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The distribution of d electrons over the cations in MoFe,O4, which is represented by the formal
valence assignment, is shown to be complicated by the equilibrium reactions

Fes' + Fel' + Mo** = Fey’ + FeX' + Mo* = FeX’ + Fel' + Mo**.

We have used thermal treatment to confirm that the Mo are primarily on octahedral sites; Fe [Mog
FeplO4. K-shell absorption and Méssbauer data at T = 423 K > T, demonstrate that the iron has an
average valence near 2.5+ with fast electron transfer (1, < 1078 sec) on both octahedral and tetrahedral
sites. Paramagnetic susceptibility data give a Curie constant Cy = 7.95 * 0.2 emu/mole and a Weiss
constant §, = —445 K; magnetometer measurements confirm a compensation point near 160 K.
Transport data give a surprisingly high electronic conductivity, but also give an activated mobility
similar to that found in AlFe,Q, and CrFe,O, where mixed Fe**2* valences on both A and B sites have
been demonstrated. However, a positive Seebeck coefficient and a preexponential factor one order of
magnitude higher in MoFe,0, point to involvement of a fraction of the Mo atoms in electronic trans-
port, which would be consistent with the observation of a 7, < 1078 sec on the A sites of a spinel. An
energy diagram consistent with these data and other information about the relative redox potentials of
these ions in oxides are proposed for this system. © 1985 Academic Press, Inc.

Formal Valences in the Ferrospinel filled bands that are primarily O : 2p in char-
MoFe,0, acter as the O : 2p% valence band; the bands

that are primarily cationic in character are
Introduction therefore designed M: d, s, or p unless

there is a strong hybridization among these

In oxides, the covalent contribution to cationic orbitals. The band designations

the M—O bond is certainly not negligible. presented in this paper follow this conven-
Nevertheless, it is customary to refer to the tion.
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Transition-metal oxides are generally
characterized by a Fermi energy Er that lies
above the top of the O:2p$ valence band
and below any cation—s conduction band
associated with the transition metal atoms.
This situation permits an unambiguous cal-
culation of the total number of d electrons
per formula unit from a knowledge of the
chemical composition. However, it leaves
unspecified the distribution of the electrons
among the transition-metal atoms, and the
assignment of formal-valence states to the
transition-metal atoms represents a specifi-
cation of the d electron distribution.

The following examples illustrate that
specification of the d electron distribution
may not be trivial:

1. FeVO;. In an early investigation of
this compound (1), it was not clear in ad-
vance whether to expect the formal va-
lences Fe?*V**0; or Fe3*V3+(0;. Cation or-
dering in ilmenite had established the
valences Fe2*Ti**0;; the absence of a simi-
lar ordering in FeVO;, which would con-
vert the corundum structure to that of il-
menite, was the first indication that the
correct formal valence assignment is
Fe3tV3+0;. In this compound, the first ab-
sorption band should establish the energy
required for the charge transfer reaction

Fe’+ + V3 = Fe?t + V4,

(M

The activation energy must include the lat-
tice relaxation energy, which is the solid-
state analog of the reorganization energy
encountered in molecular species with a
change of valence. In a solid, the reorgani-
zation energy for such a reaction may be
cooperative.

2. CaFeQO;. At room temperature, the
formal iron valence in the perovskite Ca-
FeO; is high-spin Fe**; but unlike LaMnO,
(2), it exhibits no cooperative Jahn-Teller
distortion of the Fe octahedral sites to re-
move the degeneracy of the E, ground con-
figuration at lower temperatures. Rather,
Mossbauer spectroscopy (3) has revealed a
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low-temperature disproportionation reac-
tion

Fe** + Fe'* — Fel 9+ 4 Feltd+ (2)

with 8 —> 1 as T — 0K. The two different
types of low-temperature distortions found
in LaMnQO; and CaFeO,, which have identi-
cal numbers of d electrons per transition
metal atom, have been interpreted (4) to
signal localized o-bonding d electrons in
LaMnO;, itinerant o-bonding 4 electrons in
CaFeO;.

E. La;CoMnOq. Initial attempts (5) to
prepare an ordered perovskite La,Co2*
Mn**O¢ were frustrated by the charge-
transfer reaction

Co?** + Mn** = Co*t + Mn*t (3)

which was further complicated by a high-
spin/low-spin conversion

4 —_—
Co’* : f3e? = Colll ; fe0

4

that is near crossover at room temperature
6).

4. LaSrCo,04. This perovskite is a me-
tallic ferromagnet with a spontaneous
magnetization corresponding to a mean co-
balt moment uc, = 1.5 up (7). Such a frac-
tional atomic moment cannot be rational-
ized either by the high-spin mixed-valent
configuration Co** + Co**, which would
have a spin-only uc, = 4.5 ugp, or by the
low-spin configuration Co! + Co!V, which
would give uc, = 0.5 up. Nor can it be ra-
tionalized by mixed high-spin and low-spin
states Co** + Co!Y or Co'l! + Co**, which
would give uc, = 2.5 up. However, the in-
termediate-spin state may be stabilized by
the coexistence of itinerant o-bonding d
electrons and strongly correlated (local-
ized) w-bonding d electrons, and this con-
figuration gives not only the observed uc,
= 1.5 up, but also ferromagnetic coupling
and metallic conductivity (8). In this case a
mean cobalt valence should be designated:

5

Co35+: tgo.*o.s
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where the o* band of itinerant-electron
states is a d band of e-orbital parentage.

5. C0,04. The spinel structure contains
cations on both octahedral and tetrahedral
sites. With two crystallographically in-
equivalent sites, the redox potentials for
the same atom can be significantly different
at the two sites. This situation is well illus-
trated for the normal spinel Co?*[Co']O;,
which has diamagnetic low-spin Co™': f5¢°
configurations on the octahedral B sites and
high-spin Co?*:e‘s configurations on the
tetrahedral A sites. This spinel is an antifer-
romagnetic semiconductor with an A-site
cobalt moment pcoa = 2.7 up (9).

6. Co;_.Ni,O4. Nickel substitutes for
octahedral-site cobalt in the system Cos.,
Ni,O4, and the o-bonding electrons on tet-
rahedral-site cobalt and octahedral-site
nickel promotes formation of a narrow
band of itinerant-electron states having an
equilibrium charge-transfer reaction

Coi + Nij' = Co}' + Nig'

et + el = 't + fie? (6)
corresponding to the formal-valent configu-
rations

Coto" . o437 + Ni§ 2" fe+d  (7)

where 8§ < 1 may vary with the concentra-
tion x of nickel atoms. This situation was
first established with neutron diffraction
data for Co[NiCo]O, (10); the model was
subsequently utilized to discuss the evolu-
tion of properties in the system Co[Ni,
C01-,]04 (11).

7. Fe;0,. Verwey (12) recognized early
that magnetite must be an inverse spinel
with Fe3* ions on the A sites; a mixed va-
lence on the B sites would then be responsi-
ble for the high electrical conductivity of
this compound. His formal-valence desig-
nation Fe’*[Fe?*Fe**]04 implied that the
mobile electrons are sufficiently localized
to behave as small polarons, moving
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through the lattice in a diffusive motion,
even though the enthalpy for an electron
hop is AHy, < kT at room temperature. Dif-
fusive motion requires an interatomic hop-
ping time 7, = 10713 sec, the period of the
optical-mode vibrations. Subsequent Moss-
bauer data (/3), on the other hand, have
shown only an average octahedral-site va-
lence Fe%*, which indicates a 7, < 1078
sec. Although there is considerable evi-
dence for a hopping-electron regime with
1071 < 7, < 1078 sec (I14), whether the mi-
nority spin electrons should be considered
itinerant or diffusive below the Curie tem-
perature T, = 850 K remains controversial,
which makes ambiguous the proper formal-
valence notation

Fe3*[Fe?*Fe?*]0, vs Fe**[Fe?’*10,. (8)

On the other hand, the energy diagram of
Fig. 1 is relatively well established.

8. Fe;_M.O,. A significant feature of
Fig. 1 is the energy required for electron
transfer from a B-site Fe?* ion to an A-site
Fe?* ion:

3+ 2+
Fe/Fe: &s

Fea:l Fef Fe::/ Fez:
et | IA ! ep) l
________ - - - -E
F
2Fegelh
AuA
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2Fe :a th

Fic. 1. Semiempirical room-temperature energy dia-
gram for Fe'[Fes'Fey'10,.



Fe}' + Fei' = Fed' + Fek' (9
where AGag = AH,p — TAS zp vanishes as
T — 1450°C (15). This energy is sensitive to
the introduction of substitutional ions and
varies with their character and concentra-
tion. In the system Fe[Cr,Fe,_,]0,, for ex-
ample, chromium is almost entirely con-
fined to octahedral sites where it is
stabilized in the valence state Cr’*; the
Cr3*?* energy level lies well above the
Fe3*2* energy level, so the Cr3* ion is not
significantly reduced at normal laboratory
temperatures. Therefore marked deviations
from Végard’s law can only be interpreted
in terms of the electron transfer reaction
(9). The variation of the lattice parameter
with x at 40 K in this system (/6), Fig. 2,
can only be interpreted, therefore, as a de-
crease in A with increasing x, the value of A
changing sign at room temperature in the
compositional interval 0.5 < x < 1.2.

In the case of Fe[MoFe]O4, ambiguity
about the sign and magnitude of A is further
compounded by an uncertainty about the
valence state of molybdenum:

Feg" + Fe)' + Mot =
Fep" + Fei' + Mo’ =
Fep" + Fei' + Mo**. (10)

In this paper we review previous data
and report new data on this compound in an

X

=1
J

Ragion 3

I |
O 0-4 [+2:] 12 1:6 20
Nominal composition, x

I;gla'ﬂ Region 2

Fi1G. 2. Room-temperature lattice parameter versus
composition for Fe,_,Cr,0, after (16).
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TABLE 1

ROOM-TEMPERATURE ISOMER-SHIFT
RANGES (mm/sec wrt Fe) IN IRON
OXIDES (AFTER REF. (21))

Coordination Fe?* Fe’*
v 0.9-1.1 0.1-0.3
V1 1.1-1.2 0.2-0.4

: attempt to clarify the formal-valence situa-

tion.

Review of Previous Work

In a series of publications (17-19), Abe et
al. reported the results of X-ray and neu-
tron diffraction, magnetometer measure-
ments, and Mossbauer spectroscopy on
MoFe;04. The cubic spinel is inverse, Fe
[MoFe]O,, with room-temperature lattice
parameter a, = 8.509 A and oxygen param-
eter u = 0.391. A weak magnetization
(0.15-0.2 uwp/mole) appears below a ferri-
magnetic Curie temperature 7. = 348 K,
and a compensation point is found at 160 K.
These authors initially concluded that the
formal valence distribution was Fe?*
[Mo**Fe?+]0y; the weak ferrimagnetic mo-
ment was attributed to unequal Fe’*-ion
moments on octahedral vs tetrahedral sites
and/or spin canting. The molybdenum was
assumed to have no magnetic moment.
However, the Mossbauer spectrum showed
a mean isomer shift 8 = 0.63 mm/sec with
respect to iron at room temperature, which
would indicate a mixed Fe3*2* valence (see
Table I), so these authors concluded in
their last publication that the formal va-
lence distribution Fe3*[Mo3*Fe2t]O, must
also be considered.

Ghose et al. (20) presented evidence for
canting of the B-site spins below 70 K from
neutron diffraction, magnetometer, and
Mossbauer data. These authors concluded
that the formal valence distribution is Fe?+
[Mo**Fe2*]0, with a molybdenum mag-
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netic moment uy, = 2 up, canting on the
B-site spins accounting for the reduced
molecular magnetization.

Gupta et al. (21) have examined the
Maossbauer spectra principally in the para-
magnetic temperature domain T > 350 K.
They resolved the spectrum at 450 K into
two doublets having isomer shifts 8 = 0.57
and 0.70 mm/sec with respect to iron at
room temperature. They assigned these, re-
spectively, to the iron on A and B sites.
However, for both:- A and B sites these iso-
mer shifts are intermediate to those antici-
pated for Fe?* and Fe?*, so these authors
concluded that the formal valence distribu-
tion should be Fej’sFef5s{Mo3* Fej5Fep 510,
especially as such an interpretation is com-
patible with a relatively high electrical con-
ductivity in this compound (o = 0.5 x 1072
Q-1 cm™! at room temperature). Although
the formal-valence formula is written so as
to indicate conduction via electron hopping
(tn > 10713 sec), nevertheless the Moss-
bauer spectrum could not resolve Fe?* and
and Fe3* ions, indicating a 7, < 1078 sec as
in Fe;O,. But in magnetite, Fe3*[Fe?*
Fe3*]0,, the fast electron transfer (r, <
1078 sec) is between B-site iron ions only; in
Fe[MoFe]O, the data imply a fast electron
transfer between A- and B-site iron ions as
well, corresponding to a A < kT. Fast elec-
tron transfer directly between A-site iron
ions seems less probable since magnetic A—
A interactions are generally weak. More-

over, the Fe?* and Fe3* ions on A sites in -

the compound FedFed 5INi35Cri%] O, have
Maéssbauer spectra that can be resolved, in-
dicating a 7, > 1078 sec (22). Therefore the
interpretation of Gupta et al. of fast elec-
tron transfer on A-site iron in Fe[MoFe]O,
is of particular interest.

In the course of our study, we became
aware of an additional article by Ghose (23)
on the Massbauer spectrum of Fe[MoFe]O,
at 4 K in which he concluded, on the basis
of two resolved sextuplets with internal
fields of 212 and 440 kOe, that the formal
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valence at this temperature is Fe?*[Mo*t
Fez+]O4.

In all of the studies cited above, the sam-
ples of MoFe,0, were prepared at high tem-
perature (1140 and 1200°C) in H,/CO, atmo-
spheres, cooled slowly to 600°C, and then
quenched. This procedure was followed be-
cause MoFe,0, tends to decompose into
Fe,Mo3;0s + Mo, Fey_04 (with x < 1) at
temperatures 7 < 400°C; but the kinetics of
the decomposition is slow at 300-400°C,
and at room temperature it is too slow for
any significant decomposition to occur dur-
ing the lifetime of their experimental stud-
ies. However, it is important to note that in
Fe;Mo0,0;4, which has the structure shown
in Fig. 3 (24), the formal valences are
Fel*Mo3i"O;s and that the Mo** ions form
clusters of three edge-shared octahedra in
which the Mo-4d electrons are spin-paired
in Mo—Mo homopolar bonds (25).

Sample Preparation and Characterisation

A mixture of MoO,, Fe, and Fe,0; was
well homogenized in an agate mortar and
pressed into bar-shaped pellets. The pellets
were put into an alumina crucible placed
inside a silica ampule; the ampule was then
degassed under vacuum and sealed under
10~¢ Torr. The ampules were heated to
1170°C for 2 hr and then quenched. The
products were black bars, and their single-
phase character was verified by X-ray dif-
fraction. The principal impurity to be antic-
ipated, Fe;Mo;05, would have been easy to
detect as it is well crystallized with a few
characteristic lines that are strong.

A second preparation procedure was also
used. A sample prepared as above was sub-
sequently annealed at 1170°C for 12 hr in
the sealed ampule; it was then slowly
cooled at 25°C/hr to 600°C before quench-
ing. The X-ray diffraction patterns of the
two types of samples were identical with no
variation in lattice parameter: a, = 8.503 A,
a value intermediate between those given
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FiG. 3. The structure of Fe,M0,0s, after (24).

by Abe et al. (I7, 18) and by Gupta et al.
(21). The data presented below, unless oth-
erwise specified, were taken on samples
quenched from 1170°C.

In view of the strong octahedral-site pref-
erence of Mo*>* and Mo*", the Mo are as-
sumed to occupy only octahedral sites.
This assignment has been shown by pre-
vious workers to be applicable to samples
quenched from 600°C. However, we give
evidence below for a small occupancy of
the A sites by molybdenum at high temper-
atures.

Méssbauer Data

In view of the importance of the Moss-
bauer analysis of Gupta et al. (21) for para-
magnetic MoFe,0, (T = 451 K), we un-
dertook to confirm their results. This
confirmation was also required because of
the lack of any ‘criteria of quality’’ in their
original resolution of the spectrum.

We ran spectra from 423 to 676 K; those
for the quenched and slowly cooled sam-
ples were essentially identical, as can be
seen from Fig. 4. The analysis in terms of
two doublets, like that of Gupta et al., is
given in Table II for T = 423 K. (The values

Wmﬁm .‘W
N
" »”
676K "-\Jf a
N \ \ N mmis
2 -1 0 1 2
f‘w

1 [ 1 1 i mm/s
-2 -1 0 ] 2
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1 1 1 A mm/s
-2 -1 0 1 2
PRAR RPN - M
“
4 ’q
l"$ f’
423K V b
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~|
)

(=]

o

F1G. 4. Méssbauer spectra at various temperatures
of MoFe,Q, (a) quenched from 1170°C and (b) slow-
cooled to 600°C.
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TABEL 11
MOSSBAUER ANALYSIS OF MoFe,0; AT 423 K

8 A T
Site (mm/sec) (mm/sec)  (mm/sec) 1 ¥

A 0525058 0.22(0.22) 0.42(0.34) 0.42(0.54)

B 065 (0.725) 0.54(1.05) 0.56(034) 0.58 (0.46)} 23

of Gupta et al. for 451 K are given in paren-
theses).

The calculated spectrum is shown in Fig.
4 as the continuous line in spectrum a for T
= 423 K. The quality factor x? is accept-
able, but not excellent. It is typical of a
compound having a statistical distribution
of Mo and Fe on the B sites, which gives
rise to a distribution of quadrupole split-
tings that enhances the widths of the reso-
nances.

Extrapolation of the isomer shifts to 300
K and correction for the second-order Dop-
pler shift (26) gives 8, =~ 0.62 and 8g =~ 0.75
mm/sec, values characteristic of a mixed
valence on the iron with a mean valence
state of about +2.5 and 7, < 107® sec (see
Table I).

Even without a resolution of the spec-
trum into contributions from A and B sites,
the center of gravity of the spectrum—cal-
culated from the raw data without interpre-
tation—occurs at a 8 = (.62 mm/sec, which
extrapolates to 0.70 mm/sec at room tem-
perature. This value is characteristic of a
mixed-valence compound with a mean iron
valence of about +2.5. These results thus
establish the fact that, at least in the para-
magnetic state, the molybdenum has a for-
mal valence close to, if not precisely, Mo3*.

On the assumption that the recoil-free
fractions of the two sites are the same,
Maossbauer analysis gives an intensity ratio
Ig/I, = 1.38, which suggests that some of
the molybdenum atoms occupy A sites in
samples quenched from 1170°C. This de-
duction is marginally supported by analysis
of neutron diffraction data as well as the
observation that the magnetic properties
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depend in a small, but indisputable, manner
on the thermal treatment of the sample.

Finally it should be noted that resolution
of the Mdssbauer spectrum into two dou-
blets that reflect not only the two different
types of sites, but also a distribution of Fe3*
ions on A sites and Fe?* ions on B sites,
gives a plausible solution with the same
quality factor x2. In either interpretation,
the molybdenum has a formal valence close
to Mo?*. With this latter interpretation, the
relatively high electronic conductivity—
see below—would be due to Mo-Mo inter-
actions on the B sites giving rise to amor-
phous band delocalization (as against
metal-metal clustering); the Mo concentra-
tion exceeds the percolation limit. How-
ever, the equilibrium constant [Fe ][Fe}'1/
[Fei'1[Fei'] corresponds to an enthalpy of
only —4 kcal/mole at 900°C (27), which in-
dicates that A is too small for the minority
spin electron on the iron atoms to be re-
stricted to one subarray in the paramag-
netic region.

Magnetic Measurements

The room-temperature magnetization o,
in applied field H is shown in Fig. 5; the
magnetization at 5950 Oe vs temperature T
is shown in Fig. 6 for the temperature inter-
val 100 < T < 500 K. It is to be noted that at
room temperature o, is essentially satu-
rated at 5950 Oe and is close to its maxi-
mum value in Fig. 6. Also shown in Fig. 6

Tpfemuig)

T

41

% 3 ¥ 3
H{KOe)

FiG. 5. Magnetization o, of MoFe,0, versus field A
at 296 K.
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FiG. 6. Magnetization o, of MoFe,O4 versus tem-
perature T in an applied field of 5950 Oe. Comparable
curves by (18) (-O-, H,,, = 7520 Oe) and (20) (-V-,
H,p, = 1T) are also shown.

are the o, vs T curves obtained by previous
workers. The curves are all similar, each
showing a maximum near room tempera-
ture and a compensation point near 160 K.
These curves were taken on a sample slow-
cooled to 600°C, as were the samples inves-
tigated by previous workers. The principal
difference between our specimen and those
of previous workers is a somewhat larger
Curie temperature 7,. A sample quenched
from 1170°C gave a similar o, vs T curve,
but with a slightly lower compensation
point. This result seems to indicate that the
Mo-atom distribution is not significantly al-
tered by the different thermal treatments
employed in this study.

Figure 7 shows the first magnetization
cycle at 4.2 K for a sample cooled in the
absence of an applied magnetic field. At
this temperature, o, is not saturated in an
applied field approaching 2 T, and the mag-
netization is only about 0.1 ug/mole. More-
over, the coercive force is high, and the
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hysteresis loop exhibits a significant
‘‘trainage,’’ saturation being more difficult
to achieve on the initial magnetization
curve. Similar curves were reported by
Ghose et al. (20). This behavior is typical of
a spin glass, and no reliable information
about the valence distribution can be de-
duced from the magnitude of o,.

No previous attempt has been made to
measure the paramagnetic susceptibility as
a function of temperature because of the
decomposition of the phase in the neighbor-
hood of 400°C. However, we have found
that heating at 300°C/hr is rapid enough to
obtain reproducible results without any X-
ray evidence for the separation of a second
phase, provided the temperature does not
exceed 900 K. The susceptibility data (Fig.
8) are typical for a ferrimagnet, and the
high-temperature values approach a Curie-
Weiss law with a Curie constant Cy =
7.95 = 0.2 emu/mole and a Weiss constant
of 6, = —445 K.

The large, negative Weiss constant is
typical for an antiferromagnetic Fe,-O-
Fep superexchange interaction; the Curie
temperature (= 400 K) is of somewhat
smaller magnitude than the 713 K of
MgFe;0, (28) and larger than the 120 K of
TiFe,04 (29). In MgFe,0, the Fe,—O-Feg
interactions are between Fe3* ions, in
TiFe,0O, they are between Fe?* ions. Thus

M{emu/ig) T T T T T T T T

1601 + .

080+

-0-80

-1-60}

-240 1 L It 1 1 i Ll
-20 -6 -12 -8 -4 [ 4 8 12 16 H{KOe)

F1G. 7. Initial magnetization anéﬁrst hysteresis loop
of MoFe;0, at 4.2 K.
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F16. 8. Temperature dependence of the inverse para-
magnetic susceptibility of MoFe,0,.

the magnitude of the Curie temperature is
consistent with a mixed Fe3*2* valence in
MOF6204 .

The molybdenum may or may not con-
tribute to the temperature dependence of
the paramagnetic susceptibility. Since each
Mo atom has, on average, three nearest-
neighbor Mo in nearest-neighbor octahedral
sites sharing octahedral-site edges, the Mo-
Mo interactions are expected to be strong
enough to suppress the formation of local-
ized atomic moments on most, if not all, of
the molybdenum atoms. A fast (7, < 1078
sec) electron transfer between iron atoms
of a mixed-valent configuration, as deduced
from the Mdéssbauer data, would substan-
tially reduce the orbital contribution to the
iron atomic moment, s0 we can compare
the experimental Curie constant with the
spin-only values of Table IlI, which were
calculated for various formal-valence distri-
butions. The iron atoms are all high-spin;
an improbable low-spin configuration of the
Mo atoms (the octahedral sites are dis-
torted in the spinel to trigonal symmetry) is
included for completeness.

The measured value Cy = 7.95 emu/mole
is more compatible with a formal valence
Mo3* than Mo**, especially as the molyb-
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denum atoms are not expected to contrib-
ute a full localized electron moment. Any
localized moments on Mo** ions would in-
troduce a strong magnetic anisotropy even
at room temperature, which is not observed
(Fig. 5). Therefore the magnetic suscepti-
bility data points to a Mo®* valence state in
MoFe,04, but with little contribution to the
temperature-dependent part of the suscep-
tibility from the Mo** ions. In the absence
of a Mo**-ion contribution, a spectroscopic
splitting factor g = 2.3 would need to be
invoked, which would reflect a quite rea-
sonable orbital contribution, especially
with a high concentration of high-spin Fe2*
ions.

Electrical Measurements

In Fig. 9, the temperature dependence of
the electrical conductivity of polycrystal-
line MoFe;0, is compared with the conduc-
tivities of polycrystalline AlFe,O4, Aljg
Fe; 204, and CrFe,0,, all measured by us
under the same conditions. In all samples,
two changes of slope in log (¢T) vs T-! are
observed; one occurs approximately at the
Curie temperature, the other at a lower
temperature. The high-temperature break
reflects the common higher activation en-
ergy for a mixed-valence electron transfer
above a magnetic-ordering temperature.
The low-temperature break may be associ-
ated with a freezing of the phonon spectrum
that occurs near 6p/2, which leads to a De-

TABLE III

CALCULATED SPIN-ONLY CURIE CONSTANTS FOR
DIFFERENT ELECTRON CONFIGURATIONS OF

MOLYBDENUM
Cy Cu
Mot (emu/mole) Mo (emu/mole)
Be® 7.0 Be° 9.25
aleled 6.0 dleled 7.75
Itinerant 6.0 Itinerant 7.4
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F1G6. 9. Temperature dependence of the electrical conductivity o, plotted as log (oT) vs T, for

MFe,0,, (M = Mo, Cr, Al) and Al gFe,,0;.

bye temperature 6p = 490 K for MoFe,O0;,
a reasonable value for a ferrospinel.

Of particular interest for the present dis-
cussion is the fact that the electrical con-
ductivity of MoFe,0, is roughly a factor of
10 higher than the conductivities of the two
known mixed-valent compounds AlFe,O,
and CrFe,0,. In Al, sFe 0,4, the concen-
tration of trivalent iron is greatly reduced
and tends to be associated with A-site iron;
the conductivity is therefore also greatly re-
duced.

Although the concentration of molybde-
num in MoFe,04 exceeds the percolation
limit for electrical conduction via Mo-Mo
pathways, the comparable slopes of the log
(oT) vs T~! curves for MoFe,0,4, CrFe,0,,
and AlFe,O, imply a similar conduction
mechanism in all three compounds. In the

spinels Fe[Cr**FelO, and AlsFe _s[Ali-;
Fe,;+5]04, conduction is via a mixed
Fe3*2+ valence in both A and B sites, which
gives rise to mobile small polarons on the B
sites (4). In MoFe,0,, the activation energy
in the small polaron mobility appears to be
comparable, but the preexponential factor
is increased by an order of magnitude. This
factor is proportional to Nc(l — c)v.exp
(ASw/k), where the attempt frequency v,
should be little altered. A change in the
concentration ¢ of mobile charge carriers
on N energetically equivalent lattice sites
per unit valence cannot account, by itself,
for the enhancement of the preexponential
factor, and there is little basis for expecting
a marked change in the motional entropy
AS, unless the density N of energetically
equivalent sites is significantly larger. Thus
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the conductivity data points to a small po-
laron conduction mechanism in Fe[Mo
FelO, in which nearly all the cation sites
Fe,, Feg, and Mog may be considered en-
ergetically equivalent as implied by the
formal-valence equilibrium relationships of
Eq. (10).

The thermoelectric power offers a check
on this radical hypothesis. We measured a
room-temperature Seebeck coefficient of 24
+ 3 4 V/d° that decreased only slightly with
temperature to 300°C. A nearly tempera-
ture-independent Seebeck coefficient im-
plies that the activation energy in the elec-
trical conductivity is primarily due to an
activated mobility in a mixed-valent config-
uration. In such a case, the Seebeck coeffi-
cient is given by

9 ~ —(k/e)In[B(1 — o)/c]  (11)

where g is the spin degeneracy factor. The
concentration of mobile carriers ¢ depends
upon the formal valence assignments and
on the density of sites that are considered
energetically equivalent, as can be seen
from Table IV.

If mobile electrons have equal access to
all cations, the limiting value of ¢ is ¢ = §
corresponding to a formal valence Fel'
Felf [Mott,,Mo3 Fel Feit,JOs, a = 3.
Even for a spin degeneracy factor 8 = 1,
which we adopt in the absence of any sharp
rise in # with increasing temperature
through 7., the magnitude of the measured
Seebeck coefficient corresponds to an ef-
fective ¢ = 0.57, which is significantly
smaller than the limiting value of ¢ = 0.67.
This result can be interpreted in two ways:

TABLE IV

THE CONCENTRATION ¢ MOBILE CHARGE CARRIERS
FOR VARIOUS FORMAL VALENCE SITUATIONS IN

Fe[MoFe]O,
24,2} 303,21 204,81; 3(3,3] 3.3
c:0orl Activated 3 3
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TABLE V

K-SHELL ABSORPTION EDGES IN THE PHOTON
ENERGY RANGE 5-20 eV

Transition energies

Compound (eV)
CrFe,0, 10.4 15.1 19.7
(5.2)¢ (&) (12.8) (17.8)
AlFe,O, Shoulder 14.4 19.4
(8.6) (12.2) (17.4)
MoFe,0, Shoulder 14.2 19.1
%) (8.6) a7 (17.3)

¢ Calculated values are in parentheses.

(1) The mobile electrons have nearly equal
access to both A and B sites and to a frac-
tion of the Mog atoms. (2) All molybdenum
are Moy’ , and hence inaccessible to the mo-
bile electrons, but a A > 0 enhances the
Fe}'-ion concentration relative to the Fe}'-
ion concentration and the B-site conduction
alone is responsible for the sign of 8, as
established in several other spinels (30), de-
spite an A-B electron-equilibrium ex-
change. The latter interpretation cannot ac-
count for the enhanced conductivity in
MoFe;O; compared to AlFe,O, and Cr
FezO4.

K-Shell Absorption Spectra

The K-shell absorption edge of an ele-
ment depends primarily on its degree of ox-
idation and anion coordination. Moreover,
the time to excite an electron is short com-
pared to 7, for a small polaron, so the differ-
ent valences of a mixed-valence state are
revealed. Table V shows data of Lenglet er
al. (31) for the K-shell absorption edges, as
normally defined, of MoFe,0,, AlFe;Oy,
and CrFe;0,. The sample of MoFe,O, was
supplied by us, so it was prepared under the
same conditions as the samples reported on
above.

Both AlFe;0; and CrFe,O4 contain
mixed Fe}* and Fe?* valences on both A
and B sites (¢). The similarity of their spec-
tra to the spectrum of MoFe;0, confirms
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that the iron has a mixed valence on both
tetrahedral and octahedral sites of Mo
Fe,0, and therefore that the molybdenum is
at least partially, if not completely, reduced
to the Mo3* state.

Discussion

The MoOssbauer spectrum at 420 K, the
high electrical conductivity, the paramag-
netic susceptibility, and the K-shell absorp-
tion spectrum all point unambiguously to a
mixed Fe3*?2* valence on both the tetrahe-
dral A and octahedral B sites; the molybde-
num must therefore be primarily in the tri-
valent Mo+ state, but without making an
important contribution to the paramagnetic
susceptibility. Moreover, the mobile charge
carriers appear to have an activated mobil-
ity, indicating they are small polarons (1, >
1078 sec), even though the Mossbauer
spectrum appears to have a mean Fe’*/2+
isomer shift for both the A and B sites,
which indicates a 7, < 1078 sec. On the
other hand, the positive Seebeck coefficient
is incompatible with a formal-valence dis-
tribution Fej’sFe5[Mo’*Fe35Feds10,. Ei-
ther the B sites are Fe?*-ion-rich and the
sign of the Seebeck coefficient is deter-
mined by only the B-site charge transfer, or
some of the Mo** are oxidized to Mo**.

At low temperatures, an antiferromag-
netic component to the B-site moment,
whether due to canting or to an antiferro-
magnetic coupling of any Mo-atom mo-
ments, is incompatible with a ferromagnetic
double-exchange interaction due to mobile
B-site electrons. Finally, the observation of
Mo** ions coexisting on octahedral sites
with Fe?* ions in Fe;M030;g, a phase into
which MoFe,0, disproportionates at inter-
mediate temperatures, would seem to argue
against the stabilization of Mo** ions in the
presence of mixed-valent Fe3+/2* configura-
tions on both octahedral and tetrahedral
sites. Our problem is to reconcile these ob-
servations.

The fact that the energy of A of Fig. 1
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passes through zero at room temperature in
the system Fe;_,Cr,Q4 at x = 0.9 (see Fig.
2) demonstrates that A < kT in MoFe,0,
is more probable than improbable. The
Mo#*3+* ion, like the Cr’* ion, has empty o-
bonding d orbitals, the e orbitals of an octa-
hedral site cation, and can be expected to
influence A in a manner similar to that of
the Cr?* ion.

In the compound Fe,Mo0;05, the Mo**
ions are ordered into triangular clusters of
edge-shared octahedra. In this configura-
tion, each Mo atom has two nearest-neigh-
bor Mo atoms with two Mo—Mo bond an-
gles at 60° to one another. A strong trigonal
component to the crystalline field splits the
octahedral site threefold-degenerate ¢, man-
ifold into twofold-degenerate e, and nonde-
generate aq; orbitals. The e, orbitals are
nearly coplanar and are rotated by 60°
with respect to each other. Therefore the
two e, orbitals form Mo-Mo bonding and
antibonding molecular orbitals within a tri-
angular cluster that are split by a finite en-
ergy gap; the bonding states are filled and
stabilized relative to the a, orbital, which
experiences only the Mo-O antibonding
reaction. Therefore the Mo** ions are
diamagnetic, and the compound is semicon-
ducting primarily because there is an en-
ergy gap between the filled, bonding e,
states of a Mo3* cluster and the g, energies.
Any correlation splitting between Mo** and
Mo3* states must be small; the metallic
character of the perovskite CaMoQO; dem-
onstrates that this correlation splitting is
less than the bandwidth (6). However, what
has not been established are the relative en-
ergies of the minority-spin electron on the
high-spin Fe?* ion and the empty a; orbital
on the Mo** ions.

In the ordered perovskites A,FeMoOg (A
= Ba, Sr, or Ca), the coexisting octahedral-
site ions have the formal valences Fe3* and
Mo?** rather than Fe?* and Mo®* (6), which
places the Fe3*2* redox couple above the
Mo®*5* couple. On the other hand, the
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Fe?* ion does not reduce tetrahedral-site
Mo$* in FeMoO, (32). Therefore, the find-
ing of a coexistence of Mo+ and Fe?* ions
in the spinel MoFe,0, must be considered
an unexpected result, and we should not
anticipate the Mo**3* couple to lie at a sig-
nificantly lower energy than the two Fe3+/2+
couples. In fact, if the Mo**3* energies are
spread over a bandwidth of any magnitude,
we should expect an overlap of the Mo*+?3+
band and the localized Fe3*2+ energy lev-
els. It remains to argue that we must antici-
pate a Mo**3* bandwidth of several eV and
why its center may lie below the Fe3*?2+
levels in the spinel MoFe,0y.

We have already pointed out that the
Mo** ion exhibits strong Mo-Mo interac-
tions across shared octahedral-site edges in
Fe,M030; and strong Mo—-O-Mo interac-
tions in CaMo0Oj3. In MoO;, which has the
distorted rutile structure, strong Mo-Mo
interactions across shared octahedral-site
edges caused Mo-Mo dimerization and
strong Mo-O-Mo interactions give rise to
metallic conductivity (25). None of these
molybdenum compounds exhibits a sponta-
neous magnetic moment on the molybde-
num ions, indicating that any tendency to
correlation splitting is suppressed by
stronger Mo~Mo interactions.

In MoFe,;0,, each octahedral site Mo
has, on the average, three Mo nearest
neighbors sharing a common octahedral
site edge. However, the Mo atoms are sta-
tistically distributed over the octahedral
sites, so some Mo atoms will have more
and some less than three Mo nearest neigh-
bors. Moreover, the nearest octahedral-site
neighbors are so arranged in the spinel
structure that each of the ¢, orbitals of octa-

hedral site symmetry is directed toward a

nearest neighbor. In Gags[Mo,]S,, the Mo
atoms form tetrahedral clusters, indicating
strong Mo-Mo interactions within the
thiospinel framework [Mo,]S; (25), and
stronger Mo~Mo interactions can be ex-
pected within an oxospinel framework.
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These strong interactions must significantly
reduce any correlation splitting between
Mo’*#* and Mo**”** couples, thereby mak-
ing the Mo** valence state accessible to re-
duction by an Fe?* ion if it has three near-
est-neighbor Mo in positions that can
bond with each of its three ¢, orbitals. How-
ever, the statistical distribution of Mo at-
oms over the octahedrai sites gives Mo-Mo
bonding more like that in an amorphous
solid, so the Mo**”** band should be broad-
ened by ‘“‘wings”’ extending beyond a mo-
bility edge (33), but with is center of gravity
at or below the Fe3*2* redox energies for
the solid. The energy diagram of Fig. 1 thus
becomes modified by the addition of such a
band, as shown in Fig. 10, and by a A < kT.
Electrons in states above the mobility edge
can contribute localized spins and hence to
the Curie constant.

Since the Mo concentration is high
enough to exceed the percolation limit, we
must anticipate metallic conduction if the
Fermi energy lies below the mobility edge
in the Mo**3* band of MoFe,0,. The fact
that small-polaron conduction is observed
places the Fermi energy above any mobility
edge, and therefore some localized spins
may be associated with the Mo array. Lo-
calized states at the bottom of the Mo**”+

//Cahons

Energy

01-1 ZDG

N(E) ——a=

F1G. 10. Proposed energy diagram for MoFe,0;.
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band would contain spin-paired electrons in
Mo—-Mo bonds, so they are not expected to
contribute localized spins. Thus the model
is consistent with a small Mo-atom contri-
bution to the magnetic susceptibility. More-
over, the observation of (i) a coercive force
that is high at low temperatures and low at
high temperatures, (ii) a compensation
point, and (iii) a spin glass behavior at low
temperature is consistent with a high an-
isotropy on the spins localized at Mo at-
oms, this anisotropy effect being analogous
to that observed in the spinel Co,TiO4 (34).
At low temperatures, these ions would be
decoupled from any double exchange com-
ponent of the magnetic exchange; at these
temperatures the activation energy in the
mobility lengthens the hopping time 7, to
beyond the length of the spin relaxation
time.

In conclusion, Fig. 10 offers a qualitative
model for the interpretation of the physical
properties of MoFe,OQ4. It confronts the
problem of formal valence posed in Egq.
(10).
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