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Twinning in MgSiOJ Perovskite 

Crystals of MgSi03 perovskite synthesized at high pkmrcs and adampenavq + 
orthorhombic symmetry under ambient conditions. Examination by transmmmn 
electron microscopy shows that the mi- of crgstals synthesized at 26 
gigapascals and 1600°C is dominated by a large number of twin domains that arc 
related by dection operations with respect to (112) and (110) planes. lhese twins 
may be associatectwith the ~ n n a t i o n s  of MgSi03 pemvskite tiam the cubic to 
tetragod and tetragod to orthorhombic phases, resptiveiyy upon Mi 
pressure and temperatwe. These observations suggest that under the arpaimcntal 
synthesis conditions, and perhaps in the d y s  lower mantle, the stable phase of 
MgSiOg might have the cubic peromkite structw. 

compositions and perovskite-type 
.structures undergo sequences of 

crystallographic phase transitions (1) h m  
high- to low-symmetry forms on decreasing 
temperature, for example, SrTi03 (2), 
CsPbCI3 (3), NaMgF3 (4), and CaTiO3 (5). 
These transitions & commonlv associated 
with dramatic changes in magn&ic, electric, 
thermal, and elastic properties and thus are 
of great interest in materials science and 
condensed matter physics. Optical and elec- 
tron microscopy studies indicate that twin- 
ning is the predominant microstructural fea- 
ture in the lower symmetry polymorphs of 
these pemvskites, and the presence of these 
twins may have important consequences for 
the physi&il propemes of these &erials (6). 

Hq&-pressure, high-temperature experi- 

Mineral Physics M m n ,  Evth and Spaa SciaKs 
State Univasity of New Yo& at Stony Brodg 

ments suggest that (Mg,Fe)Si03 perovskite 
is the dominant phase of the earth's lower 
mantle [pressures above 23 g i g a p d  
(GPa) and depths of 670 to 2900 km (7)] 
and, therefore, probably tfie most abundant 
mineral of our planet X-ray diflkaction stud- 
ies of specimens recovered h m  the experi- 
ments Lve revealed that at ambient &di- 
tions the crystal structure is orthorhombic 
(space group Pbnm) and isommud with 
the GdFe03 structure (8); these specimens 
have also becn studied by vibrational spec- 
troscopy (9), x-ray absorption spect~lscopy 
(lo), electron dBraction (ll), and high- 
mlution electron microscopy (12). ~ o s t  
of these analyses have been perhrmcd under 
conditions at which MgSi03 perovskite is 
thermodynamically memsmb1e.-under laser 
irradiation (9) or heating above 150°C (13) 
at 1 bar, smgle crystals have been observed 
to twin and then ra~idlv to amomhize. 
Application of mnhydk&tic stress & can 
cause twinning in single crystals (14). In this 

report, we characterize the observed twin 
laws in MgSi03 perovskite by transmission 
electron microscopy (TEM) and discuss the 
implications of twinning for the physical 
behavior and possible polymorphism of per- 
ovskite in the mantle. 

We synthesized polycrystahe specimens 
of MgSi03 perovskite (0.9 mrn in diameter 
and 1.5 mm in length) h m  enstatite pow- 
der starting material in a 2000-ton uniaxial 
split-sphere apparatus (USSA-2000) (15) 
tbllowing cell designs and techniques devel- 
oped by It0 and Weidner (16) but without 
adding water to the capsule. Samples were 
elevated to 26 GPa and 1600°C for 0.5 to 2 
hours and either quenched immediately or 
cooled to 1200°C at a rate of 30°C per 
minute before quenching. Thin foils were 
prepared by Ar ion-milling of thin sections 
(17) for observation in a JEOL 200CX 
transmission electron microscope that was 
operated at 200 kV. Electron difti;ction 
confirmed that the recovefed MgSi03 pcr- 
ovskite is isosauctural with GdFe03 (space 
group Pbnm). The lattice dimensions are 

Fig. 1. (A) s d d - a r e a  electron diffnaion 
SAED) pattcm of MgSiO, perovskitc showing 5 ( 12) miming. DiEraction spots (100, and 014) 

wmsponding to the twinned (t) crystal are indi- 
cated. (B) Schematic of d i fkxhn  pattem in (A). 
Solid circles are difhaion spots h m  a single 
crystal domain; open cirdes are spots attributed 
to (T12) twinning. Patterns viewed aIong the 
[IT01 zone axis of the matrix (solid spots). Half- 
filled symbols reprcscnt overlapping spots. 
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Fig. 2. Electron micrograph of MgSi0, perovs- 
kite showing {I121 twin domains, viewed along 
the [02i] zone axis. The trace (tr) of two planes 
(PLN) are indicated; all the twin boundaries are 
{112) type. Narrow twin domains amorphized 
at a faster rate than did the matirx, which is now 
strained after the amorphization process. Note 
also the straight fringes in the [112] direction 
(DIR) at lower right. Sample quenched from 
1200°C. 

consistent with earlier x-ray cyrstallographic 
analyses, that is, a is 4.78, b is 4.93, and c is 
6.90 A (8). 

All of the crystals contained numerous 
twin domains. The twinned crystals pro- 
duced electron diffraction patterns that ap- 
pear to be inconsistent with the Pbnm space 
group because of the presence of an addi- 
tional set of diffraction spots that are gener- 
ated by a mirror operation across the (112) 
plane (Fig. 1). Twinning also has developed 
elsewhere on other symmetrically equivalent 
(112) planes, for instance (112) and (1i2). 

In general (Fig. 2), the (112) twins appear 
as lamellar features parallel to the (1 12) and 
(i12) planes (1 8). Twin boundaries (that is, 
domain walls) are somewhat distorted but 
mostly parallel to low-index crystallographic 
planes [{112), {110), (100) or (OlO), and 
(OOl)]. Symmetrically equivalent (1 12) twin 
domains commonly occur together in the 
same area and intersect at 120" (Fig. 2). 

Theoretical patterns of the (112) twins 
(Fig. 3) accurately reproduce diffraction pat- 
tems observed by Madon et a1 (11) in 
Mgo.93Feo.07Si03 perovskite. Thus, our re- 
sults confirm the suggestion that this twin- 
ning is the cause of the apparent doubling of 
the unit cell of the (Mg,Fe)Si03 perovskite 
(21). 

Twinning on (110) planes results from 
the interchange of the a and b axes (Fig. 4). 
In MgSi03 perovskite, the orthorhombic 
distortion from tetragonal symmetry is suffi- 
ciently large (alb = 0.969, significantly dif- 
ferent from 1) that the individual spots 
resulting from this interchange can be clear- 
ly observed. The resultant pattern (Fig. 4A) 
is identical to that calculated (Fig. 4B) by 
reflection with respect to the (1 10) plane. 

Domain walls for the (110) twins are 
generally (110) planes that intersect to form 

Fig. 3. Theoretical diffrac- 
tion patterns of coexisting 
(112) and (f12) twins. 
Solid circles are spots of 
the manix, open circles 
due to (112) twinningand 
open squares due to (112) 
twinning. (A) and (B) are 
paErns viewed along the 
[ 1 1 3  ([OlO],) and [021] 
([I 1 I],) zone axes, respec- 
tively, of the ma& (pc, 
pseudocubic). In both cases 
the whole pattern shows an apparent cubic symmetry [spots form square array in (A) and hexagonal array in 
(B)], and thus may be indexed as a cubic structure with a unit cell dimension of 6.9 A. Compare with 
figures 2 and 4A of Madon et al .  (12). 

Fig. 4. (A) SAED pat- 
tern showing (110) 
twinning. Notice coex- A 0211 
isting 021,- and 101- 0201 

type spots and splitting 
of the 200- and 020,- 
type and 202- and 022,- o e o @ o  e  0 

type spots. (B) Schemat- 002 
ic of diffraction pattern 
in (A). Solid circles dif- 
fraction are spots from a 
single crystal domain; o o o o o o o  
open circles are spots 
due to (1 10) twinning. 

right-angled domains (Fig. 5). Theoretical- 
ly, the curvature of the domain walls near 
the domain comers (see arrows in Fig. 5) 
can be used to provide a measure of elastic 
constants of the material (1 9). The curvature 
of the twin walls suggests stress release 
during their formation (19), which could 
have been a consequence of either transfor- 
mational or deformational processes; there- 
fore, (110) twins are most likely formed 
duriig cooling and unloading, not during 
growth. 

Similar twinning has also been found in 
several other materials isostructural with 
MgSi03 perovskite. The (110)-type twins 
have been the most commonly observed [for 
example, in CsPbC13 ( 4 ,  rare-earth titanates 
and ferrites (24, and in the high-pressure 
phases of CaGe03 and MnGe03 produced 
in a large-volume apparatus or diamond- 
anvil cell (20)l. The (112)-type twins have 
been observed in CsPbC13 ( 4 ,  LaTi03 (22), 
and CaTi03, CaGe03, and MnGe03 [(20); 
also see (23)l. These (112) reflection twins 
have often been described as rotation twins. 
For CaTi03, however, two of the three twin 
relations (23) [namely the twins that have 
been previously described by a 90" rotation 
about the normal to (110) and by a 180" 
rotation about the normal ro (112)l are 
unequivocally (1 12) reflection twins. 

The occurrence of the (112) and (110) 
twins is a direct consequence of structural 
distortions in MgSi03 perovskite relative to 
the "ideal" perovskite structure. In the ideal- 

ized structure, eight corner-sharing Si06 
octahedra form a cubic framework, and the 
Mg cations are located in the central dodeca- 
hedral cavities (Fig. 6A). The structure is 
cubic (space group Prn3rn); a, = 3.5 A (C 
refers to a cubic unit cell). At ambient 
conditions, MgSi03 perovskite is distorted 
from cubic, but because the distortion is 
slight, the orthorhombic structure has a 
pseudotetragonal (a = b = a a , )  and a 
pseudocubic symmetry (c = 2ac). 

The orthorhombic distortion can be de- 
scribed by two tilts of the Si06 octahedra 
from the ideal cubic structure (24). The first 
is a rotation of the octahedra by a small 
angle about the [OOl], axis. Each parallel 
string of octahedra along the [OOl], axis is 
rotated by the same angle, and adjacent 
strings are rotated in the opposite sense 
(Fig. 6B). The originally perfect cube be- 
comes a pseudocube (pc), and the structure 
has tetragonal symmetry (tetr; space group 
P4/mbm). Such a tilt can take place along any 
of the three <loo>,-type axes. In the te- 
tragonal phase, any two adjacent domains 
resulting from tilts about two perpendicular 
axes (say, [100], and [OOl],), are related by 
a reflection operation [for example, across 
the (101), plane, which is equivalent to the 
(1 1 l),,,, plane, or approximately the (1 12) 
orthorhombic plane]. This reflection opera- 
tion is one of the symmetry elements lost 
during a transition from cubic to tetragonal 
symmetry. Twinning can form on three 
symmetrically equivalent (1 12) planes be- 
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Fig. 5. Reprgentative {I101 twin domains with 
(1 10) and (1 10) domain boundaries. Notice the 
distortion (curvature) of the twin boundaries near 
the domain corners (arrowheads). Same sample as 
shown in Fig. 2. 

cause there are three ~otential axes of tilt in a 
cubic unit cell. When two twin relations 
with independent twin planes are present, 
the crystal aggregate possesses reflection op- 
erations across (1 12); as a result, diffraction 
patterns from the aggregate show an appar- 
ent cubic symmeuy (see Fig. 3 and discus- 
sion above). 

The second tilt is a similar rotation along 
[110],, (Fig. 6C). The new pseudocubic axes 
become nonorthogonal and the fourfold 
symmetry in the (OO1),etr plane is replaced 
by twofold symmetry. The structure be- 
cbmes orthorhombic . (space group Pbnrn). 
This type of tilt can also take place about the 
[liO],, axis. Any two adjacent domains that 
result from tilts about the [ 110],, and [ liO],, 
axes are related by a reflectibn across the 
(100),, plane, which is equivalent to the 
(110),,,, plane and approximately the or- 
thorhombic (110) d lane. Because there are - , L  

two potential tilt axes in a tetragonal unit 
cell, there are two symmetrically equivalent 
(1 10) twins, namely those on (1 lo),,,, and 
(1iO)tetr (25). 

All distorted perovskites should eventual- 
Iv transform to the ideal cubic structure on 
increasing temperature, provided that melt- 
ing or decomposition does not occur before 
the transition. Polymorphism in perovskite- 

structure materials is almost inevitably asso- 
ciated with twinning (7, 22). In CsPbCI3 
(7), the {110) twinning has been ascribed to 
a transition from tetragonal to orthorhom- 
bic symmetry. The {112) twins in CsPbC13 
perovskite are not affected by heating 
through the orthorhombic-tetragonal tran- 
sition, but they disappear at temperatures 
above the tetragonal%bic transition; this 
pattern is consistent with our geometrical 
interpretations of the (1 12) twinning. When 
~ a ~ b q  ~erovskite is heated above its ortho- - L 
rhombic-tetragonal transition (5) and then 
cooled down to room temperature, the den- 
sity of {110) twins increases dramatically 
(20). High-temperature TEM study of 
NaNb03 perovskite has shown that the (1 12) 
and {110) twins are associated with cubic- 
tetragonal and tetragonal-orthorhombic 
transitions, respectively (27). 

By analogy with these isostructural mate- 
rials, we suggest that the (112) and (110) 
twins observed in our specimens of ortho- 
rhombic MgSi03 perovskite are associated 
with the transformations from cubic to te- 
tragonal and tetragonal to orthorhombic 
symmetry, respectively. Theoretically, these 
transitions should produce domain walls in 
a limited number bf "permissible" orienta- 
tions (27), which are consistent with our 
experimental findings in MgSi03 perov- 
skite. Moreover, TEM observations on ana- 
log perovskites (20, 26) indicate that twin 
walls induced by phase transitions are mor- 
phologically different from those induced by 
deformation; deformation twins are prefer- 
entially oriented because of the presence of 
nonhydrostatic stress and irregular in shape 
because of interactions with dislocations and 
stacking faults. Furthermore, the increase of 
twin density with quench temperature (18) 
makes it unlikely that the twins are produced 
by growth or deformation. 

The observed (112) and (1 10) twins and 
microstructures therefore suggest that under 
the synthesis conditions (26 GPa, 160OoC), 
MgSi03 was within or close to the cubic 
perovskite stability field. This inference is 

Fig. 6. (A) The ideal cubic 
perovskite structure view- 
ed along [OOl],. Open cir- 
cles are Mg atoms; Si and 
0 are not shown individ- 
ually but are represented 
by SiOh octahedra. Unit 
cell with dimension a, is 
defined bv middle ~oints  
of the fo"r octahedia. (B) 
Tilting of SiOd octahedra about [OOl],. Tetragonal unit cell is defined by square ABCD. The perfect 
cube in (A) becomes a pseudocube (dashed square), the dimensions of which in the plane are a,,, 
slightly shorter than the third dimension c,,, which equals a,. (C) Tilting of octahedra about the [110],, 
axis [vertical diagonal of dashed square in (B)]; Mg atoms are displaced accordingly. Orthorhomb~c 
(orth) unit cell is still ABCD, which is now a rectangle with BC (aonh) slightly shorter than AB (bonh). 
The third dimension of the unit cell is doubled, cOnh ;= 2ac. Other layers can be generated by a mirror 
plane parallel to the page. Atomic displacements are not drawn to scale. 

supported by the theoretical calculations of 
Wolf and Bukowinski (28), who have com- 
puted the stability fields for the orthorhom- 
bic, tetragonal, and cubic MgSi03 perov- 
skite polymorphs. Because these laborato- 
ry conditions are comparable to those esti- 
mated for depths of about 750 krn in the 
earth's interior, our data imply that cubic 
(Mg,Fe)Si03 perovskitemay bethe dominant 
mineralogical phase in the lower mantle. 
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GT- 1 Binding Site Confers Light Responsive 
Expression in Transgenic Tobacco 

Light-dependent expression of rbcS, the gene encoding the small subunit of ribulose- 
1,5-bisphosphate carboxylase, which is the key enzyme involved in carbon fixation in 
higher plants, is regulated at the transcriptional level. Sequence analysis of the gene has 
uncovered a conserved GT motif in the - 150 to - 100 region of many rbcS promoters. 
This motif serves as the binding site of a nuclear factor, designated GT-1. Analysis of 
site-specific mutants of pea rbcS-3A promoter demonstrated that GT- 1 binding in vitro 
is correlated with light-responsive expression of the rbcS promoter in transgenic plants. 
However, it is not known whether factors other than GT- 1 might also be required for 
activation of transcription by light. A synthetic tetramer of box I1 (TGTGTGGTTAA- 
TATG), the GT-1 binding site located between -152 to -138 of the rbcS-3A 
promoter, inserted upstream of a truncated cauliflower mosaic virus 35s  promoter is 
sufficient to confer expression in leaves of transgenic tobacco. This expression occurs 
principally in chloroplast-containing cells, is induced by light, and is correlated with 
the ability of box I1 to bind GT- 1 in vitro. The data show that the binding site for GT- 
1 is likely to be a part of the molecular light switch for rbcS activation. 

T HE ELUCIDATION OF THE MOLECU- 

lar mechanisms for light-responsive 
gene expression is an important step 

toward understanding photomorphogene- 
sis. While the mechanism by which the 
photoreceptor phytochrome transmits its 
signal remains unknown, analyses of light- 
regulated genes in transgenic plants have 
demonstrated that the promoter region of 
many of these genes harbors DNA elements 
for light-responsive expression (1, 2). In 
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addtion, the promoters of several vbcS 
(genes that encode the small subunit of 
ribulose- 1,5-bisphosphate carboxylase) dl- 
rect expression preferentially in chloroplast- 
containing cells (3, 4). Thus, the promoter 
for rbcS contains genetic information for 
light responsiveness as well as for cell speci- 
ficity. In vitro studies with plant nuclear 
extracts have identified GT-1 (5 )  and a G- 
box factor (6) as nuclear proteins that inter- 
act with light-responsive promoters. The 
binding of GT-1 has been mapped to con- 
served elements termed box I1 and box I11 in 
the upstream regions of vbcS promoters from 
many dicotyledonous species (1, 5 ) .  Site- 
specific mutations in box I1 and box I11 
result in a loss of GT-1 bindlng in vitro and 

are correlated with the attenuation of the 
vbcS-3A promoter function in vivo (7). In 
addition, a 116-base pair (bp) fragment, 
from - 166 to - 50 of vbcS-3A, containing 
box I1 (5'-GTGTGGTTAATATG-3') and 
box I11 (5'-ATCA'ITITCACT-3'), is able 
to confer light responsiveness to the cauli- 
flower mosaic virus (CaMV) 35s  promoter 
truncated at -46 (8). These studies show 
that GT-1 binding is likely to be necessary 
for the light-dependent activation process 
under our assay conditions. However, 
whether GT-1 alone is sufficient or binding 
of additional factors to the 116-bp fragment 
is also required for light-responsive gene 
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Fig. 1. Activity of rbcS-3A box I1 and as-I tetra- 
mers in transgenic tobacco. Activity is expressed 
as picomoles of 4-methylumbelliferone produced 
per minute per milligram protein, with 4-methyl 
umbehferyl glucuronide as substrate (15). Data 
from five to ten independent transgenic plants for 
each construct are shown. RbcS-3A box I1 se- 
quence (-152 to -138) is TGTGTGGTTAA- 
TATG and its mutant sequence is TGT- 
GTCXJTAATATG, with the mutated bases un- 
derhed (12). Activation sequence-1 (as-I) is de- 
rived from the -82 to -62 region of the CaMV 
35s promoter upstream sequence and has the 
sequence CTGACGTAAGGGATGACGCAC. 
The sequence of its mutant derivative is C T G a  
GTAAGGGATaCGCAC, with the mutated 
bases underlined (13). Tetramers of box I1 and its 
mutant derivative are designated 411 and 4IIm, 
respectively. Tetramers of as-I and its mutant 
derivative are designated 4ASl and 4ASlm, re- 
spectively. All tetramers were synthesized with a 
Hind I11 site on the 5' end and an Xho I site on 
the 3' end. These sites were used for cloning of 
the tetramers into the X-GUS-90 vector, as de- 
scribed in the text. Construct 1, X-GUS-90; 
construct 2, 411-90; construct 3, 411111-90; con- 
struct 4, 4AS1-90; construct 5, ASlm-90; WT, 
nontransformed tobacco. Each dot represents the 
activity of an independent transgenic plant. 
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