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New muon-spin-relaxation (uSR) results on magnetite are reported and discussed in light of ear-
lier Mdssbauer, neutron, and uSR results. Modification of the uSR anomaly (observed at 247 K in
zero field), when an external magnetic field is applied, provides evidence that the anomaly results
from cross relaxation between the muon Larmor precession and the electron-correlation process in
the B sublattice. The combined results strongly indicate that phonon-assisted electron hopping is
the principal conduction mechanism above the Verwey transition temperature ( Ty). Together with
theoretical evidence, these data support Mott’s suggestion that above T), magnetite is in the

Wigner-glass state.

Despite more than fifty years of magnetite research, no
generally accepted explanation exists for the cause of the
Verwey transition or for the conduction mechanism near
room temperature (RT).!~® Magnetite (Fe;0,) is a
mixed-valence oxide which undergoes a metal-to-insulator
transition at the Verwey temperature (7T)~125 K)."°
Neither the exact nature of this transition nor the complex
behavior present between T and RT is well understood.
The main controversy has centered on the question of
whether the “metallic” behavior observed above T can
best be explained using a collective electron-band model*
or as phonon-assisted electron hopping,>~"® which can be
considered as a narrow—polaron-band description.’

In 1979, Mott and others' suggested that above T
magnetite should be considered as a Wigner glass,! ~3 in
which the extra 3d electrons randomly occupy one-half of
the iron B sites. Due to the random fields produced by
this disorder, each conduction electron (or small polaron)
then occupies an Anderson-localized state. According to
Mott,!—3 the electrical properties of such a glass are best
described by a narrow polaron band. Nearest-neighbor
phonon-assisted electron hopping then becomes the most
probable mechanism for conduction.

Simultaneous condensation of the charge density and
phonon density is responsible for the Verwey transition in
the above model.” Sharp discontinuities in thermal and
transport properties such as conductivity and Seebeck
coefficient indirectly support this picture."*> The inter-
play between lattice phonons and the charge carriers is
important for both the modification of the charge density
and the change in carrier motion which accompanies the
phase transition.® Presumably, this interaction is also re-
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lated to the various anomalies observed above Ty .

In this work we present the most direct experimental
evidence to date for the existence of the Mott-
Wigner—glass state above 7T in Fe;O, and for the
correctness of the narrow—polaron-band description of
conduction in that phase. Our latest muon-spin-
relaxation (uSR) measurements strongly support the pic-
ture of hopping conduction. Supporting evidence from
diffuse neutron scattering and Mdsssbauer data are also
briefly discussed.

In a recent paper'! we reported uSR data describing
positive-muon behavior in magnetite. Anomalies in the
muon hyperfine interactions have been observed at T,
and at 247 K in zero applied magnetic field. New results
presented here indicate that the underlying mechanism of
the anomaly at 247 K is probably associated with the
dynamics of the phonon-assisted electron-conduction pro-
cess in magnetite.

In the earlier uSR measurements of Fe;O,,'! with in-
creasing temperature the Verwey transition was clearly
marked by a sudden increase in the muon hyperfine fre-
quency and by a strong decrease in the muon relaxation
rate. At 247 K a frequency decrease of equal magnitude,
accompanied by a local maximum in the relaxation rate,
was observed. This anomaly does not show any thermal
hysteresis and is at the highest temperature for which ex-
perimental anomalies related to the Verwey transition
have been reported. Aragén et al.l recently observed a
change in initial permeability near 250 K, with a large
thermal hysteresis, but present only for cation-deficient
samples. We have performed yuSR measurements on the
same highly stoichiometric samples in which they ob-
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served no effect. The uSR anomaly at 247 K is observed
for those samples identical to that reported earlier. Thus,
we conclude that the uSR and permeability anomalies are
not identical, although the underlying physics may be re-
lated.

We have suggested!! that the 247-K anomaly observed
in zero external field may be due to cross relaxation pro-
duced when the muon Larmor frequency approximately
equals the temperature-dependent hopping rate for the
conduction electrons in the B sublattice. This suggestion
was supported by the agreement!! between the electron-
hop time estimated from the muon frequency at the
anomaly and that estimated from Mossbauer data (see
later discussion).

Our latest uSR experiments were based upon the idea
that if the cross-relaxation interpretation'' of the 247-K
anomaly is correct, a shift of the anomaly temperature
would occur at higher external fields. Application of an
external field will increase the muon frequency (f,), and
thus tune the cross relaxation to a shorter electron-hop
time at a higher temperature. Temperature sweeps at 2
and 3 kOe were performed below RT. In Figs. 1 and 2,
results for the temperature dependence of f, and relaxa-
tion rate are depicted. As can be seen, a field-dependent
shift in the anomaly temperature is observed. The field
dependence near Ty, from measurements performed ear-
lier,"? indicates that the jump in f,, is reversed at Ty. For
both nonzero fields there appear to be two peaks in the re-
laxation data (see Fig. 2): one at about 245 K and the
second at the “cross-relaxation” temperature evident in
Fig. 1.

In Fig. 3 we have plotted the inverse-temperature
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FIG. 1. Temperature dependence of the muon hyperfine fre-
quencies at 0 kOe (dashed line), 2 kOe (0), and 3 kOe (A). Note
the temperature shift in the frequency jump. The frequency
zeros have been shifted for easy comparison purposes. The fre-
quency division is 0.5 MHz with the actual frequency value in-
dicated at one point for each field. When one plots the local
internal field [thus corrected for the effective (Ref. 11) external
field] the three lines coincide at higher temperatures. For
By, =2 (3) kOe the typical error bar is 0.15 (0.25) MHz.
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FIG. 2. Temperature dependence of the muon relaxation rate
at 0-, 2-, and 3-kOe applied fields. For B, =2 (3) kOe the er-
rors are 0.3 (0.4) us~'. The curves are meant to guide the eye.
The curve for zero field is taken from Ref. 11.

dependence of f,, at which the anomaly takes place. An
Arrhenius law fits well and yields an activation energy of
0.11 eV, which is identical to that obtained from conduc-
tivity measurements below T.>%!3 The attempt frequen-
cy for electron-hopping motion obtained from our data is
~5.6x10'0 Hz. The 0.11 eV may represent the barrier
for nearest-neighbor hops with the conductivity near RT
being additionally dependent on a second parameter relat-
ed to the electron-phonon coupling. Single-parameter fits
to conductivity in this temperature region yield much
smaller values for a barrier,’ but this is then temperature
dependent and should not, in general, be equated with ac-
tivation energy for near-neighbor hops. Two-parameter
fits consistent with a constant barrier near 0.1 eV for local
hopping motion have been successfully applied'* to the
full range of conductivity measurements in magnetite.

In neutron-scattering measurements'>'® correlated
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FIG. 3. The relationship between muon hyperfine frequency
and inverse temperature, both at the point of cross relaxation.
An Arrhenius-law fit gives a 0.11-eV activation energy.
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motions of atomic groups have been indirectly observed.
Fujii et al.!> observed spotlike scattering just above T'p.
Shapiro et al.'® reported a different type of diffuse
scattering, yielding diffuse streaks similar to patterns ob-
served by electron diffraction.!” Both neutron results
show apparent critical phenomena which disappear below
Ty. The spotlike scattering observed between
Ty <T <Ty+5 K is associated with the structure of the
low-temperature phase, whereas the diffuse scattering, ob-
servable to at least 200 K, is closely related to atomic dis-
placements.

The neutron diffuse-scattering results were later inter-
preted in terms of the formation of molecular pola-
rons.!® In this picture, the Verwey phase transition can
be viewed as a cooperative interaction of molecular pola-
rons, leading to an ordering of Fe?* and Fe** ions in the
B sublattice below T,. Extrapolation of the experimental
data'® indicates that the molecular polarons cease to exist
above about 250 K.

As mentioned above, an independent estimate!! of the
electron-hop time was obtained from Mdéssbauer studies in
pure magnetite.'”?® In the Mossbauer studies a large
change in the temperature gradient of the B-site linewidth
(') and a sudden decrease for the A-site linewidth (T ),
otherwise independent of temperature, was observed at
about 240 K. These observations are consistent with the
notion that molecular polarons are formed below 250 K.

The above conclusions regarding conduction-electron
behavior have been drawn from pure-magnetite studies in
which corrections have been made for the small magnetic
anisotropy. These conclusions are in sharp contrast to the
findings of Evans et al.*?! and van Diepen.?? The latter
study shows that, for an applied magnetic field parallel to
the (100) axis, I'p reduces nearly to I' ; at RT (see Table
I). However, from the reported spectra, it cannot be said
that all the broadening is due to magnetic anisotropy.
Evans et al.**' found that above RT the temperature
dependence of 'y —I' 4 is explained by an increase of T,
with increasing temperature instead of a decrease of I'g.
In Table I temperature-dependent Mossbauer linewidth
data from the conflicting studies are compared. Boekema
et al.'>? have found only a very slight increase, if any, in
I' 4 with temperature and unexpected larger I' ; broaden-
ing at higher temperatures in A-site doped magnetite.
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In an attempt to interpret these uSR results in a
manner consistent with the more indirect results of the
neutron-scattering and MGdssbauer studies in terms of one
unified model, the assumption is made that at about 250
K molecular polarons begin to form as a result of small-
polaron pairing. With decreasing temperature the interac-
tions between the small polarons, leading to the
molecular-polaron formation, may, perhaps suddenly, in-
crease the electron-hop time such that it crosses the muon
Larmor-precession time. The cross-relaxation interpreta-
tion predicts an electron-correlation time of 2.8 ns which
is in good agreement!! with the estimate of 3+1 ns from
Mossbauer measurements.

The change in muon frequency at the anomaly is direct-
ly associated with the change in the magnetic environ-
ment of the muon site. The hop rate of the small pola-
rons is significantly faster than the muon precession fre-
quency above the “cross-relaxation” temperature but is
slower below this temperature due to polaron pairing.
The local lattice distortions associated with the conduc-
tion electron will complicate matters due to the fact that
the effective field at the muon site is modified by atomic
displacements as well as changes in the electron-hop rate.

The apparent occurrence of two maxima in the muon
relaxation rate is consistent with two phenomena. The
peak near 250 K in each temperature sweep (see Fig. 2)
would thus be due to molecular-polaron formation, while
the one at the anomaly temperature is the cross-relaxation
effect discussed above.

The observed activation energy of 0.11 eV may be relat-
ed to an average energy barrier in the electron-hop process
at temperatures above the molecular-polaron-formation
temperature near 250 K. According to Ihle and
Lorenz,”? in the temperature range above T there is a
large number of electronic states showing short-range or-
der in the B sublattice. Molecular polarons provide both
the electron correlation and short-range order. A basic
reason for the short-range order is the relatively strong
nearest-neighbor Coulomb interaction energy (U,;) be-
tween the “extra” 3d electrons in the B sublattice. Ihle
and Lorenz give a theoretical value for U, of 0.11 eV.
Short-range order should also yield a peak near U, in the
optical conductivity of Fe;O,, because the corresponding
charge-transfer excitations induced by photons correspond

TABLE I. Reported values of Mossbauer linewidths in Fe;O4 at different temperatures. (No correc-

tions were made for the small magnetic anisotropy.)

T (K) 'y, (mm/s) 'z (mm/s) Sample Reference

RT 0.280 0.413° polycrystalline Boekema et al

RT 0.28 0.30 single crystal van Diepen®
H.,||(100)

RT 0.349 0.392 polycrystalline Evans et al.¢

703 0.376 0.371 polycrystalline Evans et al.®

672 0.291 0.314 polycrystalline Boekema*®

*When corrected for the small anisotropy, I's becomes 0.332 mm/s (Refs. 19 and 20).

bReference 19.
‘Reference 22.
dReference 21.
‘Reference 20.
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to nearest-neighbor hops, requiring an excitation energy of
about U, for each electron.?” In detailed optical measure-
ments, Kuipers and Brabers®!? found an absorption peak
at 0.075 eV for magnetite. Other arguments for electron
correlations for B-site electrons are the occurrence of
short-range charge (and spin) density oscillations found
experimentally in Mdssbauer studies,?* as well as theoreti-
cally,”® for slightly B-site doped magnetite above T).
This is in contrast to results of other Mdssbauer stud-
ies*2! which indicate that a collective electron-band
description should be used. However, their results lean
heavily on the method?® of Mdssbauer data analysis.

A major remaining question in the interpretation of the
1SR data on the 247-K anomaly is the dependence of the
magnitude of the jump in muon frequency on the applied
field. Further, all of the applied-field data have been
analyzed assuming a single frequency. However, within
the model introduced above one might expect to observe
two frequencies: one as observed at temperatures above
the anomaly where the local fields probed by the muon
are dominated by independent small polarons, and the
second as observed well below the anomaly where the lo-
cal fields are influenced by the short-range order, or
molecular polarons. If one assumes a gradual pairing of
the small polarons into the molecular polarons rather than
a sudden “transition,” then the intensities of the two fre-
quencies would change gradually with temperature. Ad-
ditional uSR experiments are planned to clarify these
points and to trace out the anomaly for several additional
field strengths.

Finally, our experimental results support the narrow-
band scheme for Fe;O, as proposed by Ihle and

Lorenz.>* Results of electrical-conductivity measure-

ments and energy-band calculations indicate! =527 that the
subbands are touching or may overlap, such that finite
electron density exists at the Fermi energy. In this case,
as proposed by Mott,!~> a Wigner glass forms in which
electrons near the Fermi energy are in Anderson-localized
states induced by other localized electrons. Formation of
molecular polarons appears to be a major ingredient in the
interpretation of the observed cross-relaxation anomaly at
247 K in zero applied field. Results of narrow—polaron-
band calculations and deductions from them are con-
sistent with our findings. The combined uSR, neutron
scattering, and Mdossbauer data can be interpreted as evi-
dence for a Mott-Wigner—glass phase above Ty in mag-
netite. Moreover, these results strongly support the idea
of phonon-assisted electron hopping above the Verwey
transition in magnetite.
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