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Pure solid solutions Ca;Sny,,Si(Ge),_,Ga, 0|, with the garnet structure have been evidenced in the
composition range 0 < x < 0.95. This implies that a part of the Sn** cations (equal to x} is located
on the tetrahedral sites, a quite unusual coordination for this cation in oxygen compounds. This has
been definitely confirmed by X-ray powder diffraction structure calculations. Information about the
cation—oxygen distances and the distortion of the different coordinated groups is presented. No band
characteristic of the SnQy tetrahedra is observed in the IR spectrum, probably because of a strong
mixing between SnO, and GaO, vibrations. In contrast, the totally symmetric stretching mode v, of
the SnQ, tetrahedra is casily observed near 775 cm™'in the Raman spectrum, where it is well separated
from the corresponding mode of the GaQ, tetrahedra. The different vibrational behavior observed in

IR and Raman spectra is discussed on the basis of the symmetry properties of the vibrations.
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Introduction

Tetrahedral coordination. of tin(1V) in its
oxygen compounds may be considered as
exceptional. It has been evidenced in the
stannates MSnQ, (M' = Na, K) (/) and,
quite recently, in solid solutions with the
garnet structure in the pseudoquaternary
system (CaO-Fe,0,-Ti0,—-Sn0, (2). It
should also be present in a garnet **Ca,;Sn,
Ga,0,,”" discovered by Mill’ (3), but whose
true composition is possibly slightly differ-
ent from the proposed ideal formula (4).

Because of this uncertainty, and also be-
cause of the interest of such a composition
for a study of the vibrational behavior of
the {(Sn0,) group, we have investigated the
formation of pure garnet phases in the sys-
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tems Ca;Sn,, . 5i,_,Ga,0,;, and Ca,Sn,, .
Ge,_,Ga,0, whose first end-members (x =
0) are pure garnets, the second end-member
(x = 1) being the compound under dis-
cussion.

Experimental

Synthesis of the compounds. All com-
pounds and selid solutions were prepared
by conventional solid state reaction tech-
niques, starting from the stoichiometric
quantities of CaCOyj, Sn0,, $i0, (aerosil) or
GeO,, and Ga,0,.

The mixture is heated in covered Pt cruci-
bles, first to 900°C, and then by steps of
100°C with intervening mixing and grinding
up to 1300°C; this temperature is maintained
for one or several days with repeated grind-
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ings, until no change is observed in the
X-ray diffraction pattern. The full synthesis
procedure was repeated two or three times
for some compositions containing a small
amount of impurity,

X-ray powder diffraction. For the phase
analysis and cell parameter determination,
powder diagrams were recorded with a CGR
diffractometer, CoKa radiation. Unit cell
parameters (accurate to 0.001 A) were de-
duced from high-angle diffraction peaks (up
to 75° 8) corresponding to the (10.4.0),
(10.4.2), (8.8.0), (12.0.0}, (12.2.2), (12.6.0),
and (12,6.2) reflections. As regards struc-
ture calculations, diffractograms were re-
corded up to 100° 28 on a Siemens D 500
diffractometer, CuKe radiation.

Vibrational spectroscopy. The infrared
spectra were recorded with a Beckman 4250
infrared spectrometer {(1400-300 cm !, KBr
discs) and a Polytec FIR 30 interferometer
(350-30 cm~' polyethylene discs). The
Raman spectra were recorded with a Coderg
PHO double monochromator equipped with
an Ar' laser; most spectra were recorded
with a slit width of about 3 cm™!, with a
laser power of 200 mW on the 514.5-nm
green line.

Results
Reproducibility of the Syntheses

Some difficulties were experienced in ob-
taining pure phases with the SnO,-rich com-
positions, the main impurity being a small
quantity of CaSn0;, easily evidenced by
X-ray diffraction (and also appearing in the
Raman spectrum). In these cases, the full
synthesis process (starting again from the
initial mixture of oxides and carbonates)
was repeated two or three times, and it was
generally possible to obtain CaSnO;-free
solid solutions. We suspect this problem of
nonreproducibility to be of kinetic origin:
once formed, CaSnO, (which is a very stable
perovskite) reacts very slowly with the re-
maining reactants or intermediate products,
and it is very difficult to get rid of the last
parts of this impurity. Despite repeated ex-
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FiG. 1. Variation of the unit cell parameter of the
garnet phase as a function of the Si-Sn (circles) or
Ge-8n (crosses) replacement in the solid solutions
Ca;8n,,,Si(Ge),_,Ga,04,.

periments, we were unable to obtain
CaSnO;-free phases for the SnOjrichest
compositions, corresponding to x = 0.98
and x = 1. Thus, the existence of a pure
garnet Ca,Sn;Ga,0,, is doubtful, in
agreement with Geller’s results (4).

X-Ray Diffraction

Cell parameters. The values of the g, pa-
rameter for all investigated compositions
are plotted in Fig. 1.

Ca,Sn,. Si;_,Ga,0,: A linear relation-
ship between ¢, and x is observed in the
composition range 0.5 = x < 0.95, namely
the Sn-rich solid solutions: but for increas-
ing amounts of Si (0.5 = x = 0), the relation-
ship exhibits a positive deviation, the unit
cell parameter being greater than expected
from the extrapolated initial straight line.

As a consequence of the large difference
between the ionic radii of Si** (0.26 A) and
Ga** (0.47 A) or Sn** (0.55 A) (5), one can
assume some nonstatistical trend in the cat-
ionic distribution, in terms of a segregation
of Si**-rich microdomains.



SOLID SOLUTIONS OF Ca,Sn,,, Si(Ge),_, 00 < x = 0.95) 167

TABLE I

ATOMIC PARAMETERS FOR THE GARNET TYPE STRUCTURE OF THE SOLID SOLUTIONS
CaJSnZHSi,_xGazO]z {(x = 0.0, 0.05, 0.95)

Oxygen sites (96 k)

Composition o
(x value) X y z B(A)
0.0 0.962(1) 0.050(1) 0.157(1) 1.8(3)
0.05 (.963(2) 0.049(1) 0.155(1) 2.1(2)
0.95 0.966(2) 0.048(1) 0.153(1) 1.0(2)
Isotropic thermal factors of cations
CN VIII site CN VI site CN IV site
Composition Ca’* Sntt Ga’*, Si**, So**
(x value) B(A)? B(A)? B(A)
0.0 0.9(1) 0.2(1) 0.6(2)
0.05 0.8(1) Q.20 0.5()
0.95 0.6(1) 0.5(1) 0.5(1)
RI=E|I°_I°| (N (2)
ST x =00 0.040 0.061
¢ x = 0,03 0.038 0.064
x =095 0.042 0.078

(1) calculated from the observed reflections

(2) calculated from the whole possible reflections (see text)

Forx =0.98 and 1, there is a weak, down-
ward curvature suggesting that the increase
of the @, parameter with x is smaller than
expected from the main curve. This is prob-
ably correlated with the fact that it was im-
possible to obtain these two compositions
completely free from CaSnO,, thus sug-
gesting that, for these last garnets, the true
composition is slightly different from the
nominal one. Geller {4) had already noticed
the existence of very weak extra lines in
the X-ray powder diagram of Ca,Sn;Ga,0y.
For this composition, we find a, = 12.687 A,
in good agreement with the values proposed
either by Mill” (3) (12.69 A) or by Geller (4)
(12.685 A).

Ca,Sn,, Ge,_,Ga,0,,. The experimental
results suggest a practically linear relation-
ship between the unit cell parameter a, and
the substitution rate x, since the very small
observed deviations have no systematic
character. This behavior is rather different
from that observed with the Si-bearing solid

solutions, but this is not unexpected in view
of the larger difference between the ionic
radii of the tetracoordinated Si** (0.26 A)
and Sn*" (0.55 A) cations (to be compared
with the ionic radius of 0.39 A for Ge*?). In
any case, the most important point of these
results is the conclusion that, for x values
up to 0.95 (namely the range of pure garnet
solid solutions), a part of Sn**, equal to x, is
necessarily located on the tetrahedral sites.

Structure calculations. In order to check
some structural characteristics related to
the simultaneous presence of Sn** in octa-
hedral and tetrahedral coordination, calcu-
lations from integrated intensities of X-ray
diffractograms were undertaken.

Two kinds of calculations (6) were sys-
tematically performed:

(i) by using 22 observed reflections, with
or without superpositions, i.e., 27 kkl up to
100 28

(ii) by including the nonobserved reflec-
tions which are possible in the space group
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TABLE 11

(M-0) AND (O-0) DISTANCES (f&) FOR THE POLYHEDRA OF THE GARNET TYPE STRUCTURE OF THE SOLID

SoLuTioNs Ca;Sny,,Si;_ Ga,0y; (x = 0.0, 0.05, 0.95).

x =00 x = 0.05 =095
(M-0,) tetrahedra, M = Ga**, Si**, Sn**
(M-0) 4% 1.70(1) 1.7%1) L.79(1)
(0-0)I 2% 2.63(2) 2.66(3) 2.74(3)
(0-0)I' 4% 2.85(2) 2.89(3) 3.0103)
(M~Oy) octahedra, M = Sn*t
(M=0) 6 2.11(1) 2.09(1) 2.08(1)
(0-O)l1 6x 2.99(2) 2.95(3) 2.91(3)
{O-O)I’ 6% 2.98(2) 2.95(3) 2.97(3)
(M-0y) dodecahedra, M = Ca’*

(M—0) ax 2.43(2)} 2.42(3) 2.4403)
(M-0) 4x 2.57(2)[ 230 2.58(3) ]~ 2-30 2.62(3)) 233
(O-O)l 2% 2.63(2) 2.66(3) 2.74(3)
(O-Oll 4x 2.99(2) 2.95(3) 2.91(3)
(O—O)II 2% 2.96(2) 2.99(3) 3.09(3)
(0-0)IV 4x 2.98(2) 3.0003) 3.05(3)

Note. (0-0) (1) and (II): shared between tetrahedra (octahedra) and dodecahedra. {O-0) (IV): shared between
two dodecahedra. (0-0)I', (O-O) II", (O-0) LII: unshared.

and giving them an intensity equal to 1%
of the highest observed intensity: the total
number of reflections is 46, i.e., 68 hkl.
Owing to the greater difference between the
scattering factors of Si and Sn, the Si-bear-
ing solid solutions Ca,;Sn,, Si,_.Ga,0,
{compositions ¥ = 0, 0.05 and 0.95) were
preferred. The usual model of the garnet
type structure was used, namely space
group la3d,

Ca**, coordination VIII, site 24(c): 4, 0, 1

Sn**, coordination VI, site 16(a): 0, 0, 0

(Ga**, Si't, Sn*"), coordination IV, site

24(d): 3, 0, 1

O?~, coordination 1V, site 96(h): x = 0.96,

y =005,z =0.15.
Table I reports the values of oxygen atomic
parameters and isotropic thermal factors of
both cations and oxygen, obtained after a
least-squares refinement procedure. In any
case, satisfactory results are observed: RI
confidence factors close to 0.04; RI confi-
dence factors calculated for the whole set
of possible reflections up to 100° 26 in the
range 0.06—0.08; values of oxygen atomic

parameters slightly varying; isotropic ther-
mal factors at the octahedral and tetrahedral
sites of the right order of magnitude—
0.2 = B = 0.5 A’>—though the small differ-
ences between individual cations are not sig-
nificant.

The M-0 and O-0 distances at the three
cationic sites are listed in Table II. The main
feature to be emphasized is the rather strong
increase of the (M—O)Y distance in the tet-
rahedral sites, as a result of the Si — Sn
replacement: the difference A (M—O)'Y x: 0
— (.95 is close to 0.09 A, this being fully
consistent with the prediction from ionic ra-
dii: 3 (/(Sn*MY — #(Si*)V) = 0.10 A. Other-
wise, the (Sn**-0)"' distances in the octahe-
dral sites, as well as the (Ca®*—Q)¥tt
distances, are only slightly modified when
Sn** enters the tetrahedral sites.

Because of the lack of data for tetrahe-
drally coordinated Sn** in oxides (such data
did not exist up to now for the garnet type
structure), any precise discussion in this re-
spect is precluded. Nevertheless, we pro-
pose in the following a discussion of crystal
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chemical trends, in terms of the regularity
or possible distortions of polyhedra, a mat-
ter of significant interest with numerous data
reported up to now (4, 7, 8). We deal with
two points successively: the cooperative
distortions of octahedra and tetrahedra, and
then the cooperative distortions of tetrahe-
dra and eight-coordinated sites.

(i) Cooperative distortions of octahedra
and tetrahedra: From the data of Table II,
it can be stated that (SnQ,) octahedra are
nearly regular, as their trigonal distortion is
very low: the difference between the two
sets of six (0-0) values A (0-0),, does
not exceed 0.06 A. Conversely, the (MO,)
tetrahedra, including or not including Sn**
ions, exhibit a rather strong axial distortion
resulting in a large value of A (0-0), ,: 0.22
A = A (0-0),, = 0.27 A. This result is in
full agreement with the usual trend of the
garnet type structure, in terms of the likely
impossibility of getting simultaneously a
high regularity of both tetrahedra and octa-
hedra (7). Such a situation has been proved
to result in an excessive lowering of the two
unshared (O-0)y, edges of the eight-coordi-
nated site (8). As a consequence, it can be
stated that cooperative distortions of octa-
hedra and tetrahedra do not occur directly,
but by means of eight-coordinated sites
which share edges either with octahedra or
with tetrahedra (see Fig. 2).

(ii) Cooperative distortions of tetrahedra
and eight-coordinated sites: The (M-O)!Y
distances observed for the Si-bearing solid
solutions are systematically smaller than
predicted from ionic radii: 1.70 — 1.79 A
against 1.80 — 1.89 A. At the same time,
the (Ca—O)V! distances nearly fit the theo-
retical value 2.52 A. The simultaneous exis-
tence of these two data seems to be unusual:
generally speaking, the (M—O)Y distances
are very close to the theoretical values, as
observed, for example, in numerous Ca’*
garnet type silicates, but simultaneously, a
significant negative deviation, often close to
0.10 A, exists for the (Ca-0)""!" distance (7,
&8). From this, one can consider our own
data to be another example of a cooperative
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Fi1G. 2. The distorted dodecahedron (hatched) of the
garnet structure, showing edge sharing with two tetra-
hedra (I) and two octahedra (II). The cationic sites
have been omitted.

trend between the distortions of tetrahedra
and eight-coordinated sites, ascribed to the
(O-0), edge sharing of two tetrahedra with
an eightcoordinated site (Fig. 2). Even if no
detailed explanation of the behavior of these
Si-bearing garnet phases can be proposed,
the simultaneous presence of such different
cations, at least in terms of geometrical
characteristics, can be assumed to play a
main role, as above evidenced for the varia-
tion of cell parameters.

Infrared Spectra

CaySn,, Si,_,Ga,0. According to the
origin of the bands, these IR spectra (Fig.
3) may be more or less arbitrarily divided
into four regions: 950-800, 750-600,
500-300, and 300-30 cm ™"

950-800 cm™' region: The intensity of
these bands decreases with increasing x val-
ues, and they disappear completely for
x = |: their assignment to the antisymmetric
stretch (v;) of the Si0, tetrahedron is
straightforward. They may be considered as
internal vibrations of the S5i0, tetrahedron,
since the other coordinated groups (GaO,,
Sn0,, Sn0y) give significantly lower fre-
quencies and thus are not able to induce
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F1G. 3. IR spectra of selected compositions of Ca;
SnZHSil_xGaZOu phases: (l) CaJSnzsiGazOn; (H)
CaySny 58iysGax0py; (111 CaySnygsSigesGay 0y, (high
frequency region only); (IV) “'Ca;Sn;Ga,0;.” The
break at 350-300 cm™' is of instrumental origin (grating
spectrometer; 2 mgr in KBr discs above; interferome-
ter; 6 mgr in polyethylene discs below 350-300 cm™!).

important vibrational interactions. The
overall pattern of these bands is progres-
sively modified with increasing x values, but
this 1s easily explained by the fact that the
(5i0,) groups are progressively *‘diluted”
in the structure when x increases. For x =
(0, vibrational interactions between near-
neighbor $i0, groups are possible and, from
this point of view, the situation is more or
less similar to that of a pure silicate garnet:
the spectrum is approximately that pre-
dicted by the factor group splitting (three
T;.. IR-active modes); for increasing values
of x, the average distance between SiO,
groups increases, the S10,-Si0, vibrational
interactions are progressively suppressed
and, eventually, the number of bands is
given by the site group (S,) splitting alone
(two modes only). This is illustrated by the
spectrum of the composition Ca;Sn; g
Sig¢sGa, 0, (Fig. 31I1), whereas the
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Ca;Sn, s8i, 5Ga, 0y, composition is an ex-
ample of an intermediate situation. The SiO,
bands remain fairly broad in the whole series
of solid solutions. The origin of the relative
broadness or sharpness of some spectra will
be discussed later on.

750-600 cm ™! region. The antisymmetric
stretching vibrations of GaQ, tetrahedra are
known to occurin this spectral region (9, {0).
According to the factor group analysis, we
expect a triplet in this region (this triplet is
effectively observed in the IR spectrum of
the garnets Ln,Ga;0,, (9)), but we observe
only one strong band with one or two shoul-
ders (depending on the x value): this is to be
ascribed to the disordered distribution of
several cations (Ga, Si and/or Sn) over the
tetrahedral sites. Owing to the scarcity of
compounds containing SnQ, tetrahedra, we
have no reference data about the vibrational
frequencies of these groups, but they may be
roughly estimated by comparison with the vi-
brational behavior of TiO, and GeQ, tetrahe-
dra: in the IR spectrum of Ba,TiO, and
Ba,GeO,, the antisymmetric vibrations of
TiO, and GeO, groups are observed in the
750-700 cm™! (stretching) and 400-300 cm ™!
(bending) regions (10). The corresponding
vibrations of SnQ, tetrahedra are thus ex-
pected to lie at slightly lower frequencies. In
the IR spectrum of the actual solid solutions,
we do not observe specific bands of the SnQ,
tetrahedra: their frequencies are probably
very similar to those of the GaO, tetrahedra,
with, as a consequence, a practicaily com-
plete mixing of both GaQ, and SnO, antisym-
metric stretching vibrations,

500-300 cm ™! region: In this region, defi-
nite assignments are very difficult, if not
impossible, for the following reasons. If we
consider the oversimplified scheme of inter-
nal vibrations, we may expect at least four
types of vibrations in this region: some of
the bending vibrations of the SiQ, tetrahe-
dra, the bending vibrations of GaQ, and
SnQ, tetrahedra, and the stretching motions
of the SnO; octahedra, Since in addition all
the IR-active modes belong to the same T,
representation, all these vibrations may in-
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Fi1G. 4. IR spectra of Cay5n;,,Ge_,Ga; Oy, phases:
() x = 0; (1) x = 0.50.

teract, thus leading to complex, nonlocal-
ized motions. An additional difficulty comes
from the occurrence of several different cat-
ions statistically distributed over the tetra-
hedral sites. This contributes to the com-
plexity of the vibrations, and to the
broadness of the bands.

Low frequency region (below 300 cm™!):
Little can be said about this spectral region.
The systematic occurrence of bands {or at
least shoulders) near 280, 230 and 165 cm ™!
suggests their assignment to translations of
the Ca?* cation.

Ca; Sy, Ge,_,Ga,0,,. 800-600 cm ™! re-
gion: Contrary to the vibrational behavior
of Si-bearing garnets, no specific band of
the Ge(, stretching vibrations ¢an be seen
in the IR spectra of these solid solutions
(Fig. 4). We observe only a broad absorption
{with .ill-defined shoulders), whose main
maximum is slightly displaced towards
lower frequencies when Ge is progressively
replaced by Sn. This is easily explained by
the fact that the GeQ,, SnO,, and GaO, anti-
symmetric stretching frequencies are not
very different and are thus strongly coupled.

500-30cm ! region: As previously stated,
no definite assighment can be proposed for

171

this region, but an interesting feature is the
sharpness of the spectra, which is much
greater than that of the Si-bearing solid solu-
tions. This point will be considered under
the heading *‘Discussion.”

Raman Spectra

Ca,Sn,, Si_,Ga,0;. One of the most
evident features of these spectra (Fig. 3) is
their great similarity in the 600-100 ¢cm™'
region: there are just two strong bands (plus
a few very weak ones), whose frequency is
shifted toward lower frequencies with in-
creasing values of x. No definite assign-
ments can be proposed for these bands.

In contrast, important modifications (bet-
ter illustrated in Fig. 6) are observed in the
1000-600 cm™! region:

(i) The weak bands of the 1000-800 cm™!
region disappear progressively when Si is
replaced by Sn: their assignment to stretch-
ing vibrations of the SiQ, tetrahedra is
straightforward.

(ii) The broad band near 753 cm™! in the

8%
125

220

Intensity —

132

776
TLY
220

Frequenty tem 1)

Fic. 5. Raman spectra of Ca;8n;8iGa,0y: (D),
Ca_;SrIz,sSiojGalOlz (I1), and Ca3Sn2.953iU_ugGa20u (I11).
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Fi1G. 6. Raman spectra of Ca;5n,,,.S1,_,Ga,0; solid
solutions in the 1000-600 cm™ region.

spectrum of the Si end-member (x = 0) is
assigned to a stretching vibration of the
(GaQ, tetrahedra, possibly the v, totally sym-
metric mode (A, representation): this vibra-
tion has been observed at 770, 767, and 753
cm™! in the Raman spectrum of Yb,, Lu;,
and Gd,Gas0,, garnets, respectively {II,
12). But the most interesting feature of these
spectra is the early appearance (for x = 0.10;
in fact, already visible for x = 0.05), fol-
lowed by the rapid growing, of a new band
at 775 cm . This behavior strongly suggests
its assignment to the »; mode of SnO, tetra-
hedra.

(iii) The remaining broad bands in the
700-600 cm™! region are assigned to anti-
symmetric stretching motions of GaQ, tetra-
hedra (band near 600 cm™', with an approxi-
mately constant intensity) and SnO,
tetrahedra (near 650 cm™!, missing for x =
0; intensity increasing with the x values).

Ca,Sn,y, Ge,_,Ga,0,,. The medium and
low frequency spectra (Fig. 7) are rather
similar to those of the Si-bearing solid solu-
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tions, with the two very strong peaks near
500 and 300 cm™!. A significant difference
is the occurrence, in the Ge end-member,
of several weak, more or less sharp bands,
which are apparently missing in the Si end-
member (in fact, they are probably too weak
and too broad to be observed: see ‘‘Discus-
sion’"). The high frequency part of the spec-
tra exhibit a peculiar behavior (Fig. 8).

Two relatively sharp peaks (808 and 757
cm™!) are observed in the spectrum of the
Ge end-member. They are assigned to the
symmetric stretch v of the GeO, and GaO;
tetrahedra, respectively. When Ge is pro-
gressively replaced by Sn, the following
changes are observed:

x = 0.25: the existing bands are slightly
broadened and shifted towards lower fre-
quencies, and a small hump is observed near
780 cm™!

x = 0.50; the preceding hump has grown
to a weak band at 777 cm™!, which corre-
sponds to the frequency of the band as-
signed to the SnQ, v, mode in the Si-bearing
solid solutions

x = 0.75: the new band, at 775 cm™!, is
now largely predominant, whereas the band
assigned to GeQ, is reduced to a weak
shoulder

Intensity —=

92

370

@
<
=i

I 1
400 200

Frequency tem N

1
800 600

Fic. 7. Raman spectra of Ca;Sn,GeGa,O;, (I) and
Ca_;sl'lzlsGﬁolsGagolz(").
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FiG. 8 Raman spectra of Ca;Sn,,,Ge, - Ga,0,; solid
solutions in the 900-600 cm™' region.

x = 0.90: the relative intensity of the 775

cm ! band is still greater; the band assigned
to GeO, has disappeared.
This latter spectrum is very similar to that
of the Ca;Sn, 4551 4sGa, 0, garnet, and it is
clear that the 775 ¢m™' band must be as-
signed to the v, mode of SnO, tetrahedra.

This series of spectra, with a late appear-
ance of the SnO, band and a premature dis-
appearance of the GeO, band, is a typical
example of mixed vibrational behavior, with
either one-mode or two-modes vibrational
behavior as a function of compeosition. This
is to be correlated with the similarity of the
GeOQ, and Sn0, frequencies, whereas the
large difference between the SiO, and SnO,
frequencies leads to systematic two-modes
behavior in the whole series of garnets Ca,
Sn,,,5i,Ga, 0.

The high-frequency assignments are sum-
marized in Table iII.

Discussion

Tetrahedral Coordination of Sn**

As stated in the introduction, the tetrahe-
dral coordination of Sn** in its oxygen com-
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pounds may be considered as exceptional,
with only two types of known occurrences:
the isotypic compounds K,SnQ, and
Na,SnQ, (/), and the impure garnets *‘Ca,
SnyFe, 0y, and “Ca;Sn;Ga, (" (3, 4) re-
cently reinvestigated as a part of our work
on the system Ca0O-Sn0,-Ti0,-Fe,0; (2)
or of the system Ca,;Sn,. Si{(Ge),_.Ga,0,;
(this paper). It is thus interesting to discuss
the reasons (or at least some of the reasons)
of this peculiar behavior.

First of all, the preference of Sn** for
octahedral sites is not the result of a peculiar
electronic configuration (as is the case for
some transition elements); it is a conse-
quence of the retatively large value (0.55)
of the ratio r, g% fion ot~ (1o be compared
with the 0.26 figure of the r,, +/Fignqr- Ta-
tio). This is supported by the fact that the
tetrahedral coordination of Sn** is more fre-
quent in its sulfur compounds (/3). It may
be inferred, at least as a working hypothesis,
that in solid solutions of oxygen com-
pounds, the introduction of tetrahedrally co-
ordinated Sn*" will be possible only if the
tetrahedral sites of the host compounds are
large enough to accommodate the Sn** ions
without too large a distortion of the
structure.

This seems to be supported by the actual
data on the garnet structure. To the best
of our knowledge, there is no reported

TABLE 1l
SUMMARY OF THE HIGH FREQUENCY ASSIGNMENTS

Infrared specira
918-912, 892-879, 835-829 cm™': v, Si0,
690-663 cm™": mixed », GeO, + GaQ, + SnO,
vibrations

Raman spectra
922-916, 839-857, 827-823 cm™": ¥ + », SiO,
808-799 cm™": », GeO, (Ay,) in Ca;8n,;,Ge |- Ga, 0y
solid solutions

777-T74 cm~ ! v, 8n0, {A,,) in all solid selutions
with x # 0

757-744 em™": v; GaO, (4,,) in all solid solutions

654—652 cm™!: vy Sn0O, in Sn-rich solid solutions only

607-598 cm™!: », GaO, in all solid solutions
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case of tetrahedrally coordinated Sn** in
silicate garnets (rge :0.26 A). We are actu-
ally investigating the possibility of tetrahe-
dral Ge—Sn replacement in suitable garnet
germanates (rges+: (.39 A). So far, only
two pairs of compositions have been inves-
tigated by X-ray diffraction, namely Sr,Y,
Ge,_ Sn,0y; (x = 0 and 0.5) and Na,Ca
Sn,, Ge;_,0p (x = 0 and 0.5}, With re-
spect to the pure garnet phase (x = (), both
Ge-Sn substituted compositions exhibit a
small increase of the unit cell parameter,
indicating the occurrence of some Ge—Sn
replacement; but they exhibit also a num-
ber of additional diffraction peaks, showing
that they are well outside the region of
homogeneous solid solutions. The precise
limit is still to be determined, but we
may roughly estimate, from the variation
of the unit cell parameter, a maximum
value of x of 0.2 for Na,CaSn,,,
Ge,;_ 0,5, and of 0.05 only for Sr;Y,Ge,_,
8n,0,, solid solutions. These low limits
are to be compared with the x = 0.95 value
observed when most of the tetrahedral sites
are occupied by the Ga®* ion (r,,,: 0.47 A).

1t is clear that additional experiments are
needed to check this trend.

Another point (raised by a reviewer) is the
exclusive locatization of the Ga’* cations on
the tetrahedral sites, instead of a distribution
(Ga, Sn),.,, < (Ga, Sn),,. The possibility of
such a distribution cannot be neglected if we
consider that the tetrahedral ionic radii are
not very different for Ga** (0.47 A) and Sn**
(0.55 fi). However, we know a large number
of oxygen compounds with tetrahedrally co-
ordinated Ga** (LiGaO,, CaGa,0,, LiGa
GeO,, GaPO,, ctc., sce, e.g., Ref. (13)),
whereas (as stated in the introduction) the
tetrahedral coordination of Sn** is really ex-
ceptional.

Fromthis experimental basis, we may con-
clude that the relative preferences of Sn'*
and Ga** for tetrahedral sites are drastically
different, and cannot be deduced merely
from a comparison of the ionic radii: the elec-
tronic structure must play an important role
in this matter.

RULMONT ET AL.

Vibrational Spectra

Compared vibrational behavior in the
high frequency parts of the Raman and in-
frared spectra. We have already noticed
that, if 8i0, stretching vibrations can be ob-
served in both IR and Raman spectra, dis-
crete bands which can be assigned to
stretching vibrations of SnO, tetrahedra are
never observed in the IR spectrum, whereas
such bands are easily evidenced in the
Raman spectrum of Ca;Sn,, Si,_,Ga,0,
solid solutions. The situation is still more
complicated for the Ca,Sn,, Ge, ,Ga,O,
solid solutions: in the IR spectrum, the con-
tributions of the three types of tetrahedral
groups (SnQ,, GeO,, and Ga0,) arec mixed
in a single broad, asymmetric absorption,
whereas discrete bands are observed, at
least for some compositions in the Raman
spectrum.

This can be explained by the different
symmelry properties of these vibrations.

Let us consider (as an approximation) the
existence of internal stretching modes of the
Si0,, GeOQ,, GaO, and SnO, tetrahedra.

In the IR spectrum, and according to the
factor group analysis (14), the stretching vi-
brations of each type of tetrahedral group
lead to 3 T;, modes.

For the higher 5i0, frequencies, the inter-
actions with the lower SnQ, or GaO, fre-
quencies are small, and discrete SiO, bands
are observed in the spectra.

But for the GeO,, SnO,, and GaO, tetra-
hedra, whose stretching frequencies are of
the same order of magnitude, we should
have in the same spectral range either six
(Sn0, + Ga0Q,) or nine (GeO, + SnQ, +
Ga0,) vibrational frequencies which all be-
long to the same representation 7,,.

This leads to strong vibrational interac-
tions, and the individual frequencies co-
alesce into a broad, asymmetric absorp-
tion.

The situation is different in the Raman
spectrum: for a pure compound, the tetrahe-
dral groups should give six Raman-active
stretching vibrations, but they are distrib-
uted over three different representations (1
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A, + 2E, + 3 T,,). Among these, the most
important one is the totally symmetric mode
A, which, in the approximation of tetrahe-
dral internal modes, is issued from the sym-
metric stretching mode v, of the tetrahe-
dron. It is interesting for the foltowing
reasons:

(i) The corresponding motion is limited
to a simple symmetric displacement of the
oxygen atoms only (all cations are necessar-
ily at rest during this type of vibration).

(il) For a given tetrahedral group, it is the
only stretching vibration of this class

(iii) It is expected to give a reasonably
strong Raman peak. For these reasons, the
probability of vibrational interactions be-
tween different tetrahedral groups is much
smaller than for the IR-active vibrations,
and it should be possible 1o observe a spe-
cific band for each tetrahedral group, pro-
vided the individual frequencies of these
groups are not too similar.

This is well illustrated by the Raman spec-
tra of the solid solutions Ca,Sn,. . Si,_,
Ga,0,,, with individual SiO,, SnO,, and
Ga0, v, frequencies in the whole series of
solid solutions, and on the other hand the
solid sclutions Ca;Sn,, Ge,_ Ga,0,,, for
which individual GeO, and SnO, v, vibra-
tions are observed only for a limited range
of compositions, probably because of the
similarity of their individual frequencies.

Origin of the two strong Raman peaks
near 500 and 300 cm™'. For a pure com-
pound, the factor group analysis predicts
the existence of three totally symmetric A4,
vibrations. One of these, located in the high
frequency part of the spectrum, is generally
assigned to the v, mode of the tetrahedral
group (as far as this vibration can be consid-
ered as an internal mode). The two Raman
peaks near 500 and 300 cm™! may be tenta-
tively assigned to the two remaining A,
modes, on the basis of their great intensity
{though this is not a definitive argument).
Since the cations are at rest during these
vibrations, their frequency is essentially de-
termined by the different cation—-oxygen
bonding forces, the sum of which gives the
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overall restoring force determining the vi-
brational frequency.

If one of these bonds is much stronger
than the others, its contribution to the over-
all restoring force is predominant, and the
vibration may be considered (at least as a
first approximation) as an internal mode:
this is the case of the »; mode of the tetrahe-
dral group discussed previously. But for the
500 and 300 cm™! bands under discussion,
there is no prevailing ‘“‘local’” restoring
force: this would explain why no specific
cationic influence can be observed on
these frequencies.

Broadness of some spectra. We have al-
ready noticed the following features:

(i) The bands assigned to the stretching
vibrations of the SiQ, tetrahedra are broad
in both IR (Fig. 3) and Raman spectra
(Fig. 6) of the solid solutions Ca,Sn,.,
Si,_,Ga,04s.

(i) For the end-member compositions,
the diffuseness of the spectra decreases in
the sequence Ca,Sn,5iGa,0,, *‘Ca;Sn,Sn
Ga,0,;,” and Ca,Sn,GeGa,0,,, this latter
composition giving sharp bands, at least be-
low 600 cm ™!, This appears clearly by com-
parison of Figs. 31, 31V, and 4I for the IR
spectra, 51 and 71 for the Raman spectra.

These results can be exptained by consid-
ering the following points:

(1) The occurrence of two {or several) dif-
ferent cations statistically distributed over
the tetrahedral sites (as is the case for all
compositions investigated in this paper)
must induce some broadening of the vibra-
tional spectrum. This is a classical conse-
quence of disorder phenomena.

(i) Our resnlts show that the smallest
broadening is observed for the smallest dif-
ference between the ionic radii of the tetra-
hedral cations, namely Ge (0.39 f&) and Ga
(0.47 A) in Ca;Sn,GeGa,0y,; in contrast,
the greatest diffuseness is observed for the
greatest difference between the ionic radii,
Si (0.26 A) and Ga in Ca,Sn,SiGa,0,,. This
should induce a greater distortion of the ox-
yvgen sublattice and an accordingly broader
distribution of the vibrational frequencies.
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As expected, the broadness of the bands is
still greater for the intermediate solid solu-
tion Ca;Sn, ;Siy sGa, 0, with three differ-
ent cations on the tetrahedral sites (Fig. 31I).

(ili) An additional cause of broadness
should be considered in the specific case of
(Si0,) vibrations: the average size of the
tetrahedral voids is probably too large for
the small Si cation, and this should also con-
tribute to the broadness of the Si0, bands,
particularly in the range of Si-poor composi-
tions.
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