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The cation distribution of several Co,Cd,_,In,S, spinel solid
solutions prepared in the solid state with different x values (0,
0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0) has been studied by diffuse
reflectance spectroscopy, magnetic susceptibility, lattice parameter
variation, and analysis of some X-ray reflections whose intensities
are particularly sensitive to variation in the cation positions. The
results drawn from the combination of the four techniques indicate
that Co?* is present in both the octahedral and tetrahedral sites
of the spinel structure and that the fraction of octahedral cobalt
increases with the composition x, reaching the maximum value of
90% in Coln,S,. © 1995 Academic Press, Inc.

INTRODUCTION

The spinel structure is common to a wide class of inor-
ganic compounds of considerable technological interest.
Compounds belonging to the spinel group (mineral spinel
composition is MgAl,0,) tend to have a chemical formula
of the type XY,Z, and a crystal structure based upon a
face-centered cubic arrangement of anions Z with posi-
tions that are generally given by a parameter u according
to the space group Fd3m. The cations X and ¥ may have
different valence states and may be distributed over the
tetrahedral, 7). and octahedral, O,, interstitial sites of
the anion lattice.

For a binary spinel containing divalent, X, and trivalent,
Y, cations, two extreme distributions are possible: the
“normal’ XTY;]Z, and the ““inverse” Y[XY]Z, ones (1),
where the cations in the O, sites (also called B sites,
whereas the T, sites are usually called A sites) are written
in square brackets. Between these limiting cases interme-
diate distributions are possibie, one being of particular
interest, namely, the “‘random’ X, Y55l X511 Yes1Z, (2).

It is well known that the cation distribution in spinels,
as well as in other inorganic compounds containing more
than one coordination site, is determined by a fine balance
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of several factors such as temperature and pressure, ton
charge and radius, site preference energies, crystal and
ligand field effects, anion polarization, and anion—anion
repulsion effects (3-5). The possibility of formating solid
solutions (ternary, quaternary, etc., compounds) adds one
more variable, namely, the stoichiometric composition of
the interchanging cations.

Studies of cation distribution in spinels are of consider-
able interest in solid state chemistry because they may
allow an investigation of the relative stabilities of the
metal ions in the T, and O, coordinations, and a better
understanding of the correlation between structure amd
propertics such as color, diffusivity, magnetic behavior,
conductivity, catalytic activity, etc., which are well
known to depend on the relative T, and O, occupancy by
transition metal ions,

Several papers have been published on the work under-
taken in our laboratory on oxidic spinel solid solutions
(6). The field of interest was then extended to sulfide
spinels with the aim of comparing the effect of a different
anion on the cation distribution. It may be recalled that
the sulfide framework is characterized by larger anions
and a weaker crystal field, i.e., a larger delocalization
and a larger covalent bond character, than the oxidic
lattice.

EXPERIMENTAL

Preparation and chemical analysis. Polycrystalline
samples of the general formula Co,Cd;_ In,S, with x =
0.0 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 were prepared
by mixing stoichiometric quantities of the corresponding
sulfides CoS, CdS, and In,S, (pure materials from Cerac,
Milwaukee, WI). To prevent oxidation the powders were
pelleted, introduced into a silica tube, sealed under vac-
uum (about 107* mm Hg), and heated at 1173 K for 20
hr. The compounds showed colors varying from orange
to black with the increase in cobalt ¢content. The cobalt
content, reported in Table 1, was checked by atomic ab-
sorption.

524

- 0022-4596/95 $6.00
Copyright © 1995 by Academic Press, Inc,
Al rights of reproduction in any form reserved,



. PROPERTIES OF Co,Cd,_,In,S,

TABLE 1

Co,Cd, _,In,5, Solid Solution Parameters

Xnom Kexp a 1400'”220 1400"‘1421 Y Hexp HXRD 8
0.00 10.3443 106 3.08

0.05 0.05 10.8324 103 2,97 0.10 460 462 60
0.10 0.10 10.8278 1.01 291 020 465 468 70
020 0.19 10.8006  0.99 282 035 475 478 75
0.40 039 10.7516  0.94 27 049 485 486 85
0.60 058 106969 091 2.62 0.59 490 492 100
0.80 078 10.6453 0.83 2.47 0.70 49 497 125
1.00  1.00 10.5909 0.84 2.12 0.9¢ 5.08 5.08 145

Note. Nominal, x,,,, and experimental, x.,,, cobalt content; lattice
parameters, a (A); experimental X-ray diffraction intensity ratios, Lo/
Typand Lyl ; fraction of Co’* ions in actahedral sites, y; experimental
magnetic moments, L,/ up; MAagnetic moments, pyxpp/pg, calculated
on the basis of the cobalt distribution by X-ray diffraction; Weiss con-
stants, 8 (K).

X-ray investigation and calculation of intensities.
Iron-filtered CoKe radiation was used to investigate the
compounds for both the lattice parameter and the intensity
measurements. All samples showed very sharp reflections
all having spinel cubic structure. For the determination
of the lattice parameter a Debye camera (114.6 mm in
diameter) was used with the asymmetric Straumanis film
mounting method. During the exposure (8 hr) the camera
temperature was observed to vary within 1-3 K. The
values of a referred to 294 K and with an error evaluated
toabout 1 X 1074 A are reported in Table 1. The integrated
intensities of the 400, 220, and 422 reflections were mea-
sured by the pulse counting method using a Philips high-
angle goniometer spectrometer with a flat plate sample
holder and a scanning rate of 0.25° per minute. All the
specimens were run twice and after correction for the
background a mean valtue of the intensities was taken. The
mean value of the /15, and I/ls, observed intensity
ratios are summarized in Table 1. It should be noted that
the above-mentioned reflections and their relative inten-
sity ratios were selected since they provide the best basis
for determining the cation distribution in the spinel sys-
tems (7). The selection criteria for the given reflections
and the calculation method for the relative intensities were
the same as those adopted in previous works on the cation
distribution of oxidic spinel solid solutions {6}, The inten-
sities were computed with a UNIVAC 1108 computer at
Rome University with the following input data incorpo-
rated into the program: (i) the molar composition of the
spinel; (ii) the value of the anion parameter, u, taken as
constant (0.386) for all solid solutions since the Cdln,S,
and ColIn,S, end members both have the previous value
(5, 8, 10); (iii) the scattering factors for Co?", Cd*™, In**,
and S72; and (iv) the Lorentz-polarization correction. No
temperature correction was deemed necessary in the in-
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tensity calculation since the spinels are high melting tem-
perature compounds and the thermal vibration of the
atoms at room temperature should have a negligible effect.

Magnetic susceptibility. The magnetic susceptibilities
were measured using the Gouy method over the tempera-
ture range 100-295 K. Corrections were made for the
diamagnetism of the samples; the susceptibilities were
independent of the magnetic field strength. All materials
follow Curie-Weiss behavior. The value of the Curie con-
stant, C, and of the magnetic moment, p, were taken for
all specimens from the slopes of l/x,, vs T plots. The
values of the Weiss temperature, 6, in the Curie—Weiss
expression x,, = C/(T + 8) were taken from the intercepts
of the 1/x,, lines on the T axis.

Reflectance spectroscopy. Reflectance spectra in the
wavelength range 2500-400 am (4000-25,000 cm™!) were
recorded on a Beckman DK-1 spectrometer with a stan-
dard reflectance attachment against pure Cdln,S, as
reference.

RESULTS AND DISCUSSION

Pure CdIn,S, and Coln,S, are referred to as “‘normal’’
and nearly “‘inverse’” spinels, respectively (5, 8, 10). In
the former compound the Cd®* and In®* ions occupy the
tetrahedral (7,) and octahedral (Q,) sites of the spinel
structure, respectively; in Coln,S,, most of the Co?* ions
are in O, symmetry, and In*" is distributed between the
Oy, and T sites.

As shown by Bertaut (7), the comparison between ex-
perimental and calculated results for two different and
most diagnostic intensity ratios of XRD reflections,
namely the {50/ Fr5and 1,/ 1,5, Ones, is in general sufficient
to determine the cation distribution in the spinel structure.
Due to the “‘normality” of CdIn,S, and to the strong
preference for tetrahedral coordination of the Cd** ions
(9), our study for the Co,Cd,_,In,S8, solid solutions was
restricted to find the interchange of the site symmetry of
Co*" and In** in function of the compositional parame-
ter x.

The values found for the fraction of Co?* in the octahe-
dral sites, y, are reported in Table 1 and shown in Fig.
1. The results show that there is a continuous increase in
octahedral cobalt occupation at the augmenting of x. Pure
Coln,S, resulis 90% ‘““inverse.”

Another method of examining changes in the coordina-
tion of paramagnetic ions, such as Co?* in the Co,Cd, .
In,S, solid solutions, is magnetic susceptibility. In fact
for Co?* in a tetrahedral field (high-spin 347 configuration,
ground state *A,} the effective magnetic moment g =
pso (1-4 A/10 Dq), where X is the spin—orbit coupling
constant, Dq is the crystal field strength and pgq is the
spin-only value of the magnetic moment [for Co?* ugy =
3.9 ug (11)]. The experimental value of w for Co®* ions
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FIG. 1. Octahedral cobalt cation distribution y (on the left) and

experimental magnetic moments p (on the right) vs cobalt content x.

in the T, configuration is 4.55 pg, as found in CoRh,0,
(6e). For high-spin octahedral Co®* ions the ground level
(“T,g) is orbitally degenerate and there is an appreciable
orbital contribution to the magnetic moment (11). Experi-
ments performed on CoMg,_.0 solid solutions have
shown that u = 5.25 up for Co** in the O, configura-
tion (12). -

The results of the magnetic measurements are pre-
sented in Table 1; the values of the magnetic moments
are also shown in Fig. 1. The experimental 1/x, vs T
plots for the samples with x = 0.1, 0.4, and 0.8 (given as
examples) together with the theoretically expected 1/,
vs T plots for spin-only approximation (curve A), tetrahe-
dral Co?* (curve B), and octahedral Co** (curve C) are
shown in Fig. 2. The complete set of resulis show that
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FIG. 2. Inverse atomic susceptibility 1/x, vs temperature T for Co,

Cd,_,In,S, samples. Experimental: (@) x = 0.1; (O0) x = 0.4; (A)
x = 0.8. Theoretical curves for Co™: (A) spin-only approximation;
(B) tetrahedral symmetry; (C) octahedral symmetry.
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FIG. 3. Reflectance spectra for Co,Cd,_,In,S, samples; (a) x = 0.1;
BIx=02;()x=06;(d)x = 1.0.

the magnetic values are all in the expected [by theory
and experiment (11-15)] range for a cobalt distribution
intermediate between T, and O, symmetry. Note that,
with increasing cobalt content, the u values increase; this
behavior confirms the XRD results which have shown
that the spinels become more and more inverse at the
increase of x. Table 1 reports the magnetic moments,
Mxrp, Calculated on the basis of the cobalt distribution
found from X-ray diffraction and taking into account the
values of u for completely T, and O, cobalt occupation
as 4.55 (6e) and 5.25 (12) ug, respectively. The agreement
between experimental and calculated values is satisfac-
tory. The values of the Weiss constant # (derived from
the intercepts with the T axis of the 1/, vs T plots and
indicative of cobalt O,—0, antiferromagnetic interactions
(13) increase with increasing cobalt content and so confirm
the continuous increase of octahedral cobalt occupation.

Reflectance spectra are another tool for detecting octa-
hedrally and tetrahedrally coordinated cobalt ions in sol-
ids (11). Figure 3 shows, for example, the DR spectra for
the samples where x = 0.1, 0.2, 0.6, and 1.0. The following
bands are visible: (i) a broad band in the region 22001500
nm (4500-6700 cm™!); (ii) a peak at 880 nm (ca. 11,400
cm™Y); (iii) a shoulder at 805 nm (ca. 12,400 cm™!); and
(iv) a band at 590 nm (ca. 17,000 cm™"). Band (i) is due
to both octahedral and tetrahedral Co®* and it is an enve-
lope of the unresolved bands corresponding to the tetrahe-
dral *Ay(F) — *T,(F) and *A,(F) — *T,(F) transition and
to the octahedral *T (F) — *T,(F) transition. Band (ii)
corresponds to the tetrahedral spin-forbidden *A,(F) —
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FIG.4. Lattice parameter a (A) vs cobalt content x for Co,Cd,_ In,S,
samples. The dashed line represents Vegard’s law.

2E(G) transition. The shoulder at 12,400 cm~! can be at-
tributed either to the tetrahedral *A,(F) — *T\(P) or to
the octahedral *T, (F) — *A,,(F) transitions. Band (iv)
corresponds to the octahedral fT, ((F)=*T ,(P) transition.
It may be observed from Fig. 3 that the intensity of the
peak at 11,400 cm™! (T, symmetry) decreases, whereas
the intensity of the band at 17,000 cm ™! (O, symmetry)
increases with increasing cobalt content. These findings
agree with both XRD and magnetic results,

The decrease in the lattice parameter a (the data are
presented in Table 1 and in Fig, 4) by going from CdlIn,S,
(10.844 A) to Coln,S, (10.591 A)is explained in terms of
substitution in the spinel lattice of larger Cd** ions [7,
ionic radius for Cd** equal to 0.78 A (16)] with smaller
Co?* ions [T, and O}, ionic radii for Co** equal to 0.58
and 0.75 }O\, respectively (16)]. Note that our values of a
for the CdIn,S, and Coln,S; end members are in good
agreement with those reported in the literature, 10.797 A
for CdIn,S, (10), and 10.58 A for Coln,S, (13).

It may be pointed out that, as shown in Figs. 1 and 4,
the variations of lattice parameters, octahedral Co distri-
bution, and magnetic moments versus cobalt content are
not linear. These findings may indicate that different steps
in T, and O, occupanices could be imagined within the
solid solution formation.

It may finally be noted that the preferential octahedral
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or tetrahedral site occupancy for transition elements as
a function of the composition has also been receatly
discussed for the ternary In,S;-FeS-FeS, (17) and
In,8,—Cu,S—CuS (18) systems.

CONCLUSIONS

By means of several complementary techniques the
following points have been evidenced:

{i) both tetrahedral and octahedral sites of the spinel
structure are occupied by Co?* ions;

(ii) the amount of Co®" in the octahedral sites increases
with the increase of cobalt content and reaches the value
of 90% in pure Coln,S,; and

{iii) as the octahedral cobalt occupation increases the
antiferromagnetic interactions become stronger.
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