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Modified Spinel, Beta-Manganous Orthogermanate:

Stability and Crystal Structure

Abstract. 4 new high-pressure polymorph with a modified spinel structure,
B-Mn,GeO,, is stable in a pressure range intermediate between the field of the
polymorph with the olivine structure and that of another high-pressure polymorph.
Oxygen atoms are located approximately in cubic close packing with manganese
and germanium atoms in octahedral and tetrahedral interstices, respectively, as in
the spinel structure; however, germanium atoms form Ge,O, groups instead of

isolated GeO, groups.

High-pressure  transformations  in
R,MX, compounds (/) are important
in the interpretation of the rapid in-
crease of seismic velocity at a certain
depth in the earth’s mantle. The olivine-
spinel transformation of R,MX, com-
pounds has been observed in Mg,GeQ,,
Fe,Si0,, Ni,SiO,, and Co,Si0,. Ring-
wood and Major (2) reported a noncubic
high-pressure polymorph, a “distorted”
or “modified” spinel, in transformations
of (Mg gsFeg 15).510, and Mg,SiO,.
They considered that this high-pres-
sure polymorph, B-Mg,SiO4, is pro-
duced from a true spinel when pres-
sure is released. However, Ringwood’s
investigation (3) of the phase relations
of the system Mg,Si0,-Fe,SiO, at high
pressures indicates that the B-phase is
thermodynamically stable in its syn-
thesis field. Akimoto and Sato (4) dem-
onstrated that [-Co,SiO4, which is
analogous to [3-Mg,SiO,, is stable in
a special field intermediate between
the olivine and spinel fields.

In our study of the phase relations
of Mn,GeO,, B-Mn,GeO, was ob-
tained. Because the B-phase is impor-
tant in the high-pressure transforma-
tions of RoMX, compounds, the stabil-
ity field and crystal structure of
B-Mn.GeO, have been investigated.

80
&-Mn,GeOy
® ® ©
® e ©
2 OF T B-Mn,Ge0,
) ®
@
5 @
@
¢ o
o« 40 ) o
o O -Mn, GeOy
20L 1 ) | 1 1 i
700 900 1100 1300
Temperature (°C)
Fig. 1. Stability diagram for the high-

pressure and high-temperature transforma-
tions of Mn.GeO,. Starting material is
a-Mn.GeO,; O, no change after runs: &
and @, changes to g- and §-Mn.GeO,,
respectively, after runs.

Phase relations of Mn,GeO, were
studied from 790° to 1240°C in the
pressure range 31 to 70 kb with the
tetrahedral anvil type of high-pressure
apparatus (5). The high-pressure poly-
morph B-Mn,GeO, is stable in the
pressure range intermediate between
the fields of the olivine-type polymorph.
«-Mn,GeOy, and another high-pressure
polymorph, 6-Mn,GeO, (Fig. 1) (6).
In all experiments, «-Mn,GeO,; was
used as the starting material. The cell
dimensions, space groups, and densities
of the three polymorphs are given in
Table 1. A true spinel type, y-phase,
has not been observed in Mn,GeOy;
the densest polymorph, §-Mn,GeO,,
has the St,PbO,-type structure in which
Ge atoms are located in the octahedral
interstices of oxygen atoms (7). The in-
creases of density from «-Mn,GeO, to
B-Mn,GeO, and from B-Mn,GeO, to
3-Mn,GeO, are 7.1 and 10.7 percent,
respectively.

The structure of [-Mn,GeO, has
been determined from single crystals
synthesized at 1240°C and 64 kb. The
orthorhombic cell dimensions of f-
Mn.,GeQO, are comparable to those of
B-Mg.,Si0, and B-Co,SiO, (Table 2).
The calculated density is 5.13 g cm—?
with eight formula units per cell. The
diffraction pattern is /--a, which sug-
gests the possible space groups Imma,
12ma, and Im2a. A nearly spherical
crystal, 0.1 mm in diameter, was used
for collecting the intensity data. Three-
dimensional intensities for 521 sym-
metrically independent reflections were
measured on an automatic four-circle
diffractometer; molybdenum radiation
was used out to a maximum diffraction
angle of 20 = 60° by the o — 20 scan
method. The intensities were corrected
for Lorentz and polarization factors.
No absorption correction was made.

Because the unit cells of 8-Mg,SiO,
and B-Co,Si0, are obtained by the
transformation matrix

5 3 0
1 1 0
0 0 1
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from those of the corresponding true
spinels, it is reasonable to assume that
oxygen atoms occupy similar positions
in both structures with cubic close
packing. If we assume symmetry cen-
ters in the structure of the S3-phase, the
possible space group is Imma. The Pat-
terson projection on (100) of -
Mn,GeO, made possible a determina-
tion of the positions of metal atoms—
tetrahedral sites (A4 sites) for Ge atoms
and octahedral sites (B sites) for Mn
atoms. The Fourier projections on
(001) and (100) were synthesized to
obtain the displacements of oxygen and
metal atoms from the positions deter-
mined as above. Further refinements
were carried out by the full-matrix,
least-squares method (8). The residual
R reduced to 0.057 for all 521 reflec-
tions and 0.051 for 490 observed re-
flections for the final structure (Table
3).

In the structure of B-Mn,GeO,
viewed in the [100] direction (Fig. 2),
the oxygen atoms are approximately
in cubic close packing as in the spinel
structure. The Ge atoms occupy the
A sites and the Mn atoms occupy the
B sites. However, the arrangements of
the A and B sites-in 3-Mn,GeO, are
different from those in spinel. For com-
parison, the structure of spinel with
R,MX, composition, where the M
atoms are on the A sites and the R
atoms are on the B sites, is shown in
Fig. 3. Two GeO, tetrahedra, which
would be isolated in the spinel struc-
ture, share one of their oxygen atoms
and form a Ge,O; group and an oxy-
gen atom not bonded to any Ge atom.
Thus the spinel structure must be mod-
ified by the displacement of four M
and four R atoms out of the eight M
and sixteen R atoms in the cell.

Table 1. Cell dimensions and corresponding standard deviations, space group, and density of
Mn,GeO, polymorphs. Radiation used was CuKeq, (1.5405 A).

b c Space Density
h a

Polymorp (&) (& (&) group  (gem-?)
a-Mn,GeO, 5.061 =+ 0.001 10.719 = 0.001 6.295 #+ 0.001 Pbnm 4.79
B-Mn,GeO, 6.025 =+ 0.002 12.095 #+ 0.004 8.752 =+ 0.002 Imma 5.13
§-Mn,GeO, 5.262 =+ 0.001 9.274 + 0.001 2.954 + 0.001 Pbam 5.68

Table 2. Cell dimensions and corresponding standard deviations of the g-phases for three

compositions.
.. a b c
Composition (A) (&) (&)
Mg.SiO, (2, 4) 5.710 = 0.004 1145 =*+0.02 8.248 =+ 0.009
Co,Si0, (4) 5.753 %= 0.001 11.522 # 0.004 8.337 = 0.002
Mn,GeO, 6.025 = 0.002 12.095 =+ 0.004 8.752 = 0.002

Table 3. Atomic coordinates (expressed in cell edges) and isotropic temperature factors of
B-Mn,GeO, and corresponding standard deviations.

Atom Atomic coordinates te{rsl(;)tgl?al:i;'e
x y z B
(A
Mn(1) 0.0000 0.0000 0.0000 0.49 = 0.06
Mn(2) .0000 2500 —0.0319 =+ 0.0003 0.43 = 0.05
Mn(3) .2500 .1281 =+ 0.0002 2500 0.49 =+ 0.03
Ge .0000 .1193 + 0.0001 .6165 =+ 0.0002 0.37 = 0.02
o(1) .0000 2500 2123 = 0.0013 0.80 = 0.23
o) .0000 .2500 7191 = 0.0014 1.10 = 0.25
0o@3) .0000 —0.0088 = 0.0007 2546 = 0.0012 0.89 == 0.18
04) 2586 == 0.0009 .1224 =+ 0.0008 —0.0033 = 0.0006 0.94 = 0.09

The O(1) is not bonded to any Ge
atom but is bonded to five Mn atoms;
O(2) is bonded to two Ge atoms
and one Mn atom, because of the for-
mation of the Ge,O; groups; O(3) and
O(4) are bonded to one Ge atom and
three Mn atoms. The Ge-O distances
of the tetrahedra range from 1.749 to
1.818 A with a mean value of 1.772
A; the Mn-O distances of the octahedra

[
l Mo mal2) 5 gosa
—b R
a=6.025A o 1 2 3

Fig. 2 (left). Orthorhombic crystal structure of g-Mn.GeO..
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5A

range from 2.133 to 2.239 A with a
mean value of 2.188 A. Pauling’s elec-
trostatic balance rule fails for O(1) and
0O(2), the charge balance being — 3
for O(1) and + ¥5 for OQ).

If we may assume spinel structure
for Mn,GeO,, we can deduce a value
of 0.369 for the x coordinate of the
oxygen atoms on the assumption that
the Ge-O and Mn-O distances are the

Fig. 3 (right). Cubic crystal structure of spinel, R.MX..
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same as in the B-phase. In this struc-
ture, the shared edges (3.16 A) are
longer than the unshared edges (3.02
A) for the Mn octahedra. However, for
B-Mn,GeOQy, the shared edges (3.06 A
on the average) are shorter than the
unshared edges (3.12 A on the aver-
age). Because a shortening of the shared
polyhedral edges is an important stabi-
lizing factor for the ionic crystals (9),
the stability of the B-phase in
Mn,GeO, might be explained by this
shortening.
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Visual Transient Phenomenon: Its Polarity and a Paradox

Abstract. Luminance stimuli modulated at frequencies above flicker fusion
create perceptible visual transient responses when the frequency is changed
abruptly. The polarity of these transients, as directly perceived and objectively
confirmed, is shown enough by itself to yield a powerful criterion for visual
models. An apparent paradox when light flashes are superposed on the frequency
discontinuity has further implications for models and suggests a possible non-
conservation of polarity in the brightness perception process.

A light whose luminance oscillates
rapidly enough around a constant level
L is seen as the unvarying luminance L
(Talbot-Plateau law), provided among
other things the frequency is constant.
Flicker can be sensed, however, even
with oscillations always faster than fu-
sion and L kept constant, if the fre-
quency itself is modulated by abruptly
alternating increases and decreases (7).
Not surprisingly, the alternation rate
must be below fusion (2). Of great in-
terest, however, is the fact that the eye
does respond to the individual fre-
quency jumps (3). We are studying that
elemental response and discuss here its
curious nature.

The stimulus studied (Fig. 1) con-
tains one abrupt frequency change,
with both periods ¢, and 7, shorter than
the fusion limit, and both wavetrains
long enough to insure that the eye is
in a steady-state at the time of the pe-
riod discontinuity and is unperturbed
by the stimulus cutoff. When one views
this stimulus, a transient effect is expe-
rienced at the jump in period if |t,—#,|
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is large enough (3). For example, with
a moderately high mean luminance T,
the effect is readily apparent for the
case t; =1 msec and ;=5 msec.

These transients have an interesting
appearance. Careful observers agree that
with #, less than t, as depicted in Fig.
1, the period jump is perceived as a
brief eclipse, whereas, with the reverse
configuration ¢, greater than f,, the ex-
perience is a momentary increase in
brightness. That period discontinuities
are. perceived as brightness changes is
interesting, but understandable (see Eq.
5). Also, details of the thresholds, reac-
tion times, L dependence, and so forth
no doubt contain a. wealth of informa-
tion on the temporal sensitivity of the.
eye. However, we focus here on just the,
polarity of the transients, for it alone
is very significant.

In reporting (4) on the polarity of
the transient, we described some ob-
jective tests (thresholds and reaction
times) which confirm the direct percep-
tion. If, as is natural with luminance
increases taken as positive, we assign

positive sign to brightness increments
and negative to decrements, the ob-
served polarity is summed up by

sign of transient = sign of [t — %] (1)

This property is readily reconciled with
only one of the deLange-Kelly class of
visual models (4). Here we shall gen-
eralize that result, deducing from Eg.
1 a stringent criterion applicable to
many different models.

An apparent paradox was also noted
on adding a short flash simultaneous
with the period jump (4)—the percept
is diminished by a flash of the same
sign as the transient alone (Eq. 1), and
is enhanced by a flash of opposite sign.
The paradox is highlighted by related
studies which deduced incorrectly a
sign for the transients (5). One simple
and plausible way it might be resolved
(4) is extended below to general linear
theories.

Turning now to visual models, let us
require that they reproduce the ob-
served polarity and the apparent para-
dox. For brightness perception at high
frequencies, deLange (6) has argued in
favor of linear models. For these, or
for the linear limit of a nonlinear
model, we can easily demonstrate how
severe our requirements can be,

Consider any linear model whose re-
sponse, subject to some detection rule,
is to be a brightness analog. The re-
sponse R(f) to an input I(f) may be ex-
pressed in general as (7)

0

R(t) :fG(t,t’)I(t’) dt’ (2)‘

- 00
where the Green’s function G(1,¢) is
the response to an impulse 8§(t—¢),
which completely specifies the model.
For the input discontinuous at t=0
(Fig. 1) we write

I(1) =L(t) 4+ S@¢) [I.(2) — L(2)] (3)
where the unit step S() = (?, 8()dr'.
Inserting Eq. 3 into Eq. 2 and using
causality (G(1,t') =0 for ¢t <#) gives
R = S:o Gllfort <Oa_ndR: gfw 612
+ (%, GlI; — I,] for ¢t>0. Now if I,
and I, oscillate rapidly about the same
mean [ and if we require the model to
satisfy the Talbot-Plateau law above,
then (*, GI, = (°, GI, « I within un-
detected fluctuations. Therefore we ob-
tain the

transient =

0
S(t)f G(4,t") IL() — L(¢)1dY (4)
e OO
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