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The infrared reflection and Raman spectra of spinel type oxides MCr,0, (M = Mg, Mn, Fe, Co, Ni,
Cu, Zn), MFe,0, (M = Ni, Cu), and Mn;0, (single crystals, pressed pellets) including Kramers—Kronig
analyses and oscillator-fit calculations are presented. The spectra are discussed with respect to the true
space group and ionicities of these compounds as well as the vibrational modes, phonon energies, and
resonance Raman effects compared with the respective spectra of spinel type halides, sulfides, and
selenides. Because of the relatively high porosity of the pellets obtainable the true frequencies of the

IR allowed phonons can only be determined from single crystal spectra.

Introduction

Spinel type ternary oxides (space group
Fd3m) should exhibit four IR (species F;,)
and five Raman-allowed (A, + E, + 3F,,)
lattice modes as predicted by group theory
(I, 2). In the conventional 1R absorption
spectra of such oxides as, for example,
M" Cr,0, and M" Fe,0,, however, fre-
quently more than four IR bands have been
observed (3-5) and discussed in terms of
structural features, especially with respect
of the true space group of spinel type oxides,
viz., Fd3m or FA3m (4, 5). Studies of the
true transversal (TO) and longitudinal opti-
cal (LO) phonon frequencies as well as of
the Raman spectra, especially those of sin-
gle crystals, are scarce (6-9).

In order to prove whether the band split-
tings observed with the conventional IR ex-
periment are actually owing to the distortion
of the spinel structure we recorded the IR
reflection spectra and the Raman spectra
of both single crystals and polycrystalline
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samples of various chromites and ferrites,
and of tetragonally distorted hausmannite
type Mn;O,. From the reflection spectra the
dispersion functions of the dielectric and op-
tic constants were calculated by means of
classical oscillator-fit methods and Kram-
ers—Kronig analyses.

Experimental

The spinel type ternary oxides were pre-
pared by (i) oxidation of sulfide spinels in a
stream of oxygen at 800°C (10) MnCr,0,,
CoCr,0,), (ii) melting a mixture of M Cl,
with K,Cr,0; up to 1100°C (/1) (CuCr,0y,
MgCr,0,, NiCr,0,), (iii) fusing the binary
oxides at 1300°C (12, 13) (ZnCr,O,,
CuFe,0,, NiFe,0,), (iv) solid state reaction
of stoichiometric amounts of Fe, Cr,0;, and
Fe,0; in sealed quartz ampoules at 1200°C
(14) (FeCr,0,), and (v) decomposition of
MnSQ, - 4H,0 (I5) (Mn;0,).

Single crystals of ZnCr,0,, as large as
3 mm in diameter, and of CoCr,0,, 2 mm,
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FiG. 1. Single crystal IR reflection spectrum of
ZnCr,0,: dashed line, oscillator-fit calculation: disper-
sion functions of the optic and dielectric constants »
(—), k (), Im(g) (—). and —1m(1/&) (---).

were grown by chemical vapor phase trans-
port in quartz tubes from 1050 to 970 and
880°C, respectively, with chlorine as trans-
porting agent (/6).

For infrared measurements, disk like pel-
lets were prepared by pressing the pow-
dered samples at 1 GPa. The pellets (and
single crystals) were embedded in a plastic
material and polished with Al,O, buffing
powder as far as possible. The densities of
the pellets only reached 55-60% of the val-
ues calculated from X-ray data. Sintering
the pellets at temperatures up to 1500°C
yields no improvement, at least in the case
of the chromites.

The IR reflection spectra were recorded
at near normal incidence using a Bruker IFS
114 Fourier transform interferometer (refer-
ence: Al mirror, resolution <4 cm~'). De-
tails of the experimental procedure and the
conversion of the obtained spectra into the
dielectric dispersion relations were given
elsewhere (17, 18).

The Raman spectra were recorded on a

Dilor Omars 89 multichannel Raman spec-
trograph (spectral slit width < 5 cm™!). For
excitation, the 514.5- and 647.1-nm lines of
Ar* and Kr™ ion lasers were employed. For
details see (/9). In the case of single crystals,
the measuring geometries used were a(zz)ad
and a(yy)a (notation after Damen et al. (20))
(A, and E, species), a(zy)a (Fy,), and
a(z'y")a (E,) withy’ =y + z ([011]) and 2’
= —y + z([011]).

Results

The IR reflection spectra of ZnCr,0O, sin-
gle crystals reveal four Reststrahlen bands
(see Fig. 1) as predicted by group theory; the
spectra of polycrystalline samples (pressed
pellets) of ZnCr,0, and of most other oxides
show some more features (see Figs. 2 and
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Fi1G. 2. IR reflection spectra of CoCr,0,: single crys-
tal and pressed pellet after density correction (see text)

(for further explanations see Fig. 1).
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Fia. 3. IR reflection spectra of MCr,0, (M = Mg,
Mn, Fe, Co, Ni, Zn): pressed pellets (see Fig. 1).

3). The Reststrahlen bands of CuFe,0, and
NiFe,0, with inverse spinel structure are
relatively broad (see Fig. 4) owing to the
breakdown of the translation symmetry be-
cause of the random distribution of the metal
ions on the octahedral sites (see the discus-
sion in (19)). The IR spectra of the tetrago-
nally distorted (space group /4,/amd) spi-
nels CuCr,0, and Mn,0, (see Fig. 5) exhibit
up to 12 Reststrahlen bands; allowed by
group theory are 10 IR active modes (2/).
The frequencies of the TO and LO zone
center phonon modes were taken from the
peak maxima of the Im() and — Im(1/¢) dis-
persion relations, respectively (see Figs. 1
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Fig. 4. IR reflection spectra of MFe,O, (M = Ni,
Cu) (see Fig. 1).

and 2). The data calculated by the oscillator-
fit method and Kramers—Kronig analyses
differ up to 10 cm~'. As found for the corre-
sponding sulfide and selenide spinels (18)
the TO/LO splittings of the two low-energy
modes are all small (<10 cm™"), those of the
two high-energy bands are in the range of
50-100 cm ™!, These relatively large split-
tings, as compared to those of the corre-
sponding sulfides (<20 cm™!), reflect the
greater ionicity of oxides. Thus, the effec-
tive dynamic ionic charges (Szigeti charges)
of the oxide ions calculated from the TQ/
LO splittings (procedure see Ref. (18)) are
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F1G. 5. IR reflection spectra of the tetragonally dis-
torted spinels CuCr,0, and Mn,0,.
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FiG. 6. Single crystal Raman spectra of ZnCr,0,
((100) face) excited by radiation of different wave-
lengths with and without the use of polarization ana-
lyzers, respectively. Measuring geometries given by
the notation of Damen et al. (20); y': [011}; z': [011];
asterisks indicate incomplete extinctions.

—-0.94 ¢ (CoCr,0,) and —0.91 ¢ (ZnCr,0,)
compared to —0.4——0.5 e in the case of
sulfide and selenide spinels (18).

The single crystal Raman spectra of
ZnCr,0, (see Fig. 6) reveal five bands, viz.
at 692 cm ™' (A},), at 457 cm ™' (E,), and at
610, 515, and 186 cm ' (F,,) as predicted by
group theory for space group Fd3m (In the
case of CoCr,0, only three bands were ob-
served, viz. 687 (A,,), 516, and 196 cm ™'
(both F,,)). The relatively large amount of
incomplete extinction is probably caused by

the microporosity of the crystal faces. The
intensities of the Raman lines depend on the
frequency of the laser light used (resonance
Raman effect, which has also been observed
in the case of sulfide spinels (19)). However,
compared to the Raman spectra of sulfide
spinels (19), the low intensity of the E, mode
is remarkable. The Raman spectrum ob-
tained for NiFe,0, confirms that reported
by Graves et al. (8) during our experiments.
From the 10 Raman bands allowed for the
tetragonal Mn,O, (21) only five were re-
corded (see Fig. 7).

Discussion

Assignments of the four IR-allowed pho-
non modes with respect to vibrations of the
tetrahedral MO, and the octahedral MO,
units of the spinel structure as established
in the older literature (3, 4, 23) (as well as
further interpretations of the spectra ob-
tained) are not possible without lattice dy-
namical calculations. The IR-aliowed
modes are typical lattice vibrations with
contributions of all atoms and forces of the
spinel structure (see the discussion given in
(22)). Nevertheless, some bands, e.g., the
two reflection maxima at intermediated en-
ergies, are more affected by the nature of
the octahedrally coordinated metals, the
lowest-energy mode by the metals on the
tetrahedral sites (22). The influence of the
masses of the atoms involved on the band
energies independently of the forces has
been studied by isotopic substitution experi-
ments (3).

Similar approaches hold for the Raman-
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FiGg. 7. Raman spectrum of Mn;0, (pellet).
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TABLE I

OSCILLATOR PARAMETERS, TO AND LO PHONON FREQUENCIES (cm’') oF SPINEL TYPE CHROMITES AND
FERRITES (DATA TAKEN FROM PEAK MAXIMA OF THE DISPERSION RELATIONS OF THE IMAGINARY PART OF THE
DIELECTRIC CONSTANT IM(£) AND THE DIELECTRIC L0oss FUNCTION -1M(1/8)) OBTAINED BY OSCILLATOR-FIT
CaLcuraTions (OF) aND KRAMERS-KRONIG ANALYSES (KKA), FOR MnFe204 aND ZnFe204; SEE (6)

“TO @Lo
J pj w; Y OF KKA OF KKA
ZnCr,0y, single crystal
1 0.052 186 0.045 186 186 194 194
2 0.024 370 0.064 370 372 376 377
3 0.165 509 0.038 509 506 575 574
4 0.043 621 0.026 621 624 711 711
£, = 4.05
ZnCr,0,, pellet
1 188 194
2 374 378
3 527 570
4 633 706
CoCr,0Q,, single crystal
1 0.063 195 0.072 195 196 204 204
2 0.025 380 0.072 380 378 386 384
3 0.193 491 0.056 490 493 570 561
4 0.030 602 0.044 602 608 692 699
£, = 381
CoCr,0,, pellet
1 197 202
2 379 382
3 509 557
4 613 699
CoCr,0,, pressed pellet after density correction of the reflection spectrum
1 0.070 196 0.090 196 196 207 203
2 0.021 378 0.052 378 378 383 382
3 0.176 493 0.029 493 491 560 558
4 0.030 598 0.028 598 609 689 701
MgCr,0,, pellet
1 249 253
2 428 432
3 466 503
4 498 566
5 633 725
MnCr,0,, pellet
1 193 198
2 376 383
3 473 540
4 602 683
FeCr,0y, pellet
1 0.068 171 0.190 170 170 184 183
2 0.004 EYR] 0.032 374 375 376 379
3 0.083 495 0.081 495 495 540 550
4 0.045 615 0.084 614 608 691 693
NiCr,04, pellet
1 178 187
2 222 223
3 299 301
4 370 373
s 484 537
6 610 692
NiFe,0Oy, pellet
1 0.010 151 0.100 151 151 152 153
2 0.036 189 0.066 189 188 192 191
3 0.39 376 0.060 376 380 444 440
4 0.175 572 0.056 562 580 686 686
e, = 7.19
CuFe,0y, pellet
1 0.146 387 0.275 384 392 438 444
2 0.067 577 0.127 576 576 652 656
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allowed lattice modes. In the vibrational
modes of species A,, and E,, only motions
of the oxygen atoms are involved and,
hence, some more conclusions can be drawn
from the band frequencies observed. Thus,
the breathing mode of the tetrahedral MO,
units (A, species) is mainly influenced by
bonding and repulsion effects of this unit,
e.g., the covalency of the M-O bond, as
shown from Raman spectroscopic studies of
spinel type sulfides (/9) and chlorides (24).
Lattice dynamical calculations of ZnCr,0,
(25), however, revealed that the octahedral
Cr-O valence and the tetrahedral O-O re-
pulsion force constants are even more rele-
vant to the A;, mode than the tetrahedral
Zn-0 valence force constant. The energies
of the A;, modes increase on going from
spinel type chromium selenides (236-24i
cm™Y) (26, 27) and sulfides (248-254 cm™!)
(19) to the oxides (685—699 cm™') (7, 9, and
this work). This increase is much larger than
can be caused by the decreasing masses of
anions involved. These findings therefore
reflect the stronger forces, especially the re-
pulsive ones, of the ternary oxides com-
pared to those of sulfides, etc.

In the case of the ferrites MFe,O,, which
posses an inverse or partially inverse spinel
structure, the number of the Raman bands
observed (8) exceeds that predicted by
group theory. These findings are obviously
due to the lack of full translation symmetry
in the case of inverse spinels (19) (see also
the discussion given in (8)).

In the case of the chromites MCr,0,, we
suppose that the true space group is F43m
instead of Fd3m despite only scarce spectro-
scopic indications (powder spectra). This
means that the site symmetry of the octahe-
drally coordinated metals, i.e., the chro-
mium ions, is C;, compared to D+, for space
group Fd3m. This reduction of symmetry,
however, has been confirmed by X-ray
structure determination in the case of
MgCr,0, (28).

Because the true number of oscillators
(Reststrahlen bands) present, i.e., four

(space group Fd3m) or seven (F43m), and
the frequencies belonging to them are not
exactly known conversion of the reflection
spectra into the dielectric dispersion rela-
tions by means of the oscillator-fit method
is problematic. This fact may be the reason
for the different phonon frequencies ob-
tained by oscillator-fit and Kramers—Kronig
analysis, respectively. The number of oscil-
lators used for calculation is included in
Figs. 1-3 and Table I.

The relatively low densities of the ob-
tained pellets became apparent also with the
reflection spectra, which strongly differ
from those of single crystals (see Figs. 1-3).
The same applies to the oscillator parame-
ters and phonon frequencies derived (see
Table I). This means that, in the case of
spinel type oxides, the true phonon frequen-
cies cannot be calculated from IR reflection
spectra of polycrystalline samples, i.e.,
pressed pellets, opposite to the correspond-
ing sulfides and selenides (/8). Attempts to
prepare more dense pellets by sintering
techniques at elevated temperatures were
not successful apart from Mn,O, and
NiFe,0,. However, some improvement can
be obtained if the reflectivities recorded are
corrected by density relations, i.e.. pey/peyp
(see Table I).

Furthermore, in the case of the spectra of
the pellets obtained, there are some band
splittings and other spectral features that are
not observed for the single crystal spectra
(see Figs. 1-3). Therefore, caution must be
used when the IR spectra of polycrystalline
samples are interpreted.
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