'te structure as the result of
hypothetical phase transition from a partially disordered

fied approach. More precisely, we will describe the crysta@cc structure. The corresponding transition mechanism in-
structures of silica as the result of ordering and displacive o P 9 " :
volves an ordering of the silicons in position&@g while the

rEechatmsr:[ns from a parené.f?lsor(iiredt_bod?/ centered_cub| f) and 4c) tetragonal positions remain vacant. Correla-
(bco structure possessing different fractional occupancies %ively the oxygens are shifted in ti&10] and[110] tetrag-

SiO, molecules. This description, given in Sec. Il, extends 3nal directions by about 0.08)=0.33 A. as shown in Fig.
preliminary version of our approach proposed in Ref. 5.

Another purpose of this article is to deduce from the pre- The same becc parent structure which has been used to
ceding consideration the mechanisms of the reconstructivgeduce the stishovite structure will now be shown to consti-
transitions between some of the §I@3|ym0rphs In Sec. lll tute the maximal substructure common to all Iﬁ@z po'y_
we will describe the quartz-coesite and coesite-stishovitgnorphs provided different occupancies of tie lattice by
transformation mechanisms, and the structure of the corrahe oxygen atoms are assuméacordingly it will be used
sponding phase boundaries. This will bring us to discuss théor describing successively the coesite, quartz, tridymite,
form of the domain walls which can be inferred from the cristobalite, CaGltype anda-PbG, columbite-type forms of
remarkable twinning laws governing the quartz structure. SiO.,.

ag—a t+ta,+2a;, bg=a;—a, cgmata, Q)
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FIG. 1. Pressure-temperature phase diagram of 8@ Refs.
4 and 19.

400

FIG. 3. Shifting of the oxygen atoms in t{601) bcc plane at
the bcce-stishovite transition. Full and open circles represent oxy-
gens located az=0 andz=1/2. The arrows symbolize the dis-

The embedding of the bcc unit cell within the monoclinic placements associated with the two effective order-parameter com-
structure of coesit&(C3,, Z=16) is shown in Fig. 4. In this Ponents.
unit cell the oxygens occupy randomly 2 among 3 of the 1 . . . . .
positions, whereas the Si atoms fill 1 among 9 of tiie) 3 ftamed by a Bain deformation of the t_)cc unit c&lt.consists

& ,—exx—€yy) Which stretches the bcc

positions. Two independent mechanisms are needed to redl & shear strain ( ! _
ize the coesite structure starting from a bcc structur@) unit cell along one of the fourfold axis and compresses it by

ordering of both the O and Si atoms, which leads to a sixfoldN® Same extent along the other fourfold afighe corre-

rhombohedral unit cell having the lattice parametgrs a; sponde'nce.between the bee, fcc,_and .quartz unit cells is
—a,, b=—a,+a;, ¢ =2(a,+a,+ag) and (ii) displace- shown in Figs. 5 and (@). The relationship between the

ments of some of the oxygen positions with the rhomboheduartz and bce primitive translations is
dral unit-cell parameters

1. Coesite

8= —(p+2a3), bg=2a,ta;z, cq=3a;+a,+2a;.

3
Acoe™ 2(81—32), bcoe: 2(_al+a3)v . . . . .
The preceding figures show the ordering mechanism which
Coo=4(ay + 8y + ag). () brings the oxygen atoms in positionge® the vacancies

keeping the (a) positions, it leads to an orthorhombic struc-
In this mechanism the oxygens in monoclinic positida)4 ture (D%ﬁ, Z=23) which involves a threefold multiplication
are unshifted, while those in position§fBare shifted along of the bce unit cell withagy,=al+al, by=—(a}+al),
the[111] bee direction by about 0.15 A. The remaining oxy- ¢, = 2al +ab+2al, whereal , ab, andal are the fcc lattice
gens, in positions @) and &f) are displaced along the di- yectors. Thep-quartz structurdFigs. 8b) and 7 results
agonals of the bcc cube by1.25 A. from an additional displacement of the oxygens along the
diagonals of the fcc unit cell by about 0.42 A.

2. B quartz
The same occupand@/3) of the bcc lattice by oxygen in 3. Tridymite
coesite is found in theg-quartz structurd (Dg, Z=3) as The occupancy of the bcc lattice associated with the

shown in Fig. 5. Here the combined ordering and displacivaridymite structuré® (Dgh, Z=4) is 1 since one has one
mechanism associated with the virtual bgegquartz transi-

tion can be more simply formulated starting from a fcc struc- ;
ture, formed by hexagonal close packed layers, which is ob- '

FIG. 2. Stishovite rutile-type structuféhick line9 embedded in
four conventional bcc unit cells. Large grey circles are oxygens.
Full and open small circles are silicons and vacancies, respectively. FIG. 4. bcc unit-cell(thick lineg within the coesite structure.
The arrows denote the oxygens displacements alonfith@ and Full and open circles are oxygens in positioiia)&nd &f), respec-
[110] cubic directions. tively.
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FIG. 5. Deformed hexagonal planes @f quartz within the
orthorhomic configuration obtained in the bgg&quartz mecha-
nism. Thin lines represent the fcc structure. Full and open circles FIG. 7. Projection of the three-layergiquartz structure on the
are oxygens and vacancies, respectively. (012),,.d(001) planes. Black, dark grey, and clear grey circles

are oxygens ar=0, 1/3, and 2/3, respectively. Open circles are
oxygen for two sites in position(a) and 1 silicon for 6 sites vacancies. The arrows show the displacement field giving rige to
in position 3b) (Fig. 8. The bcc-tridymite transition mecha- duartz.
nism can be decomposed into two steps: An ordering
mechanism which brings the oxygens in positioris) 2nd
6(g), and the silicons in positiong#. The resulting ordered The ideal g-cristobalite structuré (07, Z=2) and the
structure corresponds to an in-layer rhombohedral configurainderlying bcc lattice, which is filled by 1/2 oxygen, are
tion represented in Fig. 8. In this figure, the black atomsshown in Fig. 10. The connection between the corresponding
represent oxygens and the grey atoms figure a mixture ainit cells is
vacancies and oxygens. The formation of the tridymite struc-
ture requires an additional Burgers-type mechahtsmhich al=2(a,+a,), bB=2(a,—a,), cE=2a5. (5

orders the grey atoms, and shifts in the antiparatigl110] ) . L "
directions the atoms belonging to one among tid0) The mechanism of the bcg@-cristobalite virtual transition

planes. The tridymite structure is obtained for the specificConSiStS gssentially in an OTO.'e””g process,'which brings the
shifts of magnitudeav2/12~=0.34 A, for which the in-layer ©XY9ens i i%c) and 4d) positions. It results in a tetragonal
atomic configuration becomes hexagoffeig. 9). The con-  Stucture Dy, Z=2) which is transformed in ideg8 cris-

nection between the tridymite and bce unit cells is tobalite by a Bain-type_deformation, ie., a decompression
along thec-tetragonal axis, and a compression along the per-

pendicular twofold axes. This deformatibhrings the oxy-
a,=2a,, by=2a,, C,=2(a+ay+as). (4)  gens in the fcc positions(d) whereas the Si atoms are dis-
tributed within SiQ tetrahedra according to the “diamond
law,” i.e., they are in positions(2). A “nonideal” tetrago-
It corresponds to a sixfold multiplication of the bce unit cell. nal structure D33, Z=2) was proposed fog cristobalite!®
which can be simply deduced from the fcc structure type, by
displacing the oxygens from thga} to the 4d) positions,

4. B cristobalite

FIG. 8. Connection between the bcc conventional ¢glin
FIG. 6. (a) Ordered Bain-deformed bcc structure which trans-lines) and the rhombohedral atomic configuration taking place at
forms into B quartz after the shiftéarrows. (b) Atomic configura-  the bcc-tridymite transition mechanism. Short arrows symbolize the
tions within the(lll) fcc plane for the Bain-deformed cubic struc- atomic shifts along=[110] which yield the tridymite structure. The
ture and (001)., plane for 8 quartz. Grey and open circles are long arrows are the basic vectors of the rhombohedral unit cell. Full
oxygens and vacancies, respectively. and grey circles are a mixture of oxygens and vacansies text
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FIG. 9. Atomic configuration within the (008y, plane for

tridymite. Grey and open circles are oxygens and vacancies. FIG. 11. Connection between the PbO, and hexagonal unit
cells.

the Si atoms keeping their@ positions. In the same way

the a-cristobalite structureEQj, Z=4) can also be directly At the virtual bcc-«-PbG, transition the oxygens, which are

deduced from the structure ¢ cristobalite, by a tilting of  fully ordered in the bcc structure, reach th@l)8positions.

the SiQ tetrahedra, which brings the oxygens from the po-The silicons, which are initially disordered ifl octahedral

sitions 4c) and 8b) and the silicons from @) to 4(@). The interstitials, order in &) positions. This ordering process

connection between the and 8 unit cells is given by corresponds to two combined mechanismé) a Burgers-
type mechanisit!’ consisting of an antiparallel displace-
a a a ment of the oxygens along tHd10] and[110] bcc direc-
A= Cfr* be= acﬁn A= a{:gr"_ bgr_ cgr' Y9 g taio) [110]

tions, which produces a hexagonal arrangement of the
oxygens within thg110 bcc planesf{ii) an ordering of the

5. CaCl-type SiQ Si atoms in 2a) hexagonal positions.
The othorhombic form of SiQ(D3%, Z=2), which has _
been obtained using a 350 kbars shock wwvegrresponds B. Symmetry-breaking order parameters and secondary
to a slight distortion of the stishovite structure, with the oxy- strains
gen displaced in general positions in they) plane, with In this section we determine the symmetry of the order
unequal displacements in Fig. 3. parameters associated with the mechanisms proposed for the
virtual bcc-SiQ polymorphs transitions. We also calculate
6. a-PbO,type SiG the lattice parameters resulting from the transition mecha-

nisms. By comparison with the experimental parameters we
valuate the magnitude of the secondémprope) strains
hich must be taken into account to obtain the experimental

Hlmbers in a guantitative model. Such strains provide useful

The a-PbOs-columbite type Si@ (Dap, Z=4) was syn-
thesized by Liwet al1® at pressures greater than 350 kbar an
temperatures greater than 1000 °C. The connection betwe

its_hexagonal-deformed FeN-type unit cBland the bce indications on the charactéstrong or weak of the recon-

struqture gssumed in our approach IS shown in F'g'.ll' Thgtructive transitionbetweerthe SiQ polymorphs, which are
relationship between the orthorhombic and bec lattice V€Cescribed in Sec. Ill. In the following considerations we use
tors is 18 ¢

Kovalev's notatiof® for the wave vectors expressed in func-

tion of the reciprocal bcc lattice vectors
o=t tag, beg=2(utay), Co=—ata.

(6) 27 2@ 27 27
a;= —_—, — a;=|—,0, —
1 ’ a 1 a ’ 2 aa ’ a ’
M
T
CCro’/. O N L
A \‘I.) 8 a’' a
Q Q ”B Kovalev's notation is also used for the labeling of the irre-
(”’/O ./‘ /)f ducible representationdR’s) which determine the order-
C F’J o f)% parameter symmetries. The relevant points of the bcc

Brillouin-zone (BZ) involved in the preceding symmetries

[ ® are indicated in Fig. 12. The standard theoretical procedure
Oﬁ O L@ ber [11] used to determine the order-parameter symmetries is
g = m\f\/"' recalled in the Appendix.

. . ) . e 1. The bcc-stishovite transition
FIG. 10. Basic vectors of thg-cristobalite unit cell within the

bee lattice, before the Bain-type deformation. Full and open circles  The breaking of the translational symmetry expressed by
are oxygens and vacancies. Eq. (1) corresponds to the wave vectds= 3 (af +a3), lo-
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H 4. bec tridymite

- The sixfold multiplication of the bcc unit cell, expressed
; by Eq. (4), which characterizes the bcc-tridymite transition,
AN corresponds to two IR’s of th@ﬁ space group: a Six-
’ Py . dimensional IR 7, (ko) ] associated with the first step order-
A ing mechanism described in Sec. Il A, with the equilibrium
order parameter value®,7,0,—7,0,— ), and a twelve di-
AD 2 ____________ > mensional IR ¢4(k,)) reflecting the second steprdering
He&=—— N H and displacementof the Burgers-type mechanism leading
to the tridymite structure, with an order-parameter symmetry
FIG. 12. Points and lines of the bcc Brillouin zone involved in (7, —%,0,0,0,0,0,0,0,0,0)0The calculated lattice parameters
the transition mechanisms from the bcc structure to the Sific-  area=5.023 A andc;=8.20 A. These values are close to
tures. the experimental numbéfya®*=5.03 A, c®*=8.22 A), i.e.,

no substantial additional deformation is needed for the tran-
cated at theé\ point of the bcc BZ surface. The starlkf has  sition.

six branches® and therefore the IR4(ko) associated with

t_he bcc-stishovite transition is §|x-d|men3|onal. The equilib- 5. beey cristobalite

rium values of the corresponding six-component order pa- . ) o .
rameter are(y, —7, 0,0,0,0, i.e., the tetragonal stishovite The bcc-B-cristobalite transition involves the same six-
symmetry is determined by two effective nonvanishing com-dimensional IR73(ks) as the bcc tridymite and bcc-coesite
ponents of the order parameter. Assuming a cubic latticdransitions, but with a different set of equilibrium values of
parameter ofa=2.9 A, which coincides with the best fit the order-parameter componet@scﬂ,—n,n,n,n). Tche calcu-
with respect to the different SiGtructures as deduced from lated lattice parameters aeg,= b= 8.2 A andcg=5.8 A
our approach, the transition mechanism yields the calculateghich compared to the experimental valtfes(ag"
stishovite unit-cell parametersag=4.1 A and =7.05A) require to take into account the “reversed” Bain
c¢=2.9A. Compared with the experimental valtfega®" deformation mechanism restoring the fcc cristobalite struc-
=4.179 A, ¢&=2.665 A) it implies taking into account an tgre (see Sec. Il A This deforn;atlo?x involves a compres-
additional compression alongof about 2% and a decom- SION alonga andb of about 13% and a decompression along

pression along andy of =8%. c of ~+21%. The tetragonal structure proposed focris-
tobalite is induced by the three-dimensional zone-cehier
2 bee coesite ((rg(kyp)) of the Of space group. Another IR of

: . . : . Of[ 74(k allows us to describe thg-« cristobalite tran-
The combined ordering and displacive mechanisms ass%"l{liE;r?(vvlﬁ)e]rek coincides with thexl-ap((:int of the fec BZ
ciated with bee-coesite transition requires two distinct, eighty ¢\ 10

and six-dimensional IR’s of th©; space group: 7;,(k7)
@ 74(Kg) Where k,=¢(aj +a5+a%) is located inside the
bce BZ along theA line (Fig. 12). The equilibrium values of
the corresponding coupled order parameters are respectively, Although the CaGttype structure of SiQcan be simply
(%,0,0,0%,0,0,0 and(0,£0,0,0,0. The calculated lattice pa- obtained from the stishovite parent structure at a zone-center
rameters resulting from the assumed transition mechanisiiR [ 75(k17)] of the tetragonal BZ, which is commonly in-
are al.=bS.=8.2A, c=10.05A, andy=120°. The Volved in rutile-type structures, one can also describe this
difference with the experimental numbgrga®=b%,  Structure as resulting directly from the bcc structure. The

—7.17A, ¢ =12.38 A) is large, since one needs compres-Same IR[ 74(kq)] associated with the bcc-stishovite transi-

sions of about 13% along, b andc. tion, leads to CaGiSiO, but for different equilibrium values
' of the six-component order parametey,(7,,0,0,0,0). The
calculated lattice parametera,.=4.06 A, b,.,=2.9 A)

differ substantially from the experimental valti&ga®

The complex ordering and displacive mechanisms de- ex _ ex _ ;
scribed in Sec. Il A for the bcgg-quartz transition have the 4.09A, ciq=4.50 A, bG=3.79 A) and require us to

symmetry of the reducible representation(kg)® 74(K.) 00?75'83 ﬂle Improper - strainse, =e,=7.3%, e;=
1/.% * * 1% - . 0,66—8.8%.

where kg=3(aj +a; +a3) and k,=3a; corresponds, re-

spectively, to theA andZ, lines of the bcc BZ. The equilib- ,

rium values of the six-component order parameter transform- 7. bec a-PbOtype SiQ,

ing as 7;(kg) are (,0,08* 5,0,0), wheree* =e?13, The The mechanism involved in the beePbO, type SiG

effective components of the twelve-dimensional order patransition is associated with the same #®ky) than the

rameter related te,(k,) are(#n,—%,0,0,0,0,0,0,0,0,0)0The  bcc-stishovite transition. The additional ordering of the Si

calculated values found for th@-quartz unit-cell parameters atoms in hexagonal positions corresponds to ipkg) IR

area=4.81 A. andct=6.48 A. With respect to the experi- with the following equilibrium values of the six-component

mental value$(ag=5.45 A, cj*=4.99 A) it implies consid- ~ order-parameter;,0,0,%,0,0. The calculated orthorhombic

ering a large compression of about 30% alongytiais and  lattice parameters arep,=cf,=4.06 A and bf,=5.8 A,

an analogous decompression alang which compared to the experimental valtre$ (agy

6. bccCacClytype SiQ

3. beeB quartz
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TABLE I. Symmetry of the order parameters associated with the ordering and displacive mechanisms,
transforming the bcc parent structure into the S#uctures. Columng), (3), and(4) give (i) the irreduc-
ible representations corresponding to the ordefowumn (2)] and displacived columns(3) and(4)] mecha-
nisms, in Kovalev’s notatioriRef. 18, and in the international notation of the points and lines of the bcc
Brillouin zone.(ii) The equilibrium values of the order-parameter components. Note that the Bain deforma-
tion, which transforms as the zone-centér two-dimensional representation Eg is indicatedgajuartz and
B cristobalite but not for coesite where it is not a symmetry breaking deformation.

@ @ () (4)

Sio, Ordering Displacement Additional displacement
polymorphs
Stishovite
74(Kg) (N4)
(70000
Coesite 74(Kg) (N4) 71(k7) (A1)
(0»0000 (0007000
B quartz
71(Kg) (A1) 73(k1) (T, EQ) 74(Ka) (2 4)
[700 (¢* )0 0] (70 (p—7000000000D

Trydimite
71(Kg) (Ny1)
0n0—-70-7
B cristobalite

74(Ka) (2 4)
(p—7000000000D

71(Kg) (Ny) 73(k12) (', EQ)
00—-nnnmn (7 0)

CacCl, type
74(Kg) (N4)
(77,0000

a-PbQO, type
74(Kg) (Na4) 72(Kg) (A7)
(70000 (00700

=4.181 A, cf,=3.842 A, andbj,=4.617 A) require com-
pressions along, y, andz (e;=e,=2.9%, e3=17.9%) and
decompression along they direction (g= —4.4%).

can be assumed for Sj@lose packed cluster&t variance
with hcp of fcc packingswhich may form within the melt
when approaching solidification. A bcc cluster realises in the
simplest way the tetrahedral and octahedral distributions of
chemical bonds which constitute the basic motifs in SiO
polymorphs.

Tables | and Il summarize respectively, the order- It is shown in Fig. 13 that there is a simple connection
parameter symmetries and strain values which are involvetletween pressui, densityp, and the degree of occupancy
in the virtual transitions from the bcc parent structure to theof the bcc structure by oxygen atoms, and the correlated
various SiQ structure types. The magnitude of the improperinfluence of these parameters on the structural changes in
strains indicated in Table Il are only a rough estimate since
we have assumed the same bcc unit-cell parameder ( X - ! )
=29 A) for all the SiQ structures without considering the component)swhlch have to be taken into account in order to obtain
increase of hydrostatic compression with increasing pressurgi comc.ldence between the calculated and experlmenf[al values of

. L e lattice parameterst+ and — denote a decompression and a

The large deformations needed for a quantitative agreemer&Omloression respectively
with the experimental lattice parameters @mquartz andg ' )
cristobalite actually correspond to the standard values found,
for the Bain deformation in alloy$!! For coesite the re- ',

. . ' . polymorphs €xx=€1 eyy: € €,,7~€3 eyz:e4 €= €5 exy:ee
quired deformation reflects the strongly reconstructive char-

C. Density and degree of occupancy of the bcc structure

TABLE II. Magnitude of the secondary deformatioistrain

acter of the stishovite-coesite transformatisee Sec. I\ Stishovite 0.08  0.08 —0.02

Figure 13 depicts the connections, assumed in our apcoesite —0.127 -0.127 —0.127 0.131 0.131 0.131
proach, between the Sj@olymorphs and their common vir- g quartz —-0.345 0.31 0.038
tual parent structure. The possibility of a high pressure bcaridymite 0.062 0.062—0.133 0.037
configuration of Si@ molecules has been already suggested cristobalite —0.128 —0.128  0.213
by a numbers of authof8;?* as representing the closest $iO cacl, type 0.073 0.073-0.179 0.088
packing which may be obtained when increasing the presa-pbo, type —0.029 —0.029 —0.179 0.044

sure. It also represents the most realistic configuration that
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BCC

T+A | NpAyl N\ Nga,

B

G’:\nz (coesitej @ishov@ a-PbOz-typej
r r r

[ o ' < o ) ( )

Cristobalite Quartz CaCl,-type
L l | | {

Tridymite

=4

Cristobalite

domain 2
G
233 2.37 265 3.01 4.29 p (glend) i
]
L_ | | | >
0 10 30 100 P(kbar)

FIG. 13. Connection between the bcc parent structure and the
SiO, polymorphs described in the present work. The points of the
bcc Brillouin zone involved in the virtual transition mechanisms are
indicated by the current Greek symbols, as well as the respective
occupancies of the bcc unit cdltircled numbers The densities
and pressures corresponding to each structure are given at the bot
tom of the figure. 4

Gt ] e
FIG. 14. (a) Variation of the order-parameter magnitude across

a domain wall in the case of a single order-parameter component

(see text (b) Variation of the order-parameter magnitude across the

interphase between two phases associated with different order-
Barametersr; and{ from a common parent phasgsee text

SiO,. For the lowest pressure phagesstobalite, tridymite
one has the lower density 6f2.35 g/cni and the minimal
degree of occupancy=3. When increasing pressure by a
few kbars but below about 80 kbars the density increases t
2.65—3 g/cm and the degree of occupancy jumpsxte 2.

For pressure above 80 kbars, the density reaches its highq,%ose elements a®;; =3, (N;;N.,.— M, M) allows us
values of~4.3 g/cnt and one has a maximal occupancy of to write under the sirlrj1ple forms. e

x=1 for the oxygens in the parent structure. This close

correlation betwee, p, andx denotes an implicit morpho-

tropic character for the sequence of reconstructive transi- 2 XiXx;Dj;j=0 )
tions which take place along theP-axis: tridymite b
—cristobalite~quartz—coesite-stishovite-..., i.e., the the equations providing the geometry of the phase boundary

degree of occupancy of the bcc structure plays the role of petween phase 1 and 2. In E¢i), x; and x; are the
concentration in open systems such as solid solutions. space coordinates. Defining the invariattst,(D;;), D
=detD;)), and  J=(DyDy— D7) +(D D33~ D3y
IIl. RECONSTRUCTIVE PHASE TRANSITIONS +(D3gD1;— D2y, one can shofv that among the solutions
BETWEEN SiO, POLYMORPHS of Eg. (7) figure the two following cases:

(1) D#0, andDI andJ are of opposed sign. In this case

In this section we describe the mechanisms which can b ;
deduced from our approach for the quartz-coesite an{'® Phase boundary has the form of a conical surfa¢a)
coesite-stishovite transformations and the subsequent fe =0 and J<O: the phase boundary corresponds to a
tures of the corresponding interphase boundaries. Before, wiPUPIe of intersecting planes.
will briefly recall the formalism currently usétifor describ- If one assumes thick phase boundary between phases 1

ing interphases or twin boundaries, and underline some sp@nd 2, i-€., not reduced to one or two layers, there exists a
cific symmetry properties of the interphases at reconstructiv!"fac€Sn, inside the phase boundary, which corresponds to
phase transitions. a minimal deformation. Different situations can be described

with respect to the symmetry of the phase boundary and of
the surfaceS,,, depending on the dimensionality and sym-
metry of the order parameters describing the-1 andO

Let us consider a transition between two phases, denoted:2 phase transitiongi) Let us first examine the situation
1 and 2, which are structurally distorted with respect to avhere phases 1 and 2 are two different orientational domains
common parent phase, denoted|f (e;;) and (/) are the of the same phase, connected by a group—subgroup relation-
set of spontaneous strain components associated with the dghip to the symmetry of the parent pha®e If the order
formations of phase 1 and 2, respectively, then, following theparameter associated with tt@—1 (or O—2) transition
notation of Metraf? one can define the components of thehas only one componeny, then the volume limiting the
distortion tensors M;)=E+(e;) and (N;)=E+(e/), phase boundary has the symmetry of phasert 2 and is
whereE is the second rank unity tensor. The tensbr;J ~ symmetric with respect t&,. Figure 14a) shows thatz

A. Preliminary considerations
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=0 on the surfaces,,, whose symmetry corresponds to a
cross section of the parent pha3elf one deals with a mul-
ticomponent order parameter each domain may correspond
to a set of different equilibrium values of the order-parameter
components, therefore the interphase region may display a
symmetry different from the symmetry of phases 1 and 2.
For example, a parent phase of cubic symmetry may give
rise to orientational domains of symmeidyy corresponding

to the equilibrium values of three order-parameter compo-
nents: (#,7,7) and(z,—n,—7). In this case the interphase  FIG. 15. Cone-type surface separating two interphase regions.
has a different symmetr{e.g., tetragonalassociated with

the equilibrium valuegz, 0 0) of the order-parameter com-  ging the formalism developed in Sec. Il A and the val-
ponents. The symmetry of the surfagg is also tetragonal, ;65 of the strains given in Table II, one can calculate the
and coincides with a cross section of the tetragonally diSgecond-rank distortion tensorél(;) and (Ny;) for B quartz

tortgd cubic phqse. . ) .. and coesite, which yield the values of thg,{) tensor com-
(ii) Another situation occurs if phases 1 and 2 are differ-

ent phases associated with different order parameters fro onents:

the parent phase. When their symmetries correspolidifto

ferend subgroups of the parent symmetry, then the inter- —-0.21 025 0.25

phase will be asymmetric, and the volumes on each side of (Dj)=| 025 0.35 0.17]. (8)
S, have the respective symmetries of phase 1 and 2, as 0.25 0.17 0.93

shown in Fig. 14b). At the surfaceS,,, one shifts from one

to another set of order-parameter components in such a wagy gives D=0.13, | = —0.79, andJ=—0.36. HenceD #0,

that the symmetry 08, coincides again with the symmetry 5"~ and J<0. The phase boundary between the two
of a cross section of the parent phase. If phases 1 and 2 afgases is limited by conical surfaces, as shown in Fig. 15.

not group/subgroup related to phaSgthen the symmetries 1o symmetries of quartz and coesite do not correspond
of the interphase, on each sideS)f, will be the intersection 5

£ 1h ) £ oh 1 and 2 with th 0 subgroups ofoﬁ (see Sec. Il A Therefore the phase
of the symmetries of phases 1 an with the symmetry o oundary between the two phases should be asymmetric, and
the parent phase, respectively. This latter situation is realize

R C isplay a different symmetry in the region adjacent to each
at the S-quartz-coesite interphase boundary which is Ole'phase. One finds that the symmetry of the phase boundary
scribed in the following section.

should be monoclinicC, close to theg-quartz phase and
monoclinicC,;, close to the coesite phase. The intermediate
B. The B-quartz-coesite reconstructive transition region of the interphase surrounding tBg plane should
possess a highdéorthorhombi¢ symmetry corresponding to

From the analysis of th@-quartz and coesite structures 5 gain_geformed cross section of the parent bee phase.

presented in Secs. Il A and Il B, one can infer the following
mechanisms for theg-quartz-coesite transformatiéfy.?®

Both structures have the same occupancy of the bcc unit cell C. The coesite-stishovite reconstructive transition
(x=2/3) but display different types of orderings correspond-

. - . From coesite to stishovite the occupancy of the bcc struc-
ing to distinct order-parameter symmetries;(kg) for B

: A X ture changes from= % to x=1. The corresponding reorder-
quartz andry (k) for coesitg. It implies that the reordering j,q of the silicons bring all the atoms to their bee positions.
mechanism from one to the other structures requiliéf- 11,5 in contrast with the quartz-coesite transformation

sion, i.e., the quartz-coesite transformation should exhibit &y hich requires a limited diffusion within each unit cell, the
sluggish kinetics. coesite-stishovite transformation mechanism implies a large-

After the ordering process, the oxygen ionsAmuartz  gqqie giffusion process which empties p@jtof the bec unit
are organized in specific hexagonal planes, perpendicular {15 and fills2 of the remaining unit cells. The important
the six fold axis of thes-quartz structure. The three Consecu-jncrease in density at this transformation reflects its diffusive
tive planes which form the three-layered quartz structure argay e and its strongly reconstructive character, which is at-
shifted in directions forming angles of 120°. Within the co- tested by the large value found for the enthapy:AH
esite structure the atoms located in the preceding planes al1170 cal/mol although the entropy jump is moderate:
displaced in different directions in such a way that no regularAS~ 1 caI/km'oI. Note that the resulting stishovite struc-

der_ll_seglplallrer:emalr;]s In ;he c_oeS|tehstructL_|re.h . £ th ture is practically free from deformation with respect to the

able Il shows that there is a change in the sign of the,gqmed bec structure, since the strain components reduce to
deformation with respect to the bcc structure alongzthgis, 2% for e; and 8% fore; ande,, as shown in Table Il

from 0.31 inB quartz to—0.127 in coesite. Correlatively the Using the numbers given i’n Table Il one finds for the
deformatione, decreases from-0.345 to 0.127. The relative distortion tensors

volume per mol decreases froMa"™=22.69 cni/mol to

V&= 20.64 cni/mol which denotes a moderate reconstruc-
tive character. This conclusion is supported by the values of 0.873 0.131 0.131
the jumps in enthalpy and entropy found experiment&lly. (Mij)coes=| 0-131 0.873 0.131],

AH=320 cal/mol andAS= — 1.2 cal/kmol. 0.131 0.131 0.87
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1.0800 domain2 .z (a)
(Nij)sticn=| 01.080]. 9 [012] ¢

0.00.9 N
One can see that the nondiagonal distortion components van- X [021]
ish at the coesite-stishovite transformation, whereas the di- N\ -

ibi i 201] K domain 1
agonal components exhibit a small jump. From E).one domain 3 \
can deduce thelY;;) tensor: ol \ o7
By T a

—0.246 04 —0.246] , (10
—0.246 —0.246 0.146

which yieldsD = —0.062,1 =0.964, and)=0.11. Hence the
coesite-stishovite phase boundary is limited by cone-type
surfaces shown in Fig. 15. The region adjacent to coesite has
again the monoclinic point-group,y, . On the other hand the
stishovite structure coincides with a subgroup@j(D3

and therefore the region of the phase boundary adjacent to

04 —0.246 —0.24 )/
(Dij):( 7

the stishovite phase has a tetragonal symmetgy. The -

surfaceS,, dividing the asymmetric coesite-stishovite phase ;

boundary corresponds to a shifting from the bcc-coesite [100]

[71(k7)] to the bcc-stishovitd 74(kg)] order parameters,

namely from the equilibrium valuegg0 000 Q to (y — 7 FIG. 16. (a) Orientational domains corresponding to the cubic

0 0 0 O of the order-parameter component. Thus, the atomslrections[021] (domain 3, [012] (domain 2, and[201] (domain
are shifted, with respect to the cubic positions, according t®). (b) Geometrical parameters of the conical domain wall be-
the nonzero order-parameter componédmt® 0 0 0 0. Tak-  tween the domains 3 and 1.

ing into account the change in concentratign<1) and the

difference of the distortion tensof40), one can conclude 0 0 0

that the phase boundary between coesite and stishovite (Dj)=|0 1287 -0.151 (12
should display and inhomogeneous structure, i.e., its lattice 0 —-0.151 -—1.287

should be macroscopically distorted and its structure disor- )

dered. corresponding td =0, | =0, andJ= —1.679, therefore the

domain wall between the domains 1 and 2 is formed by two
intersecting planes. Let us note that the domain 3 corre-
sponding to the cubic directidr201] in Fig. 16a) is associ-

An indication in favor of a parent bcc structure for quartz ated with a distortion tensor with respect to, let say, the do-
can be found in the existence of the so-called Japanese twingain 1:
observed inB and a-quartz® Following our description of
the bcc-g8-quartz transition, the orientation of the sixfold ( 0.43 0 0.076>

(Dij)=

D. The Japanese twins of quartz

axes inB quartz_should correspond to cubic directions such 0 —045 -0.88]. 13
as[120] and [012] [Fig. 16@] which transform one into 0.076 0.027 1.66

another by the cubi€ axis, and to the directiof201] ob- ] ]
tained by a fourfold rotatioi€Z . Furthermore, the structure 1 erefore one find®=-0.31,1=1.64,J=—0.256, i.e., the
of the domain walls separating Japanese twins should reerE‘Trm of the domain wall 3-1(as well as 3-2 will not be

the structure of the parent bee phase, i.e., it should corrglianar but conical the axis of the cone being oriented along

spond to a Bain-deformed section of the bcce structure havianeT[OE’;] cubic dwictlon, as shov]:/nhln E'g' 9. b
on average a planar orthorhombic symmetry. o determine the structure of the domain wall between

The calculated values of the strain tensor componentg"e dgmaéns 1”a;nd ﬁ %ne can refer to _the rr11_eh(;han|srrr11 pro-
given in Table Il for8 quartz allow to deduce the distortion P0S€d in Sec. Il for the begs-quartz transition. This mecha-

tensors for two Japanese twins oriented alf@®1] (domain nism involves two distinct, twelve and six-dimensional, or-

1 and[012] (domain 2. One finds der parameters having th_e symmetriﬂ§k4) and 74(kg),
respectively. The twelve-dimensional order parameter under-
10 0 goes at the middle surfac®, a cross-over from the equilib-
(M;)!=| 0 0.655 0.0385|, rium values ¢7— » 00 00 00 00 OPto (00 00 00 00— 77 00)
: 0 00385 1.31 when going from one to the other domain. Therefore, it van-
ishes onS;,, and does not affect the form of this surface. By
1 0 0 contrast the six-dimensional order parameter goes from the
2 _ value (7 00(s* )00) to ((ez)n 00 % 0). Hence on thes,,
(Nij)“= ( 8 1—.?(’)10385 0 2'505385) ’ (19) surface,; and 5, exhibit a jump of*(%—e* ). Conse-

quently S, will have the symmetry of detragonal cross
which yield section of the parent bcc structure, corresponding to the equi-
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jumps of = (7, — n,) without changing sign. Accordingly,

the S, surface, as well as the domain wall between the do- APPENDIX

mains 1 and 2, should be deformed along yhrend z axes. ] ) ) )
In this appendix we summarize the procedure used in Sec.

Il B for determining the order-parameter symmetries corre-

sponding to a given transformation from the bcc phase. As
In summary, it has been shown that the whole set of stablén illustrative example we consider the bcc-stishovite transi-

structures pertaining to the pressure-temperature phase di#en which involves the space-group char@g—D3; and a

gram of SiQ can be deduced from a common bcc parenfourfold multiplication of the bcc unit cell.

structure, through ordering and displacive mechanisms. For a The connections between the basic vectors of the stisho-

quantitative agreement with the experimental numbers obvite (as;,bs,Cs) and bee €q,a,,a3) unit cells are given by

tained for the lattice parameters, additional secondary strairlsd. (1) (Sec. Il A). From this equation one can deduce the

have to be taken into account. The existence of a commo#ansitionk vector as follows: k satisfies the set of equa-

reference bcc structure allows to describe the mechanism dibns exgik - agy = exp{ik - bgj =expik- ¢ =1, or equiva-

the actual reconstructive transformations between quartz ardently (k-ag) =27n, (k-bg)=27n, (k-cs)=2mn, wheren

coesite, and between coesite and stishovite. It gives also the an integer. Writingk under the general fornk= aa}

possibility to predict the form and symmetry of the phase+ gaj + ya} , wherea} , a}, andaj are the basic reciprocal

boundaries between the preceding phases. bcc lattice vectorgexplicited in Sec. Il B, yield the system
Such considerations lead also to a possible interpretatiopf equations: a+8=0,1..., a—B=0,1...; a+B+2y

of the pressure-induced amorphous phase, which has been0,1.... This system possesses only two acceptable solu-

termed a-SiO, (Ref. 28 obtained froma quartz, coesite, tions: (a=pB=1/2, y=0) and @=B=0, y=1/2), which

and stishovité>*° In contrast to the crystalline Sistruc-  correspond  to  the two wave vectorsk,=3a}

tures, which are shown in our model to correspond to frac— (7/a, 7/a,0) and k,=3(a* +a%)=(=n/a,— m/a,0). k
12 ' ' 2\ 73 ) AYR 1

tional occupancies X=3,3,1) of the bce structure the angk, are actually twobranchesof the star of the wave
a-SiO, structure may be associated with irrational values of gt ft denotedk? in Kovalev's tables® k% , which coin-
X, varying continuously between the fractional numbers. Thig;qes with theN-point of the bce Brillouin zone shown in

idea is supported by the linear incres%se in density with ingjq 12 s invariant by the symmetry operations of the point
creasing pressure, measuredairSiO,," and by the obser- roup Dy, (Mmm. Therefore the number of brancheskdf
vation that this densification occurs with an increase of theg given by the ratio: [Order ofO,,]/[Order of D, ]=6

coordination number, which va&ges from 4 to 6 through in-
termediate coordination value, including a fivefold 2 3 a
coordinatior?? In this respect it can be noted that thesio, ~ — (7/&:7/a,0), kg=(r/a,=/a,0), kg=(m/a,0,m/a), kg
phase is more easily obtained from crystal structégesrtz, — (7/a0~@/a), kg=(0m/a,m/a), and ke=(0,m/a,
coesite in which the tetrahedral coordination is deformed. _77/_3)- ) ] ] ] )
Along the same line, the existence of vacancies in the bcc Since the point-groufd,, has eight one-dimensional ir-
lattice, assumed in our model, should favor the amorphizat€ducible rgpresentanor(ﬂ?’sé), one can construct the eight
tion process, since it allows an uncorrelated aggregation ctix-dimensional IR’s of th®; symmorphic space group as-
SiO, clusters, which may lead in the intermediate region ofSociated withkg using the standard procedure described, for
the phase diagranx& 2) to the formation of microcrystals €xample, in Refs. 11 and 18. These IR’s, which are denoted
possessing differently ordered and deformed structures withii(Kg), 72(Ko),...,7g(Kg) induce a number of symmetry
respect to the parent bce structures. Such microcrystals haggoups, subgroups @, which have been tabulated in Refs.
been observed by electron microscopy in the amorphizatiod4 and 35. One can verify in the tables that the only IR
process ofx quartz>® Accordingly thea-SiO, phase can be which leads to the stishovit®li symmetry is7,(ko). It
interpreted as an assembly of microcrystalline regions ineorresponds to the equilibrium values of the six-component
volving different types of coordinations, which is incompat- order parameter: 7;=— 7,=7#0, 73= 4= 175= 7=0,

ible with a crystalline order. as indicated in Refs. 34 and 35.

IV. SUMMARY AND CONCLUSION

The six branches ofk§ have the coordinateskg
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