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a-Co2SiO4 (Co-olivine) and a-Ni2SiO4 (Ni-olivine) can form
a continuous series of substitutional solid solutions, in which the
b-axis shows the largest expansion after substitution of Co21 for
Ni21. The linear composition dependences for lattice parameters
and vibrational frequencies suggest that the mixing of a-Co2SiO4

and a-Ni2SiO4 are nearly ideal, and both Co21 and Ni21 in the
(Co, Ni)2SiO4 solid solutions distribute randomly over the M1
and M2 sites. Addition of Co21 into a-Ni2SiO4 has signi5cantly
weakened the Raman intensity of the system. Together with
other transition-metal silicate olivines, the frequencies of the
lattice Raman modes appear to have a systematic variation with
radius and crystal 5eld stabilization energy of cation in the
olivine structure, while the same trend has not been observed in
the internal modes of SiO4. ( 2001 Academic Press
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1. INTRODUCTION

Silicate olivines (a subgroup of orthosilicate M
2
SiO

4
,

M"divalent cation) occur predominantly in igneous rock
and have been used as an important composition in some
refractory materials, additives in cement concrete, #ux and
slag conditioner in the steel industry, acid-resistant con-
tainers, gritblasting materials, ceramic pigments, and so on.

The structure of silicate olivines can be described as
a somewhat distorted hexagonal closest-packed array of
oxygen atoms in which one-eighth of the tetrahedral and
one-half of the octahedral sites are respectively occupied by
cations Si and M (e.g., Mg, Fe). The MO

6
octahedral sites

can be divided into two kinds, M1 and M2; the former is
smaller and more distorted with a site symmetry 11 , and the
latter is larger with a symmetry m (1). The unequivalent
octahedral sites have caused enriching of cations (i.e., cation
ordering or site preference) in one of the sites in the olivine-
type solid solutions. The extent of cation ordering has been
correlated with cation size, site distortion, electronegativity,
and crystal "eld stabilization energy (CFSE) of cation (2}7).
Many studies have revealed that Fe2` ions are often slightly
enriched in the smaller M1 sites of forsterite (6). It is also
10
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found that the cation ordering can be signi"cantly pro-
moted by CFSE (2, 6, 8, 9).

The di!erence between high spin radii of Co2` and Ni2`
with a coordination number of six is the same as that in the
Mg2`}Fe2` pair (10), and the CFSE of cations in M1 and
M2 sites of both Co- and Ni-olivines are nonzero (6). There-
fore, it is of interest to study site preference, if any, in the
system a-Co

2
SiO

4
}a-Ni

2
SiO

4
by means of vibrational spec-

troscopy and X-ray di!raction. Besides, many studies have
indicated that the Raman frequencies of olivine always be
changed by addition of solute atoms (7, 11, 12). This suggests
that a comparison between Raman frequencies of various
olivines may shed light on the possible e!ects of cation size
and CFSE on the vibrations of lattice.

2. EXPERIMENTAL

2.1. Preparation and Identixcation of Samples

The mixtures of SiO
2
, Co

3
O

4
, and NiO in the chosen

stoichiometric ratio were used for synthesis of Co- and
Ni-olivines and their solid solutions. Reagent grade oxide
powders were used in the synthesis to minimize the interfer-
ence from impurities. The oxides were mixed throughout
and pressed into a disc before "ring in air. Then the discs
were heated at a rate of 103C/min to the selected temper-
atures and then were kept isothermally for 20 to 120 h in
a box furnace. Finally, the samples were cooled in the
furnace by switching o! the power. It has been pointed out
that Ni-olivine will be decomposed into NiO and SiO

2
at

temperatures higher than 15003C (13), but the backward
solid-state reaction (NiO#SiO

2
PNi

2
SiO

4
) is slow at

lower temperatures. Therefore, the "ring period for the
synthesis of Ni-olivine below 15003C needs 100h at least.
The calcination conditions for the synthesis of samples
(based on mol% of Co

2
SiO

4
) are 14503C]120h for 0 and

10 mol%, 14403C]96h for 20 and 30 mol%, 14003C]72h
for 40 and 50 mol%, 13903C]48h for 60 and 70 mol%,
13803C]40h for 80 and 90 mol%, and 13803C]20h for
100 mol%.

The as-formed samples were polished and then X-rayed
(Siemens D5000, CuKa) to identify their phases and the
2
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2
SiO

4
}a-Ni

2
SiO

4
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lattice parameters. Step scan with 0.053/step and 4 s/step
was chosen for X-ray di!raction. The relative ratios of Co to
Ni in the as-formed samples were analyzed by electron
microprobe analysis (Jeol JXA-8900R at 20 kV and 20 s of
collection time under wavelength dispersive spectrum mode).

2.2. Raman and Infrared Experiments

The ambient infrared and Raman spectra were collected
without using polarization analyzer. The Raman spectro-
scopic study was carried out on a Renishaw-2000 Raman
microprobe, and the backscattering (1803) spectra were col-
lected with the 514.5-nm line from a Coherent Innova 2-W
argon ion laser. The spectra were recorded with a Leitz UM
20 microscope objective and three accumulations at 60 s
integration time with &120 mW power on the sample. The
focused laser spot on the sample was estimated to be
6}8 lm in diameter. Wavenumbers are accurate to
$1 cm~1 as determined from plasma emission lines. Each
Raman frequency reported in this work is the average of at
least eight measurements.

The infrared spectra were obtained by using a Fourier-
transform infrared spectrometer (Bruker, EQUINOX 55).
Samples (0.5wt%) were mixed with KBr, ground by an
agate mortar and pestle, and then pressed into a disc for
infrared measurement. The scan range is 400}1500 cm~1,
and 32 scans with 2 cm~1 resolution were chosen. The
frequency of each Raman and infrared band was obtained
by Lorentzian curve "tting using the Jandel Scienti"c Peak-
"t computer software.

3. RESULTS AND DISCUSSION

3.1. Characterization of the As-Formed Samples

All the synthetic samples are polycrystalline and trans-
parent. The as-formed Co

2
SiO

4
crystals are ca. 100}200 lm

in size and purple in color, but less than 30 lm in size and
yellow-green in color for Ni

2
SiO

4
crystals. The two end

members and their intermediate solid solutions were
con"rmed by X-ray di!raction to be olivine in crystal
structure. On the basis of space group Pbnm (62), the
lattice parameters are a"4.790(1), b"10.31(1), and
c"6.007(1) A_ for Co

2
SiO

4
and a"4.734(1), b"10.133(2),

and c"5.922(2) A_ for Ni
2
SiO

4
, where values inside the

parentheses are standard deviation. These data are close to
those reported in previous works (14, 15), though the a- and
c-axes are slightly larger than those reported in literature.
For the solid solutions of a-Co

2
SiO

4
and a-Ni

2
SiO

4
, the

crystal size and color are also between the two end mem-
bers. It is also found that the amount of unreacted NiO,
Co

3
O

4
, and SiO

2
(cristobalite in phase) increases with de-

creasing the proportion of Co
2
SiO

4
. This indicates that the

presence of Co2` can speed up the formation and crystal
growth of the Co2`}Ni2` olivines.
Figure 1 shows the composition relationships of lattice
parameters, unit cell volume (<

#%--
), and the expansion of

lattice parameters of the system a-Co
2
SiO

4
}a-Ni

2
SiO

4
. The

expansion of lattice parameter is de"ned to be
100[(m!m

0
)/m

0
], where m and m

0
are the parameters of

solid solutions and Ni-olivine, respectively. In accordance
with Vegard's law (16), these relationships appear to be
linear and can be described as follows:

a"4.73#0.000568x (A_ )

b"10.14#0.00179x (A_ )

c"5.92#0.000820x (A_ )

<
#%--

"284.1#0.1255x (A_ 3),

where x"mol% of Co
2
SiO

4
. The di!erence in cation size

between Co2` and Ni2` is only 8%. The crystal structure
and charge of cations are the same throughout the whole
composition range. Therefore, a-Co

2
SiO

4
and a-Ni

2
SiO

4
form a continuous series of substitutional solid solutions at
temperatures above 13503C.

From Fig. 1c, it is obvious that the b- and a-axes display
respectively the largest and the smallest expansion in Ni-
olivine after substitution of Co2` for Ni2`. That is, substitu-
tion of cation shows the weakest e!ect on the crystal struc-
ture along the orientation perpendicular to the MgO

6
layer.

The a-axis also shows the smallest, while the b-axis the
largest contraction for several olivines under compression
(17). These results suggest that the stress caused by substitu-
tion of cation and compression is chie#y released via distor-
tion along the b-axis, and the linkages parallel to the b-axis
may be the weakest bondings in average. Therefore, (010)
crystallographic face may be the prevailing cleavage plane
in Co- and Ni-olivines. The cleavage planes observed in
forsterite (Mg-olivine, a-Mg

2
SiO

4
) (1) are consistent with

this argument.

3.2. Vibrational Spectra

The frequencies and assignments of all infrared and
Raman bands observed in this work are listed in Table 1.
The corresponding modes of forsterite are also listed. Fig-
ures 2 and 3 respectively show the typical ambient infrared
and Raman spectra of Co- and Ni-olivines. However, unlike
Raman spectrum, most infrared absorptions of the samples
showed signi"cant overlap, and thus far larger uncertainties
were undergone. Note that only the internal modes of SiO

4
were observed in infrared spectra of the present samples in
the range of 400}1500 cm~1. The absorptions of unreacted
SiO

2
and NiO observed in the present a-Ni

2
SiO

4
sample

(spectrum c in Fig. 2) basically disappear when mole frac-
tion of Co

2
SiO

4
exceeds 0.1 (spectrum b in Fig. 2), indicating



FIG. 1. The relationships between composition and (a) lattice parameters a, b, and c, (b) unit cell volume, and (c) the expansion of lattice parameters of
(Co, Ni)

2
SiO

4
solid solutions. The expansion is de"ned to be 100[(m!m

0
)/m

0
], where m and m

0
are the parameters of solid solutions and Ni-olivine,

respectively.
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that increasing the amount of Co2` is helpful to the forma-
tion of Co2`}Ni2` olivines. Except di!erence in frequency,
the infrared spectra for all Co

2
SiO

4
}Ni

2
SiO

4
solid solu-

tions showed the same shape as spectrum b in Fig. 2.
Similarly, the frequency, intensity, and shape of the Raman
spectra for the intermediate solid solutions are between the
two end members.

The irreducible representation of olivine is 11Ag#11B
1g

#7B
2g#7B

3g#10A
u
#10B

1u
#14B

2u
#14B

3u
(18) Thus,

a total of 84 vibrational modes is predicted. Among them, 36
modes are Raman active (Ag , B

1g , B
2g , and B

3g ), 38 are
infrared active (B

1u
, B

2u
, and B

3u
), and the A

u
modes are

both Raman and infrared inactive. The number of Raman
and infrared bands that have been observed in Co- and
Ni-olivines is far less than predicted. The orientation e!ect
and overlap of absorption bands can be part of the reasons
for the scarcity of signals. However, many crystals have been
measured, and all samples in this work are polycrystalline.
This suggests that weakness of many signals is the
crucial factor for lack of bands in a vibrational spectrum
of olivines.

The assignments in Table 1 for the modes of Co- and Ni
olivines were given by analogy to those for forsterite (19, 20).
It is also noteworthy that the assignments of both infrared
and Raman modes for olivine in the literature have not
reached to be consistent till now. For example, the Raman
band of forsterite at 375 cm~1 (corresponding to 328 and
344 cm~1 in Co- and Ni-olivines, respectively, see Table 1)
was also assigned to be mix(Mg, T) * a lattice mode (21),
while the strongest Raman bands at 825 and 856 cm~1 in
forsterite are also assigned to be the mixture of l

1
and l

3
(22)

or l
3

for the 825-cm~1 band and l
1

or l
2

for the 856-cm~1

band (21, 23).
From Table 1, it is found that except two infrared modes

(i.e., 899 and 916 cm~1 in Ni-olivine), all the vibrational
frequencies of Ni-olivine are higher than those of the corre-
sponding modes of Co-olivine. This case can be attributed
to the di!erence in bond length between the two olivines
(i.e., for compounds having the same crystal structure, the
smaller in unit-cell volume, the higher in vibrational fre-
quency of the corresponding mode). The two exceptions in
infrared modes may partially be attributed to the signi"cant
overlap of the absorption bands, which has caused larger
uncertainty in data "tting.

On the other hand, the Raman intensity in Ni-olivine is
one order of magnitude stronger than that of Co-olivine
(Fig. 3), though the crystal size of the latter (ca. 100}200 lm)
is far larger than that of the former ((30 lm). Increasing the
amount of Co

2
SiO

4
has caused weakening in Raman inten-

sity of the system a-Ni
2
SiO

4
}a-Co

2
SiO

4
. On the basis of



TABLE 1
Ambient Infrared and Raman Frequencies for Three Olivines and the Regression Constants Derived from m 5 m0 1 ax 5 bx2

(in cm21, x 5 mol% of Co2SiO4) for (Co, Ni)2SiO4 Solid Solutions at Room Temperature and 1 atm

Ambient frequencya

Assignmentb Forsterite Co-olivine Ni-olivine l
0

a]100 b]104 R2

Infrared
l
4

505 482 s 492 s 491.5 9.40 0.966
l
4

545 514m sh 524m sh 523.8 !10.74 0.922
l
4

614$3 573m sp 583m sp 582.9 !10.26 0.901
l
1

841$4 822wsp 826wsp 823.6 !2.85 0.282
l
3

892$7 867 s 872 s 871.3 !4.62 0.458
l
3

950 900m sh 899m sh 900.4 !1.27 0.087
l
3

961$2 920wsh 916wsh 917.5 2.02 0.356
l
3

995$5 950m 966m 964.7 !14.09 0.980
X 1030$70 977m 984m 984.9 !7.51 0.812

Raman
T 183 135$4w
T 192 165$2w 181$1w 180.8 !15.36 0.976
T 226$2 191$2w
T 243$1 196w 221$3w 218.5 !23.78 0.982
T 305$2 248$2w 252$2w
R 324$2 272$2w
T 330$1 [283] 298$2m 294.9 !12.06 0.875
R 366$3 295 vw [332] 331.8 !35.04 0.977
R 375$1 328w 344$2w 348.8 !21.70 0.830
T 383 336 vw
l
2

435$3 387mw 414$1m 417.5 !29.97 0.976
l
4

546$2 516$1mw 521$2mw 519.3 !3.52 0.776
l
4

593$3 552$3mw 560$1ms 558.9 !5.92 0.931
l
4

632 573 vwsh 593$3m sh 595.0 !21.26 0.958
l
1

825$1 811$1 s 819$1 vs 818.3 !7.21 0.956
l
3

856$1 837$1 vs 839$1 vs 838.4 !1.53 0.696
l
3

882$3 [855] 868$2m sh 866.7 !11.24 0.897
l
3

921$1 885$3mw 889$3m 888.0 !1.99 0.581
l
3

966$2 928$4m 952$2m 951.8 !18.96 !5.22 0.994

Note. R2 is the coe$cient of correlation.
aData of synthetic forsterite are the average of those reported in literature, and data of both Co- and Ni-olivines are from this work. Values in the

brackets are obtained from extrapolation. vs, very strong; s, strong; ms, medium to strong; m, medium; mw, weak to medium; w, weak; vw, very weak; sh,
should; sp, sharp.

bThe original assignments of infrared and Raman modes for forsterite can be found in (20) and (19), respectively. For forsterite, only the modes
corresponding to those observed in the Co- and Ni-olivines are listed. l

1
, symmetric SiO

4
stretching; l

2
, symmetric SiO

4
deformation; l

3
, asymmetric

SiO
4

stretching; l
4
, asymmetric SiO

4
deformation; T, translation; R, rotation, X, overtone/combination.

a-Co
2
SiO

4
}a-Ni

2
SiO

4
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many measurements, it suggests that this phenomenon is
independent of orientation of crystal and laser power.
Therefore, the signi"cant weakening in intensity of Raman
spectrum can only be correlated to both electronegativity
(or electron a$nity) and cation mass. The electronegativity
of cobalt is smaller than that of nickel, but the inverse for
average atomic weight (58.9332 for Co and 58.6934 for Ni).
For the M}O}Si bondings in Ni-olivine, substitution of Ni
by Co may result in smaller reduced mass and dipole
moment, though the average length of the M}O bond in-
crease after substitution. The two factors cause a smaller
polarizability in the vibrations of Co-olivine and thus
weaker Raman signals. However, to quantitatively estimate
the concentration e!ect of Co2` on Raman intensity of
Ni-olivine, a Raman spectroscopic study should be carried
out by collecting spectra from the same crystal orientation
in the future.

Figure 4 shows the composition}frequency relationships
(i.e., the X}l plots) of both infrared and Raman frequencies.
It is found that except one Raman mode (952 and 928 cm~1

for Ni- and Co-olivines, respectively, also see Table 1), the
frequencies of all vibrational modes observed in this work
appear to be linear with variation of composition. The
regression constants for the X}l plots in Fig. 4 are listed
in Table 1. The average slope for the X}l plots of the
lattice modes is larger than that of the SiO

4
internal modes,



FIG. 2. Ambient infrared spectra of (a) Co-olivine, (b) Co
1.79

Ni
0.21

SiO
4

solid solution, and (c) Ni-olivine. In (c), the absorptions marked by
asterisks are the signals of cristobalite (unreacted SiO

2
), and the shoulder at

&450 cm~1 is caused by unreacted NiO.
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indicating that the substitution of cation has stronger e!ect
on the lattice vibrations. The nearly linear composition
relationship of vibrational frequency has also been observed
in most infrared bands of the system a-Mg

2
SiO

4
}a-Fe

2
SiO

4
(24).

It should be noted that a small coe$cient of correlation
(R2) for a set of "tting data can be caused by rather small
change in values of data (e.g., a nearly composition-indepen-
dent relationship of frequency) and/or large scattering in
data (i.e., low precision). The former can be observed in a set
of highly precise data, whereas the scattering in frequency
may result in an apparently weak composition dependence
and therefore misjudgment in their relationship. However,
most infrared absorptions observed in the present olivine
system showed signi"cant overlap (see Fig. 3). Therefore, the
conclusion extracted from Raman spectra and the sharp
infrared absorptions, which have better R2, should be far
more reliable than that based on the highly overlapped
infrared bands.

It has been pointed out that a nonlinear X}l plot should
be obtained if cation ordering occurs in the olivine solid
solutions (7, 11, 14). Based on the consideration of larger
cation size and smaller CFSE in Co2` (6), one may expect
that Co2` has a tendency to be stronger than that of Ni2`
for entering the M2 sites. The electrostatic calculations and
charge density studies on olivines have suggested that the
M2 sites are more ionic than the M1 sites (6), and therefore
the more covalent transition metal ions (e.g., Co2` and
Ni2`) should prefer to reside in the M1 sites of the for-
sterite-based solid solutions (5, 6, 25, 26). The electron
a$nity of nickel is stronger than that of cobalt, sugges-
ting that Co2` may enrich in the more ionic M2 site of the
(Co, Ni)

2
SiO

4
solid solutions. If this case is true, the X}l

plots of the lattice modes in the (Co, Ni)
2
SiO

4
solid solu-

tions should be concave upward because the Raman
frequencies of Co-olivine are lower than that of Ni-olivine.
However, the linear frequency}composition relationships
should indicate that both Co2` and Ni2` distribute ran-
domly (disordered) over the M1 and M2 sites; that is, cation
ordering has never occurred or is negligible in the system
a-Co

2
SiO

4
}a-Ni

2
SiO

4
. In the previous section, it has

showed that both lattice parameters and cell volume display
linear composition dependences. Therefore, the mixing of
cations in (Co, Ni)

2
SiO

4
olivine solid solutions are nearly

ideal.
The reason for disordering of cations in (Co,Ni)

2
SiO

4
solid solutions is unclear, but may involve a considerable
increase in distortion of the M2 octahedra after substitution
of Co2` for Ni2`. A signi"cant lattice distortion caused by
enriching Co2` at the M2 sites should not be favored for
sustaining the olivine structure. Besides, it has been revealed
that distortions of the M1 and M2 octahedra increase with
increasing temperature*the thermal-induced distortion of
the M1 sites is more than that of the M2 sites (27}29). This
case implies that synthesis of the (Co, Ni)

2
SiO

4
solid solu-

tions at higher temperature (e.g., the high-Ni2` olivines in
this work) is favored for Co2` to enter the M2 site. There-
fore, thermal history of the samples should not be the cause
for disordering of cations in the system a-Co

2
SiO

4
}a-

Ni
2
SiO

4
.

3.3. A Comparison between Various Silicate Olivines

In the silicate olivines, the SiO
4

tetrahedron shares its
edges with two M1 octahedra and one M2 octahedron (4,
30), and the M1-related lattice vibrations are Raman in-
active (7). The X}l slope of the lattice modes is generally
steeper than that of the SiO

4
-internal modes (see Fig. 4 and

Table 1). These indicate that the lattice modes (involving
only the M2 octahedra) is more suitable than the SiO

4
-

internal modes for observing the e!ect of cation substitution
on Raman frequencies of olivine.

The quality of ambient Raman spectra of forsterite, Ni-
olivine, and calcio-olivine (c-Ca

2
SiO

4
) is much better than

that of fayalite (a-Fe
2
SiO

4
), tephroite (a-Mn

2
SiO

4
), and

Co-olivine, the last three olivines show only several Raman
bands (see also Table 1). Therefore, only a few lattice modes
can be used to observe the e!ect of cations. Figure 5 shows
"ve Raman frequencies for six olivines. The vibrational
frequencies in Fig. 5 are the average of data obtained from
literature and this work. Numbers 1, 2, 3, 4, and 5 represent



FIG. 3. The typical ambient Raman spectrum of (a) Co-olivine and (b) Ni-olivine. Note that the intensity scale in (a) is only 1/10th of that in (b).

a-Co
2
SiO

4
}a-Ni

2
SiO

4
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the Raman modes corresponding to the ambient bands of
Ni-olivine at 181, 221, 332, 344, and 414 cm~1, respectively.
From Table 1, bands 1 and 2 are lattice modes, 3 is a rota-
tion mode, and 5 is an internal mode. Band 4 may be a
rotation mode (19) or a lattice mode (21). In Fig. 5, all the
vibrational frequencies of forsterite are higher than those of
the corresponding modes of c-Ca

2
SiO

4
. This case can be

ascribed to larger unit cell in calcio-olivine. On the other
hand, the frequencies of lattice modes 1, 2, and 4 appear to
have a systematic variation with radius and CFSE of the
cation in the olivine structure. Thus, a clear picture for the
e!ect of increasing CFSE on the vibrational frequency can-
not be obtained because decrease of cationic radius also
results in the same trend. Nevertheless, the same trend was
not observed in band 5 and other high-frequency internal
modes of SiO

4
. The reason for the absence of a relationship

in vibrational frequency of the SiO
4
-internal modes can be

attributed to the weak e!ect of M2 cation substitution on
the vibrations of SiO

4
(note that only one M2 octahedron is

attached to SiO
4
). Based on Raman spectra of forsterite,

fayalite, and monticellite (CaMgSiO
4
), Chopelas (21) at-

tributed the lowering in Raman frequency of the SiO
4
-

internal modes to the increase in cation mass rather than the
increase in unit cell volume. However, the present results do
not support her argument.

4. CONCLUSIONS

Cobalt- and nickel-olivines and their solid solutions have
been synthesized and studied by using X-ray di!raction and
vibrational spectroscopy. Co2` appears to be helpful for the
formation and crystal growth of the (Co, Ni)

2
SiO

4
olivines.

The results of X-ray di!raction indicate that Co- and Ni-
olivines can form a continuous series of substitutional solid
solutions, in which the a-axis shows the smallest expansion
by substitution of Co2` for Ni2`. The relationships between
composition and lattice parameters are nearly linear. On the
other hand, nearly all infrared and Raman frequencies show
linear composition relationship, indicating that both Co2`

and Ni2` distribute randomly over the M1 and M2 sites in
the (Co,Ni)

2
SiO

4
solid solutions. The linear composition

dependences observed in the lattice parameters and vibra-
tional frequencies have indicated that the mixing of cations
in the (Co,Ni)

2
SiO

4
solid solutions are nearly ideal.

The intensity of Raman spectra of the (Co, Ni)
2
SiO

4
solid

solutions decreases with increasing the amount of Co
2
SiO

4
.



FIG. 4. The vibrational frequency-composition plots of (Co, Ni)
2
SiO

4
solid solutions: (a) infrared modes and (b) Raman modes.
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This case has been attributed to smaller electronegativity
and larger average atomic weight for cobalt and thus smal-
ler polarizability in vibrations of olivines after substitution
of Co2` for Ni2`. Together with other transition-metal
silicate olivines, vibrational frequencies of the lattice Raman
modes appear to have a systematic variation with radius
and CFSE of cation in the olivine structure, while the same
FIG. 5. The low-frequency Raman frequencies of six silicate olivines. 1,
2, 3, 4, and 5 represent the modes corresponding to the ambient bands of
Ni-olivine at 181, 221, 332, 344, and 414 cm~1, respectively. The uncertain-
ties of frequencies are smaller than the size of symbols.
trend has not been observed in the SiO
4
internal modes. The

reason for the absence of a relationship between the same
internal modes of the transition-metal olivines may be chief-
ly attributed to the weak e!ect of cation substitution on the
vibrations of SiO

4
.
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