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Raman spectra of the solid solutions Fer-,Cr,Ol (0 s x 5 2) and Fe*-,Cr,O, (0 I x 5 2) have been 
obtained. The fundamental, overtone, and combination vibrational bands observed are examined in 
terms of the variations occurring in the structures of the spinel-type (Fer-,Cr,OJ or corundum-type 
(Fe,-$r,Og) solid solutions. For Fe3&rX04, the Raman shit of the dominant feature at -675 cm-r 
varies inversely with the volume of the unit cell. Shoulders on the -675 cm-r peaks of Fe1.4Cr1.604 and 
Fe1.8Cr1.204 are believed to result from partial ordering of the cations in these materials. For Fe2-XCrXOr 
containing both iron and chromium, a fundamental vibration not observed in either a-Fe203 or CrrO, is 
the dominant Raman-scattering feature. Q 1989 Academic press, IIIC. 

Introduction 

Solid solutions of iron and chromium ox- 
ides adopt either corundum or spine1 struc- 
ture (I, 2). These solid solutions occur nat- 
urally and are commonly formed during the 
oxidation of iron/chromium alloys (3). The 
cubic solid solution Fej-,Cr,04 (0 5 x 5 2) 
with the spine1 structure has Fe304 and Fe 
Cr204 as its limiting compositions. The 
structure consists of a cubic-close-packed 
oxygen lattice with cations at both the octa- 
hedral and tetrahedral interstices (4). Fe 
Crz04 is a normal spine1 with Cr3+ ions 
occupying one-half of the octahedral coor- 
dination sites and with Fe2+ occupying one- 
eighth of the tetrahedral sites. Fe304 is an 
inverse spine1 with half the Fe3+ ions in the 
tetrahedral sites and with the Fez+ ions and 
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the other half of the Fe3+ ions in the octahe- 
dral sites. The rhombohedral solid solution 
Fe,-,Cr,O, (0 5 x 5 2) with the corundrum 
structure has cu-Fe203 and Cr203 as its limit- 
ing compositions. The structure consists of 
a hexagonal-close-packed oxygen lattice in 
which Fe3+ and Cr3+ ions together occupy 
two-thirds of the octahedral interstices (4). 

In this paper, we report the Raman spec- 
tra of the spinel-structure solid solutions 
Fe3-,Cr,04 with 0 I x 5 2 and the corun- 
dum-structure solid solutions Fez-,Cr,O3 
with 0 5 x i 2. The systematic variations 
occurring in the spectra are examined in 
terms of the structural variations occurring 
in the solid solutions. Additional Raman 
bands, features that are not found in the 
limiting compositions of the solid solutions, 
are found for a portion of the Fe,-,Cr,O, 
solid solution and for the entire Fe,-,Cr,O3 
solid solution. These bands arise from 
structural distortions and/or cation order- 
ings that are not observable by X-ray pow- 
der diffraction. 
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Experimental Procedure 

The Fe203-CrZ03 solid solutions were 
prepared by grinding cr-FezOJ (Puratronic) 
and Cr203 (Puratronic) powders together in 
an agate mortar and pestle and pressing the 
mixtures into pellets. The pellets were 
placed in alumina crucibles and heated at 
800°C for 6 hr in air. Following air quench- 
ing to room temperature, the pellets were 
crushed, ground, and repressed into pel- 
lets. After heating for 24 hr in air at 12OO”C, 
the pellets were quenched to room temper- 
ature. A series of materials Fe,-,Cr,O, with 
x = 1.60, 1.33, 1.07, 0.80, 0.53, and 0.27 
were prepared. In addition, samples of pure 
Cr20, and cr-Fe20j were prepared by heat- 
ing pellets of the pure powders at 800°C for 
6 hr, followed by air quenching to room 
temperature. Spine1 solid solutions, Fe3-, 
Cr,O,, with x = 0, 0.4, 0.8, 1.2, and 2.0 
were prepared by reducing the appropriate 
Pez&r,Oj material. Fe,-,Cr,O, pellets 
were heated at 1300°C for 6 hr in alumina 
crucibles held inside an alumina tube 
through which either pure CO;! or a 46% HZ/ 
54% CO2 mixture was flowed. The samples 
were quenched to room temperature by 
withdrawing the alumina tube from the fur- 
nace. At 13OO”C, a pure CO2 atmosphere 
produces an oxygen partial pressure of 3.7 
x 10e4 atm, while a 46% HJ54% CO* mix- 
ture produces an oxygen partial pressure of 
1.0 X lo-i0 atm (5). Spine1 materials Fe3-, 
Cr,O, with x = 0, 0.4, 0.8, 1.2, and 1.6 were 
prepared in the CO2 flow, while x = 1.6 and 
2.0 were prepared in the HZ/CO2 flow. An 
additional Fe304 sample was prepared by 
heating an a-Fe203 pellet at 1300°C for 6 hr 
in a vacuum of -5 X 1O-5 Torr, followed by 
furnace cooling to room temperature. 

Raman spectra were obtained at room 
temperature in a backscattering arrange- 
ment from pellets spun at about 1000 rpm. 
The 514.5-nm argon-ion laser beam was in- 
cident normal to the surface of the pellets 
and scattered radiation was collected about 

the surface normal using a pierced mirror. 
Spectra were obtained using a Spex Triple- 
mate spectrograph and an intensified diode- 
array detector. By centering the spectro- 
graph at two different wavelengths, the 
spectral range of -200 to 1000 cm-i and 
- 1000 to 1600 cm-l were examined. The 
laser power focused on the samples was 150 
mW and spectra were collected in 250 set, 
except for Cr203 and FeCr,O, for which 
shorter times were used. A neon lamp was 
used to calibrate the spectrograph. 

X-ray diffraction (XRD) was used to de- 
termine the phase purity and crystallo- 
graphic lattice constants of each sample. 
All materials were found to be single phase. 
XRD analysis was performed using a 
Rigaku 18-kW rotating anode diffraction 
system equipped with a Cu-target anode. 
The powder samples were scanned from 
100 to 140” 20 using a 250” wide-angle go- 
niometer equipped with a graphite mono- 
chromator. Alpha-quartz was used as an 
external calibration standard. Lattice pa- 
rameters for each specimen were calculated 
by a least-squares refinement of all reflec- 
tions in the range 100-140”. The error in the 
measured lattice constant resulting from 
sample positioning and instrument preci- 
sion is estimated to be to.003 A. 

Results: Fe,-,Cr,Od Solid Solutions 

The Raman spectra of the spinel-type 
solid solutions Fe&Zr,04 with x = 0.0,0.4, 
0.8, 1.2, 1.6, and 2.0 are shown in Fig. 1. 
The strongest feature of all the phases oc- 
curs at -675 cm-l. While this band is rela- 
tively sharp and symmetric for FeCrz04, a 
shoulder appears on the low wavenumber 
side for Fe1.4Cr1.604 (at -636 cm-‘) and 
Fei.&r1.204 (at -636 cm-l). No shoulders 
are apparent for Fe&r0.s04, Fe2.6Cr0.404, 
and Fe304. Peak positions and the full- 
width-at-half-maximum (FWHM) values 
for the -675 cm-’ band are given in Table I. 
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FIG. 1. Raman spectra of spinel-structure solid solu- 
tion: Fej-,CrxOlwithx = 0.0,0.4,0.8, 1.2, 1.6, and2.0 
using a 514.Snm laser. Scale factors are shown. Peak 
at 1558 cm-’ is from atmosphere Oz. 

The FWHM values range from 26 cm-’ for 
FeCrzOd to 49 cm-i for Fe1.sCr1.204. (No 
attempt was made to account for the shoul- 
ders of the Fe1.8Cr1.204 and Fe1.4Cr1.604 ma- 
terials in the FWHM determinations.) The 
spectrum of magnetite, Fe304, has a weak 
band at 543 cm-*. The substitution of Cr for 
Fe in the structure initially causes a reduc- 
tion in the intensity of this band (Fe2,6 
Cr0.404), and for Fe2.$r0.804, the band is 
not discernable. However, with the intro- 
duction of more Cr, the band reappears 
(Fe1.8Cr1.204), and for Fe1.4Cr1.604, the band 
is relatively intense and extremely broad 
(FWHM = 53 cm-’ for Fe&r1.60J. Two 
materials exhibited Raman-scattering fea- 
tures at higher wavenumbers-FeCrzOd has 
a peak at - 1265 cm-’ and a broader feature 
at -1357 cm-‘. Fe1.4Cr1.604 has a weak, 
broadband at -1335 cm-l. All spectra of 
Fig. 1 show a band at 1558 cm-’ resulting 

from the vibrational stretch of atmospheric 
02 (0 

Table I also contains the lengths of the 
cubic unit cells of Fes-,Cr,04 as determined 
by XRD analysis. The variations of cell 
length with chromium content agree well 
with literature results and the absolute val- 
ues are in reasonable agreement (I, 7). In 
the (room temperature) XRD spectra, there 
was no evidence of superlattice reflections, 
nor was there any evidence that the unit 
cells were distorted away from full cubic 
symmetry. 

Raman spectra were also obtained from 
an Fe304 sample prepared by heating (Y- 
Fez03 in vacuum at 1300°C and an Fel.,l 
Cr1.604 sample prepared by reducing Feo.93 
Cr1.0703 in an H2/C0 flow. Both of these 
materials had Raman spectra very similar 
to their counterparts of Fig. 1 and Table I. 
Despite the differences in preparation con- 
ditions, the Raman shifts were practically 
identical. However, the 679 cm-l band of 
the Fe&-i.604 sample prepared in the HJ 
CO environment was somewhat broader 
(37 cm-‘) than the band of the sample pre- 
pared in a pure CO2 environment (3 1 cm-‘). 

TABLE I 

OBSERVED RAMAN BANDS AND CUBIC CELL 

LENGTHS FOR Fe3-,Crx04 

Fe304 542 - 671 (38) - - 
a = 8.398 (1) 
Fe2.6Cro.404 562 - 682 (39) - - 
a = 8.396 (4) 
Fed3.0 - - 681 (44) - - 
a = 8.398 (1) 
I%.&-& 548 636s 674 (49) - - 
a = 8.408 (1) 
Fe1.4cr1.6a 550 636s 679 (31) - 1335 
a = 8.398 (1) 
FeCr204 - - 686 (26) 1265 1357 
a = 8.381 (1) 

Note. All Raman shift values are in cm-l. Values 
given in parentheses after -675 cm-’ position are 
FWHM in cm-‘. s = shoulder. Cubic cell length a is in 
A, with error of last digit in parentheses. 
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Discussion: Fe+,Cr,O, Solid Solutions 

A group-theory (factor group) analysis of 
the cubic spine1 structure with space group 
Fd3m (0:) predicts five Raman-allowed, 
fundamental, vibrational modes (8). For 
FeJ04, these modes have all been observed 
in single-crystal studies (8). On the basis of 
the Fe304 results, the -675 and -550 cm-’ 
Raman features of the entire Fe,-,Cr,O, 
solid solution can be assigned to Al, and Tzg 
symmetries, respectively. The three 
weaker phonons, occurring at 420 cm-’ 
(T& 320 cm-l (E,), and 298 cm-’ (Tzg) in 
FejOe, are not observed in the present 
study of polycrystalline materials. 

In Table I, the Raman shift of the A,, 
phonon is seen to be inversely related to the 
cubic cell length. That is, as the unit cell 
contracts (expands) the vibrational fre- 
quency increases (decreases). The Grii- 
neisen constant for this mode, 

d(ln u) 
’ = - d(ln V) ’ 

with u being the Raman shift and V the vol- 
ume of the unit cell, is 2.0, assuming a lin- 
ear relationship between In u and In V. This 
reasonable value for the Grtineisen con- 
stant establishes that normal phonon be- 
havior occurs in the solid solution (9). 

The FWHM values of the 671 cm-l mode 
(Al,) of Fe304 is 38 cm-i at room tempera- 
ture, in good agreement with the results of 
Verble (10). Verble interpreted the large 
linewidth as arising from the electronic dis- 
order in the structure. That is, the random 
distribution of Fe*+ and Fe3+ ions on equiv- 
alent B (octahedral) sites of the structure 
results in spatial fluctuations in the electron 
charge density. This argument is consistent 
with the smaller linewidths of FeCr20d and 
Fe&-1.604 (Table I). The normal spine1 Fe 
Cr204 has only Cr3+ on the B sites while 
Fei.4Cr1.604 has only trivalent Cr3+ and 
Fe3+ on the B sites (II). This implies, as 
suggested by Verble, that the “composi- 

tional” disorder resulting from the substitu- 
tion of electronically similar elements (here 
Cr3+ and Fe3+) causes less broadening than 
the “chemical” disorder resulting from 
having Fe2+ and Fe3+ on equivalent sites. 

Two interesting effects occur when the 
composition changes from FeCrzO, to Fel.J 
Cri.604 and Fei.sCri.204. For these latter 
two materials, the A,, phonon at -675 cm-’ 
develops a prominent low wavenumber 
shoulder. In addition, the -550 cm-i fea- 
ture becomes intense and extremely broad. 
For these same two materials, Gillot et al. 
(12) showed that the v3 IR band at -370 
cm-l was split into a doublet. An explana- 
tion for the new features of Fei.&ri.604 and 
Fe1.8Cr1.204 would be that these phases do 
not have the Fd3m structure of the parent 
spinel. For example, the presence of a su- 
perlattice would allow additional Raman 
modes through the introduction of a larger 
unit cell with additional degrees of free- 
dom. A distortion to a lattice of lower sym- 
metry allow additional Raman bands by lift- 
ing of degeneracies or allowing modes that 
are inactive in the parent structure to be- 
come active. However, on the basis of the 
XRD analyses in this study and others (I) 
for Fe,-,Cr,O, at room temperature, there 
is no indication of either superlattices or 
distortions to lattices of lower symmetry. 
(However, upon cooling below room tem- 
perature, Levinstein et al. (I) observed lat- 
tice distortions for certain compositions. 
Fei.Cr1.204 is on the border between com- 
positions for which no low temperature dis- 
tortion occurs (0 5 x 5 1.2) and composi- 
tions for which a cubic-tetragonal 
transition occurs (I.25 5 x % 1.32). Fel.d 
Cr1.604 is in the composition region (1.4 
5 x 5 1.7) for which cubic-tetragonal- 
orthorhombic transitions occur. For 1.7 5 
x 5 2, a cubic-to-orthorhombic transition 
occurs. Thus, the additional Raman fea- 
tures are associated with the materials 
which undergo a low temperature cubic/te- 
tragonal distortion.) 
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Since there is no evidence that the addi- 
tional Raman features of Fe,.4Cr1,604 and 
Fe1.8Cr1.204 result from structural distor- 
tions, it is suggested that they arise from a 
partial ordering of the cations. DeAngelis et 

al. (23) and Keramidas et al. (14) investi- 
gated spinels with various types of cation 
ordering on the octahedral and tetrahedral 
sites. In general, completely ordered 
spinels exhibit a larger number of Raman 
and IR bands than the parent disordered 
material. Kermidas et al. (14) provide the 
example of the ordered and “disordered” 
form of the spine1 LiGaTi04. The ordered, 
orthorhombic material exhibits a Raman 
spectrum consisting of at least 20 bands, 
while the Raman spectra of “disordered” 
LiGaTiOd has the expected 5 Raman bands, 
several of these possessing significant 
shoulders. The authors felt that the shoul- 
ders arose from partial ordering of the cat- 
ions. The similarity between the results of 
LiGaTi04 and Fe1.4Cr1.604 and Fe1.8Cr1.204 
suggests that partial ordering of the cations 
also occur in the latter two materials. In 
Fe1.&-1.604, the A (tetrahedral) sites are 
held to be exclusively occupied by Fe2+ and 
in Fe1.8Cr1.204, the A sites are believed to be 
occupied largely by Fe2+ with a much 
smaller occupancy by Fe3+ (11). It is only in 
the octahedral B sites, occupied by Cr3+ 
and Fe3+ in Fe1.JZr1.604 and occupied by 
Cr3+, Fe3+, and a small amount of Fe2+ in 
Fe1.8Cr1.204, that ordering of Cr and Fe cat- 
ions can occur. For FeCr204, in contrast, 
the B sites are occupied only by Cr3+ and 
the A sites only by Fe2+, precluding the or- 
dering of cations at either of the sites. 
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FIG. 2. Raman spectra of corundum-structure solid 
solution: Fez-,Cr,O, with x = 0.0,0.27, 0.53, and 0.80 
using a 5145nm laser. Materials containing both Fe 
and Cr exhibit a new peak at -675 cm-‘. Scale factors 
are shown. 

tive point in the Brillouin zone, i.e., the 
zone center (k = 0) (15). By analogy to 
Fe304, FeCr20h should have a T2g phonon 
at -550 cm-l even though it was not ob- 
served in the polycrystalline sample. The 
1265 cm-’ band of FeCr204 can then be as- 
signed as 550 + 686 cm-‘, with the T2g x 

A,, combination allowed even at the zone 
center. 

Results: Fez -,Cr,O~ Solid Solutions 

The bands observed at higher wavenum- The Raman spectra of the corundum- 
bers in FeCr204 and Fe1.4Cr1.604 can be as- type solid solutions Fe,-,Cr,O, with x = 
signed as overtones or combinations of the 0.0,0.27,0.53,0.80 and withx = 1.07, 1.33, 
fundamental vibrations. The 1357 cm-’ 1.60,2.0 are shown in Figs. 2 and 3, respec- 
band of FeCr204 and the 1335 cm-i band of tively. When chromium is substituted for 
Fe, .4Crl.604 occur at approximately 2 X 675 iron in a-Fe203 (upper spectrum of Fig. 2), 
cm-’ and are thus overtones of the -675 a new band appears. The band ranges in 
cm-i mode. This overtone, with (A1,)2 sym- Raman shift from 664 cm-’ for Fel.T3 
metry, is allowed even at the most restric- Cr0.2703 to 685 cm-i for Fe0.&r1.~03, with 
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FIG. 3. Raman spectra of corundum-structure solid 
solution: Fe2-XCrXOS withx = 1.07, 1.33, 1.60, and 2.0 
using a 514.5nm laser. All materials show a peak at 
-1350 cm-r. Scale factors are shown. 

the shift increasing nearly linearly with in- 
creasing chromium content. This new fea- 
ture was also observed in an earlier, unpub- 
lished study of Fez-,Cr,O~ solid solutions 
(16). In order to investigate whether the 
-675 cm-r feature resulted from sample in- 
homogeneity, a Fer.&r0.2703 phase was 
further annealed for 8 hr at 1300°C in air, 
followed by an air quench. (Inadequate an- 
nealing in the Fe&J-,O, system can pro- 
duce anomalous Mossbauer line shapes, 
which are believed to result from clusters of 
one type of cation (27).) The Raman spec- 
trum of this sample was nearly identical 
to that obtained from the original Fel.73 
Cr0.2703 material annealed at only 1200°C. 

Table II also contains the lengths of the 
hexagonal unit cells of Fe,-,Cr,O, as deter- 
mined by X-ray powder diffraction. The 
cell lengths are in good agreement with lit- 
erature results (18). In the (room tempera- 
ture) XRD spectra, there was no evidence 
of superlattice reflections. Nor was there 
any evidence that the unit cells were dis- 
torted away from full rhombohedral sym- 
metry. The Fe,-,Cr,O, materials were sin- 
gle phase with no contamination by Fe3-, 

TABLE II 

OBSERVED RAMAN BANDS AND LATTICE PARAMETERS FOR Fez-XCrXOs 

a-FezOX 236 253 298 413 502 616 - 
a = 5.037 (l), c = 13.752 (3) 
Fed&.&4 - - 298 417 508 616 664 
a = 5.032 (l), c = 13.710 (3) 
Feb&.dA - - 305 423 515 625 670 
a = 5.025 (l), c = 13.676 (3) 
FedJro.dh - - 303 424 521 620 673 
a = 5.017 (1) c = 13.650 (3) 
F%.&t.0@3 - - 310 382 527 639 682 
a = 5.008 (l), c = 13.631 (3) 
Feod31.3303 - - - 386 537 648 683 
a = 4.996 (I), c = 13.622 (3) 
Feo.&l ~003 - - 310 385 547 648 685 
a = 4.981 (l), c = 13.608 (3) 
Cr203 - 304 353 529 553 616 - 
a = 4.961 (l), c = 13.599 (2) 

1319 + weak peaks at 831 and 1073 

1328 + weak peak at 1073 

1329 

1343 

1359 

1370 

1381 

1398 + weak peaks at 401, 698, 1056, 
1154, 1210, and 1300 

Note. All Raman shift values are in cm-l. Rhombohedral lattice parameters are expressed as hexagonal unit 
cells with a and c in A, with error of last digit in parentheses. 
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Cr,O,. Thus the -675 cm-’ band of FeZex 
Cr,O, cannot be due to Fe+,Cr,O, impuri- 
ties. 

Several of the bands of a-Fe203 are rela- 
tively unaltered by the substitution of chro- 
mium for iron. For example, the 298, 413, 
502, and 616 cm-’ bands of a-Fe203 can be 
seen at progressively higher Raman shifts 
for chromium additions up to Fe’.&r0.8003. 
The evolution of one phonon, the 502 cm-’ 
band of a-FezOX, can be followed through 
the entire range of solid solution. The Ra- 
man shift increases nearly linearly with in- 
creasing chromium content. The change to- 
ward higher frequency with increasing 
chromium content results from the contrac- 
tion of the unit cell. A Griineisen constant 
of 2.4 is found for this mode. 

Discussion: Fe2-xCrxOa Solid Solutions 

Seven Raman-active fundamental vibra- 
tions are predict_ed by group-theoretical 
analysis of the R3c (D&) crystal structure 
(19). All these modes have been observed in 
single-crystal studies of a-Fe203 (20, 21) 
and Crz03 (21, 22). The upper spectrum of 
Fig. 2 gives the Raman spectrum of (Y- 
Fe203. Following the results of Hart et al. 
(20), the fundamental vibrations and sym- 
metries can be assigned as follows: 236 
cm-’ (Alg), 253 cm-’ (E,), 298 cm-l (Eg and 
E,), 413 cm-’ (E,), 502 cm-’ (Alg), and 616 
cm-’ (E,). In the room-temperature spec- 
trum of a-Fe203, the 298 cm-’ band is actu- 
ally two unresolved fundamental vibrations 
both of ER symmetry (22). The lower spec- 
trum of Fig. 3 gives the spectrum of Cr203. 
Following the results of Hart et al. (22), the 
fundamental vibrations and symmetries can 
be assigned as follows: 304 cm-’ (E,), 353 
cm-’ (E,), 529 cm-’ (E,), 553 cm-’ (Alg), 
and 616 cm-’ (E,). The two remaining fun- 
damental vibrations (235 cm-’ (E,) and 266 
cm-’ (Alg)) are relatively weak and were 
not observed here. 

Scattering from the magnetic structure of 

a-Fez03 and CrzOJ (i.e., magnon scatter- 
ing), must be considered when analyzing 
the Raman spectra of Fe&Zr,O+ He- 
matite, a-Fez03, is antiferromagnetic below 
the Morin transition of 260 K and has a 
slight ferromagnetic moment between 260 
K and the NCel temperature of 960 K (23). 
Above 960 K, the spins of the Fe3+ ions are 
disordered and a-Fe203 is paramagnetic. 
Cr203 is antiferromagnetic below its NCel 
temperature of 311 K (24). While no one- 
magnon features have been observed in (Y- 
Fe203 (20, 25), both one- and two magnon 
scatterings have been identified in Cr203 
(22). Although extremely weak at room 
temperature, the one-magnon scattering 
was observed here at 401 cm-‘. In addition, 
a broad and weak band at approximately 
698 cm-‘, previously identified as two- 
magnon scattering, was detected. The 
strongest feature in the spectrum of cy- 
Fe203, at 1319 cm-‘, had until recently been 
assigned as two-magnon scattering (20, 25). 
Figures 2 and 3 show that the entire solid 
solution Fez-.$ZrX03 exhibits a peak in this 
region (- 1350 cm-‘) that varies nearly lin- 
early in Raman shift as a function of com- 
position. 

The origin of the -675 and -1350 cm-’ 
peaks has been recently discussed (26) and 
the results are summarized here. The 
- 1350 cm-’ peaks of the mixed-metal mate- 
rials occur at almost exactly twice the fre- 
quency of the -675 cm-’ peak, clearly es- 
tablishing that the - 1350 cm-’ peaks are 
overtones of the -675 cm-’ peaks. The 
temperature dependence of -675 and 
-1350 cm-’ peaks establish that they arise 
from phonon scattering, not magnon scat- 
tering. This interpretation is supported by 
the Griineisen constants of 1 .l and 1.5 for 
the -675 and - 1350 cm-’ bands, respec- 
tively. These values are typical of normal 
phonon behavior. Given the relative sharp- 
ness of the -675 cm-’ peaks, it is probable 
that they arise from first-order phonon scat- 
tering. Both a-Fe203 and Cr203 have IR- 
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active normal modes at frequencies close 
to the values extrapolated from the fre- 
quency-composition relationship of the 
solid solutions (27, 28). Therefore, it is be- 
lieved that the -675 cm-l features are IR- 
active modes that are Raman inactive in (Y- 
Fez03 and Cr,O, and that these modes 
become active in the mixed-metal solid so- 
lutions as a result of symmetry relaxation 
processes, This makes the -1350 cm-’ 
peaks, observed for the entire FezOj-CrzOj 
solid solution, overtones of a fundamental 
vibrational mode that is observed only for 
the mixed-metal solid solutions. 

The spectrum of Cr,O, contains weak, 
broad features at approximately 1056, 1154, 
1190, and 1300 cm-l. While the symmetries 
of these features could not be determined 
from the polycrystalline samples, it is be- 
lieved that they arise from overtones or 
combinations of the fundamental vibra- 
tions. The 1056 cm-’ feature is approxi- 
mately 2 x 529 cm-i and the overtone of 
(Eg)* symmetry is allowed at k = 0 by group 
theory considerations (25). The 1154 cm-’ 
feature is approximately 616 + 529 or 616 + 
553 and the combinations of Eg x Eg or Eg 
x Al, symmetry are both Raman allowed at 
k = 0. The 1210 cm-i feature is approxi- 
mately 2 x 616 cm-i and the (E,)* symme- 
try is again allowed. It is not possible to 
assign the weak 1300 cm-’ feature on a sim- 
ilar basis. 

Comparison of Fes-,Crx04 and Fe&Jr,O, 

For the Fe,-,Cr,O, solid solution, both 
the -525 and -1350 cm-i peaks vary as 
nearly linear functions of composition and 
thus compositions can be unambiguously 
determined by Raman scattering (Table II). 
For the Fe3-,CrX04 solid solution, the situa- 
tion is not so straightforward. While the Ra- 
man shift of the dominant peak (-675 cm-‘) 
changes with composition, the change is 
not a monotonic function of composition 
(Table I). However, by careful examination 

of the frequency and FWHM of the -675 
cm-’ peak, the relative intensity of the 
-550 cm-’ peak, and whether there are 
shoulders at -635 cm-‘, it is possible to 
estimate composition from the Raman 
spectra. 

In studies of Fe-Cr alloy oxidation, Ra- 
man spectroscopy has been used to identify 
the different Fe-Cr oxides. However, care 
must be exercised when using Raman spec- 
troscopy to distinguish between Fe,-,Cr,O, 
and Fe3-,CrX04 solid solutions since the 
most intense feature of both solid solutions 
occurs at -675 cm-l. FeJ-,Cr,04 with x 
less than -0.8 and x = 2 can clearly be 
distinguished from all Fe2-,Cr,O3 phases 
since these Fe3-,CrX04 phase have an iso- 
lated peak at -675 cm-i, while for the FeTwx 
Cr,O, phase the -675 cm-’ peak is merged 
with a peak at -640 cm-i. However, Fei.8 
Cr1.204 and Fe&r1.604 have shoulders on 
the low wavenumber side of the -675 cm-l 
peaks. These phases can be distinguished 
from Fe,-,Cr,O, by examining the -550 
cm-’ peaks of Fe&Zr,O,. In Fei.gCri.204 
and Fe1.4Cr1.604, this peak is extremely 
broad. In Fe,-,Cr,O,, peaks occur in this 
region only for high chromium-content ma- 
terials with the peaks being quite sharp 
compared to Fe&ri.204 and Fe1.4Cr1.604. 
Reports in the literature have inferred the 
presence of Fe,-,CrX04 from materials with 
peaks at -675 cm-’ (29, 30). In some in- 
stances, however, the spectra exhibit a 
much closer agreement with those of Fez-, 
Cr,O,. That is, the spectra contain peaks at 
both -640 and -680 cm-l, a feature indica- 
tive of Fez-,Cr,O,, not Fe3-,Cr,Oe. 
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