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Flux growth of single crystals of MgGeO3 polymorphs
(orthopyroxene, clinopyroxene, and ilmenite) and

their phase relations and crystal structures
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Abstract

Three kinds of MgGeO3 pyroxene single crystals of l-10 mm size were grown by the flux
method: an orthopyroxene, a clinopyroxene and a "clino-from proto" phase. The lattice
parameters and the space groups are (l) orthopyroxene: a : 18.8099(12), b = 8.9484(8), c =
5.3451(4)A, Pbca, (2) clinopyroxene and (3) "clino-from proto" phase: a : 9.6010(8), , :
8 .9323(6) ,  c :5.1592(5)4.B:  101.034(9f ,  C2lc.The phase re lat ions of  MgGeO3 were
studied in the temperature range 655-1030'C and in the pressure range 0-55 kbar. The
boundary between orthopyroxene and clinopyroxene was determined as I: 810'C + 3.8
P(kbar), where the high-pressure and low-temperature phase is monoclinic. Single crystals
of ilmenite-type MgGeO3 (up to 100 prm in size) were also grown in association with the
pyroxene -+ ilmenite transformation at 55 kbar, using the flux-grown mm-size orthopyrox-
ene or clinopyroxene MgGeO3 single crystals as starting materials.

Introduction

Pyroxene is one of the important constituent minerals
of the earth's crust and upper mantle. Ito (1975) has
established a crystal-growth technique particularly suit-
able for growing enstatite (MgSiOr). Orthoenstatite single
crystals provided by Ito have been successfully used for
detailed structure analyses (Sasaki et al., 1982) and for
Brillouin scattering measurements (Weidner e t al., 197 8).
Germanates are generally used as geochemical models of
silicates. They often display the same phases as silicates
but at lower pressures more easily achieved in the labora-
tory. However, the phase relationships of germanate
pyroxenes such as MgGeO3 have not been studied in
detail nor has the growth of single crystals of germanate
pyroxenes been reported. Large single crystals of ger-
manate pyroxene are useful as starting materials to obtain
single crystals of high-pressure phases as well as for
physical property measurements.

Previous studies have demonstrated that MgGeO3 ex-
hibits phases isomorphic to those of MgSiO3. Roth (1955)
reported the synthesis of an orthorhombic phase isomor-
phic to orthoenstatite. Robbins and Levin (1959) reported
the synthesis of a monoclinic polymorph of MgGeO3 in
addition to the orthorhombic form. In contrast to the
MgSiOr system, they concluded that the monoclinic phase
is the high-temperature phase (above 1555"C). Further-
more, they reported that the germanate melts congruently
at 1700"C which also differs from the behavior of the
silicate pyroxene.

High-pressure transformation of MgGeO3 pyroxene

into the ilmenite structure was first reported by Ringwood
and Seabrook (1963), and later by Kirfel and Neuhaus
(1974) who determined phase boundaries among ortho-
rhombic, monoclinic and hexagonal (ilmenite structure)
phases.

This paper reports growth oflarge single crystals (1-10
mm size) of MgGeO3 pyroxene in air by the flux method.
Based on morphological observation and X-ray diffrac-
tion measurements on the synthesized single crystals,
phase relations at atmospheric pressure between ortho-
rhombic (two orthorhombic phases) and monoclinic poly-
morphs in MgGeO3 pyroxene are discussed in detail.
Preliminary results of high-pressure and high-temperature
experiments using single-crystal MgGeO3 pyroxene pre-
pared in the present study as starting materials are also
reported.

Crystal growth and phase relations

We adopted a flux method to grow single crystals of
orthorhombic phase of MgGeO3. Single crystals of MgSiO3
orthoenstatite have already been grown by Ito (1975)
using such a method. We followed his procedure, includ-
ing the chemical composition of the flux (LizO = 51.7
molVo, MoO3 : 42.3 molVo, YzOs : 6.0 molVo) and the
temperature range for growth.

Reagent grade MoO3, LizCOt, VzOs, MgO, and GeO2
of 99.999Vo were used as starting materials. MoO3,
LL2CO3, and VzOs were for flux and MgO and GeO2 were
for nutrient. Mixtures of these were heated in air at 955"C
in platinum crucibles for several days, slowly cooled to
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655"C, and quenched to room temperature. After the flux
was dissolved in water, the residual materials were col-
lected as products. In Table l, an example of the growth
conditions is shown. According to Robbins and Levin
(1959) this temperature range should yield only one
orthorhombic phase (orthoenstatite-type). However, we
have obtained three kinds of MgGeO3 crystals in the
temperature range 955-655"C, i.e., single crystals of
orthorhombic MgGeOl, single crystals of monoclinic
MgGeO3 with or without twinning, and "clino-from proto"
MgGeO3 with very fine twinning. Morphological features of
these three kinds of crystals are described below.

(l) Orthorhombic MgGeO3 (orthoenstatite-type,
Pbca)

A number of single crystals of orthorhombic MgGeO3
were grown. These are transparent and colorless with
either an octagonal needle-like shape elongated along the
c-axis (0.5 mmx 0.5 mm x l0 mm) or a platelet shape (3
mm x 5 mm x 0.5 mm). The crystal habit for this
orthorhombic MgGeO3 is completely the same as that of
flux-grown orthoenstatite, i.e., the axis of elongation is c,

{100}, {010}, and {210} faces form an octagonal column,
and {1 I l} and {21 l} build up a peculiar feature at the top of
the needle (Takei et al.,1982). The (010) faces develop to
make a flat surface in the platelet crystals.

(2) Type A monoclinic MgGeO3 ftlinoenstatite-
type, C2lc)

According to Robbins and Levin (1959), monoclinic
MgGeO3 is reported to be stable above 1555"C at atmo-
spheric pressure. In this study, however, a number of
single crystals (with or without twinning) of the monoclin-
ic phase of MgGeO3 were obtained simultaneously with
the orthorhombic phase in a single run. This indicates that
single crystals of monoclinic MgGeO3 were grown in the
temperature range 955 to 655'C. These crystals are trans-
parent and colorless and plate-like or needle-like with
dimensions about 3 mm x 5 mm x 0.5 mm or 0.5 mm x
0.5 mm x l0 mm. When the solution was cooled very
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Table l. Crystal growth data for MgGeO: pyroxene slowly around 800'C, twinning-free single crystals of
plate-like monoclinic MgGeO3 were grown (Fie. l). As
the shapes of the needle-like and plate-like monoclinic
MgGeO3 are very similar to those of orthorhombic
MgGeO3, i.e., octagonal column composed of {110},
{100}, and {010} and elongated in the c-axis and (010)
plate, it is difrcult to distinguish the monoclinic MgGeO3
crystals from the orthorhombic MgGeO3 using only the
crystal habit. When we observe these crystals under a
petrographic microscope with crossed nicols, the ortho-
rhombic phase shows a straight extinction, while the
monoclinic phase extinguishes obliquely (about 25:28').
Twins in the monoclinic phase are easy to recognize. The
(100) twinning (occasionally only a single twin in a grain)
seems not to be essential for crystal growth, and further-
more, this twinning is completely different from those for
the type B monoclinic phase discussed below. This latter
group is interpreted as resulting from phase transitions
upon quenching. Therefore, these type A monoclinic
MgGeO3 crystals can be regarded as having grown as a
primary phase in this temperature range.

(3) Type B monoclinic MgGeO3 @lino-from
proto-type, C2lc)

In the temperature range 955 to 655'C, a number of
opaque, white and thick octagonal columnar crystals
were also produced. Precession photographs and micro-
scopic observation revealed that these are mostly mono-
clinic MgGeO3 single crystals with very fine (100) twin-
ning (plus a small amount of the orthorhombic phase).
Because of their similarity to "proto-inverted-clinoensta-
tite" (Ito, 1975), these are considered to be an inversion
product from unquenchable proto-type MgGeO3 single
crystals, i.e., "clino-from proto"-MgGeO3. As will be
discussed later, this type B monoclinic MgGeO3 (C2lc) is
crystallographically identical to the type A monoclinic
MgGeO3 (CZlc). However, the appearance of these two
geneses of monoclinic MgGeO3 crystals is completely
different. That is, the former is opaque due to the
extensively developed twinning and cracks, and the latter
is transparent with at most a small amount of twinning. A
small amount of orthorhombic phase was also found to
coexist within or on the surface of these type B monoclin-
ic crystals. This orthorhombic phase is regarded as the
inversion product of the protophase and/or newly grown
crystals which formed on the surface during the process
of cooling.

In order to elucidate further these complicated rela-
tions of the synthesis of MgGeO3 crystals, several differ-
ent kinds of heat treatments were carried out. Slow-
cooling of the solution from 908'C did not yield any type
B monoclinic MgGeO3 crystals, while cooling from 935'C
produced a number of type B monoclinic MgGeO3 crys-
tals. Therefore, the stability field of proto-type MgGeO3
at atmospheric pressure is indicated to be above about
920"C and this temperature is very close to that for
enstatite (950'C). On slow-cooling from 908'C to 810'C,
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Fig. l.(i),(ii) An (010) plate of type A monoclinic MgGeO3 single crystal (twinning-free). (i) uncrossed nicols, (ii) crossed
nicols. A small single crystal of orthoenstatite-type MgGeO3 is attached at the lower part which shows straight extinction under
crossed nicols (ii). (iii) thin section of type B monoclinic MgGeOr ("clino-from proto" MgGeO3) under crossed nicols. (iv) An (010)
plate of "clino-from ortho" MgGeOr (31 kbar, 850"C) under crossed nicols.

no monoclinic MgGeO3 phase grew at all; rather only
orthorhombic MgGeO3 was obtained. Cooling to 795"C
produced both type A monoclinic MgGeO3 and ortho-
rhombic MgGeO3. These results imply that single crystals
of orthorhombic MgGeO3 (orthoenstatite-type) are stable
only between 920'C and about 810'C, and monoclinic
MgGeO3 grows below 810'C.

The present phase relations are completely discordant
with those given by Robbins and Levin (1959). They
concluded monoclinic MgGeO3 is the high-temperature
phase (above 1555'C), while we conclude that it is the
low-temperature phase (below 810'C). The present phase
relations at atmospheric pressure are very similar to those
for MgSiO3 enstatite (for example, Boyd and England
(1965)), except that the boundary between the monoclinic
and orthorhombic phase in MgGeO2 is higher by about
200-250'C than that for MgSiO3 (566'C by Grover (1972);
630'C by Boyd and England (1965)). In this context, note
that it should be possible to grow single crystals of
clinoenstatite of MgSiO3 at atmospheric pressure if we
can find a solvent which dissolves considerable amounts
of MgO and SiO2 below 566'C. In Figure 1, both type A
and type B monoclinic MgGeO3 crystals are shown. If our
phase relations are correct, the structural identities of all
those MgGeO3 samples studied by Roth (1955), Robbins
and Levin (1959), and Kirfel and Neuhaus (1974) should
be suspected. Further discussion of this point is given in
the following sections.

High-pressure and high-temperature experiments
High-pressure and high-temperature experiments were

carried out in the pressure range 3l-55 kbar and in the
temperature range 850-1030'C, with the aim of elucidating
the phase relations between orthoenstatite- and clinoensta-
tite-type MgGeO3 at high pressures. Both a tetrahedral
anvil apparatus and a cubic anvil apparatus were used. In
experiments using the tetrahedral anvil apparatus, tungsten-
carbide anvils with 15 mm edges and baked pyrophyllite
tetrahedra with 20 mm edges were used. For the cubic anvil
apparatus, a combination of 16 mm-edge anvils with 2l
mm-edge cubes was adopted. Single crystals of orthoen-
statite-type and clinoenstatite-type MgGeO3 were used as
the starting materials. A tubular graphite heater was used
for heating these crystal samples. NaCl was adopted as
the pressure-transmitting medium surrounding these
crystals inside the graphite heater. Since the temperature-
pressure conditions of the present study are close to the
melting curve of NaCl, the NaCl insert was softened
markedly although not melted. This produced a uniform
stress condition for the crystals.

Pressure values were calibrated against press load at
room temperature based on the well-established pressure-
fixed points of low-Bi (25.5 kbar), low-Ba (55 kbar) and
high-Bi (77 kbar\. A conventional quenching technique
was used for investigating the phase relations. After the
pressure was applied to the sample, temperature was
brought to the desired value and held there for 30 to 90
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minutes. The sample was then quenched by turning off
the heating power under the working pressure. After
releasing the pressure, the single crystals were collected
by dissolving the NaCl insert with water. Before and after
the high-pressure and high-temperature treatment, the
phases of the samples were examined with a petrogqaphic
microscope and a precession camera.

At 40 kbar and 900'C, no change was observed in the
type A monoclinic single crystals of MgGeOr. On the
other hand, orthorhombic single crystals of MgGeO3
changed to a monoclinic structure after the same treat-
ment. These run-products, "clino-from ortho"-MgGeO3
crystals were confirmed to be crystallographically identi-
cal to the type A monoclinic MgGeO3, except for the
presence of a large number of twins developed through
the phase transformation. This twin texture was the same
as observed in the "clino-from proto"-MgGeO3, type B
monoclinic MgGeO3 (Fig. l). At 39 and 44 kbar and
1020'C, the type A monoclinic phase changed to an
orthorhombic phase, while at 31 kbar, 850'C; 38 kbar,
900'C; and 44 kbar, 940'C; the orthorhombic phase
changed to a monoclinic phase with very fine twinning.
At 5l kbar and 1030"C, the orthorhombic phase did not
change. Summarizing all our results including the phase
relations at atmospheric pressure, the ortho-clino phase
boundary is shown in Figure 2. The boundary curve is
approximately determined as T : 810'C + 3.8 P (kbar).
The high-temperature and low-pressure phase is the or-
thorhombic orthoenstatite-type and the low-temperature
and high-pressure phase is the monoclinic clinoenstatite-
type.

The present result is entirely different from the determi-
nation of Kirfel and Neuhaus (1974). They reported a
narrow stability field for the orthoenstatite-type below 10
kbar and gave a steep negative slope for the phase
boundary. The unit cell volumes of the orthoenstatlte-
type and the clinoenstatite-type are 899.69(12)43 Q: 16)
and 434.27(6)43 Q : 8), respectively. The smaller cell
volume of the clinoenstatite-type supports our conclusion
that the clinoenstatite-type is the high-pressure phase. It
is noted that Kirfel and Neuhaus (1974) did not consider
the possibility of the appearance of a proto-phase and
consequently did not distinguish "clino-from proto"
MgGeO3 (type B) from the primary monoclinic MgGeO3
(type A) and from the "clino-from ortho" MgGeO3.
Furthermore, their identification of phases based on their
polycrystalline powder sample could have resulted in an
elToneous conclusion. In the next section we critically
discuss their powder data on the basis of our own
measurements on powdered samples. The present phase
relations of MgGeO3 at high-pressures and high-tempera-
tures are similar to those of MgSiO3 reported by Boyd
and England (1965); whose ortho-clino boundary is I :
630'C + 2.6 P (kbar), although their experiments were
claimed to be carried out under the existence of some
shearing stress (Grover, 1972).

At 55 kbar and 900'C, small single crystals of hexagonal
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Fig. 2. Phase diagram of MgGeOr. P: protoenstatite-type
region; O: orthoenstatite-type region; C: clinoenstatite-type re-
gion; I: ilmenite-type region; KN: pyroxene-ilmenite phase
boundary by Kirfel and Neuhaus (1974).

ilmenite-type MgGeO3 (up to 100 pm in size) partly
replaced single crystals ofboth the ortho- and clino-phase
(Fukizawa et al., 1982). This condition is located within
the ilmenite-type region given by Kirfel and Neuhaus
(1974) and not far from the phase boundary between
pyroxene and ilmenite. The crystal orientation of this
hexagonal phase with respect to the parent phase was
examined with a precession camera. It was found that the
(100) plane of the ortho- or clino-phase coincides with the
(001) plane of the ilmenite phase, i.e., the oxygen-close-
packed plane is conserved through the transition. Al-
though we did not determine the boundary between the
pyroxene and ilmenite phases, Kirfel and Neuhaus's
straight line should have a kink at the triple point (ortho,
clino, ilmenite) and the estimated boundary lines are
shown in Figure 2.

Conservation of the oxygen-close-packed plane
through the phase transformation has recently been re-
ported for the olivine-spinel transformation (Lacam er
al., 1980; Hamaya and Akimoto, 1982). Hamaya and
Akimoto (1982) also demonstrated the successful growth
of high-quality single crystals of NizSiOa spinel (up to 300
pm in size) using mm-size single crystals of olivine as
starting materials. This suggests a possibility of growing
sub-mm size high-quality single crystals of MgGeO3 il-
menite using the mm-size single crystals of MgGeOg
pyroxene synthesized in the present study as starting
materials.

Crystal structure

Crystal structure of single crystals of both orthorhom-
bic and monoclinic MgGeO3 were studied with a preces-



Table 2. X-ray powder diffraction data of orthoenstatite-type
MgGeOr

1203

parameters d : 18.8099(12), b = 8.9484(8), c :
5.3451(4)A. These cell parameters were determined for a
single crystal using only strong reflections at high 20 angle
selectively peak-refined with a four-circle diffractometer.
In Table 2 are shown observed d-spacings for a powdered
sample together with the calculated ones based on the
refined unit cell parameters. Our data are generally close
to that by Robbins and Levin (1959). In Table 3, the
crystal data are compared to those of other authors.

Table 4. X-ray powder diffraction data of clinoenstatite-type
MgGeOr

h k r
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sion camera and a four-circle diffractometer. Powdered
samples were examined by a diffractometer.

The orthorhombic phase was confirmed to have the
orthoenstatite structure (space group Pbca) with cell

Table 3. Crystal data of orthoenstatite-type MgGeO3
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The monoclinic MgGeO3 crystals grown below 810'C
(type A) were found to have unit cell dimensions of a :
9.6010(8), b : 8.9323(6), c : 5.1592(5)4. B : 101.034(9)..
X-ray diffraction data taken for powdered type A mono-
clinic MgGeO3 are shown in Table 4 with the calculated d-
spacings based on the refined unit cell dimensions deter-
mined for a single crystal using high 20 angle reflections
and a four-circle diffractometer. These d-spacings are
close to those by Robbins and Levin (1959) except for
their three unindexed lines mentioned below. In Table 5,
the present crystal data for monoclinic MgGeO3 are
compared to those of Robbins and Levin (1959) and Kirfel
and Neuhaus (1974). The space group ofthis phase is C2lc
which is the same as that for "high-clinoenstatite"
(Smith, 1969) and diopside. The present result is different
from that of Kirfel and Neuhaus (1974) who deduced
P21lm or P21 on the basis of the diffraction data for
polycrystalline powder by Robbins and Levin (1959).
Furthermore, our value of the unit cell dimension, c, is
about half of that given by them. As has been noted in the
lcpos-card No. ll-504 by L. G. Berry, three strong
reflections reported by Robbins and Levin (1959) could
not be indexed on the basis of the unit cell dimensons a =
9.60,  b :8.92,  c  :  5 .164,  F :  100.49 ' .  In  order  to index
these three lines, Kirfel and Neuhaus (1974\had to double
the a-value. Consequently, they were forced to conclude
the space group was P not C.

As shown in the crystal growth experiments, both
monoclinic and orthorhombic phases have grown, and
furthermore the "clino-from proto" phase was also ob-
tained below 955'C. We also found that single crystals of
proto-type MgGeO3 inverted both to clinoenstatite- and
orthoenstatite-type MgGeO3 during the cooling process
to room temperature. These experimental results strongly
imply that the sample (polycrystalline powder) prepared
by Roth (1955) ("Ge-enstatite"), Robbins and Levin
(1959) ("enstatite form" and "clinoenstatite form"), and
by Kirfel and Neuhaus (1974) ("ortho-MgGeO3" and
"klino-MgGeO3") might not have been a single phase. In
the case of MgGeO3, as well as MgSiO3, phase transitions
at atmospheric pressure among orthorhombic, monoclin-
ic and proto-type orthorhombic phases do not induce a
drastic change in the crystal structure. Therefore, for a
powder sample of MgGeO3, it would be very difficult to
determine whether the sample is really single phase or
composed ofboth the orthoenstatite-type and the clinoen-
statite-type. The three unindexed lines in Robbins and

Table 5. Crystal data of clinoenstatite-type MgGeO3

R o b b i n s  I  L e v i n ( 1 9 5 9 )  K i r f e l  &  N e u h a u s ( 1 9 7 4 ]  T h i s  s L u d v

"  
/ i  9 , 6 0

t  t A  B . s 2
c  / L  5 . 1 6
B  . "  1 0 0 " 4 9 '
v  / N  4 3 4 . 0 r
Space

Group Cc or C2/c

Levin (1959) imply that their "clinoenstatite form" sam-
ple contained considerable amounts of an extra phase.
Actually, these three lines can be successfully indexed for
an orthoenstatite-type. In particular, these three lines ((l)
d :  4 .74 ,  i l r o :35 ,  (2 )  d  : 3 .35 , ( | L :  70 ,  ( 3 )  d  =  3 .25 ,
IlI": 141 could be regarded as the (400), (l2l), and (420)
reflections, respectively. Another possibility is as fol-
lows: As will be seen in Table 2 and 4, since d2so of the
clinoenstatite-type is slightly larger than dtooof the orth-
oenstatite-type, the d : 4.74 line would be d2so of
clinoenstatite-type, and d = 4.70line previously indexed
as d2so of clinoenstatite-type might correspond to da6 of
orthoenstatite-type. These interpretations seem to be
reasonable, since Robbins and Levin (1959) prepared
their sample "clinoenstatite form" MgGeO3 above
1555"C, and on cooling, the orthoensatite-type can be
expected to appear. Their "clinoenstatite form" MgGeO3
sample should be assigned to our type B monoclinic
phase, "clino-from proto" MgGeOr, and should be dis-
tinguished from the type A (primary) monoclinic
MgGeO3.

Both "clino-from proto" and " clino-from ortho" MgGeO3
crystals with very fine twinning structure (Fig. l(iii), (iv))
were also confirmed to be crystallographically identical to
the type A monoclinic MgGeO3 grown at temperatures
below 810"C (Fig. I (i), (ii)). No clinoenstatite-type MgGeO3
crystals with P lattice type were found in this study.
Detailed structure analyses of both orthoenstatite-type and
clinoenstatite-type MgGeO3 will be reported elsewhere.
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