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Optical transmission and reflectance were measured on natural magnetite single crys-
tals in the spectral range 0.15-hv- 0.75 eV. These measurements below and above the
semiconductor-to-metal transition temperature T'„have shown that, unlike for the vana-
dium oxides, there is no collapse of the optical gap at the transition. The present re-
sults and the existing data on the transport properties of magnetite indicate that different
bands contribute to the electric conduction above and below T„.

Magnetite, Fe,O„ is one of the early materi-
als for which it was realized that the Wilson band
theory does not apply, ' and it is the first materi-
al in which a semiconductor-to-metal phase
transition was found. ' This transition takes
place at the so-called Verwey temperature, X'&

=119'K. While many studies on the electrical
and magnetic properties of this material have
been made, "very few and limited optical data
are available for this material. ' ' Only room-
temperature reflectivity has been studied so far
on single crystals, ' while optical absorption stud-
ies were carried out only on films' (for photon
energies hv &1.5 eV) and powders' (for hv60. 2
eV). Furthermore, no optical constants were
determined.

In magnetite the spin-down d bands can be re-
garded as fully occupied and well separated from
spin-up d bands. These spin-up bands are split
by the crystal field into two doublets and one low-
lying singlet band. This singlet band should be
half filled and thus yield metallic behavior. '
However, for T &T v magnetite exhibits a semi-
conducting behavior, and an energy gap due to
interatomic correlation energy"" is expected"'"
to split up this singlet band. We shall call this
energy gap, E», the Mott-Wigner (MW) energy
gap, and the corresponding bands that emerge,
the MW valence band and the MW conduction
band. As the energy E« is expected"" to be
within the previously unexplored optical range
and as the largest measured""'" conductivity-
activation energy in the purest magnetite crys-
tals just below Tv is 0.15 eV, it appears that the
spectral range 1.5 ~ hv & 0.15 eV should be stud-
ied. Furthermore, to understand the nature of
the transition it is extremely important to study
the optical properties in this spectral range
above and below the transition temperature.
There is no earlier determination whether an
optical energy gap is or is not produced when the
material is cooled below the transition tempera-

ture, while theoretical models for this material
are strongly dependent on the formation of an en-
ergy gap. "'" In V,O, and VO„ investigations
below and above the transition temperature have
shown that at the transition, the optical band gap
had collapsed. "" As we shall see below, the
case of Fe,O, is different and therefore appears
to be the first transition-metal oxide that exhib-
its the semiconductor-to-metal transition while
the optical measurements do not indicate any
band overlap.

For the present study, we have used natural
magnetite single crystals. The lattice constant
of the crystals is 8.396+0.001 A, and their main
impurities are Ti (= 1.0 wtVp) and Zn (0.15 wt%)
while the total content of the other metallic im-
purities was about 0.1/z. The crystals were cut
into slices, the planes of which were perpendicu-
lar to the crystallographic [111]direction. These
slices were polished down to 50 or 25 pm and
cemented to a CaF, wafer.

In Fig. 1 we show the typical temperature de-
pendence of the conductivity of the actual sam-
ples used for the optical measurements. This
dependence is similar to that observed in the
many earlier studies. ""The activation energy
increases from 0.05 eV at very low temperature
to about 0.1 eV just below the transition and is
0.04 eV just above the transition. This 0.04-eV
value seems to be independent of sample puri-
J~r 6 ~ 14,20
&Jl' ~

For the optical measurements, the sample was
placed on an apperture. Transmission measure-
ments were made by the sample-in, sample-out
technique in which the sample-out condition con-
sisted of replacing the mounted specimen by an
identical CaF, wafer without magnetite. "

The optical relative transmission I/I„ the re-
flectance R, and the absorption constant a are
related by

Ijlo=(1 —S)(1 —R)'exp(- od),
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FIG. 1. The conductivity dependence on temperature of crystals used for the optical measurements.

where S is the fraction of light scattered and d
is the thickness of the sample. In Fig. 2 we show
the results of the measurements of I,/I and R as
functions of the incident photon energy for a 25-
p, m-thick sample and the e deduced from these
results using Eg. (1). The results shown in Fig.
2(a) indicate that the absorption edge starts at
about 0.3 eV and rises slowly to higher energies.
The actual absorption edge is expected to rise
faster than shown in Fig. 2(a) as can be seen if
one subtracts the contribution of those absorp-
tion processes which cause the absorption to in-
crease with decreasing photon energy and which
are dominant below 0.3 eV. As for V,O„"'"the
broad absorption edge is probably due to band
tails that are expected to be formed by imperfec-
tions and strong correlation effects. " Two
sharp absorption peaks are observed at 0.16 and
0.21 eV; their origin is not understood, but it is
conceivable that these peaks may be associated
with the Ti and Zn impurities. The most strik-
ing and important result is the fact that only
very minor changes in the absorption spectrum
are observed while passing through the transi-
tion temperature, in significant contrast to the
behavior of the vanadium oxides. This fact will
be discussed below. No significant difference
was observed between different samples.

Because of the strong absorption above hv =0.75
eV, we were unable to measure the transmission
above this energy in single-crystal samples. Us-
ing an Fe,04 film we have extended the transmis-
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FIG. 2. (a) The reciprocal of the measured relative
transmission and (b) the reflectivity of a 25-pm-thick,
natural magnetite crystal. (c) The absolute absorption
coefficient, obtained from (a) and (b).
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sion measurements to the 0.5- Av ~4 eV range. "
Again no significant change was found by cooling
the sample from 300 to 80 K. The film absorp-
tion was similar" to that reported by Miles,
Westphal, and von Hippel. '

In Fig. 2(b) we show the magnetite reflectance
versus incident photon energy, as compared
with that of evaporated Al, for 300 and 80 K. Our
results are in good agreement with the earlier
measurements of the reflectance spectra of fer-
rites at room temperature' and with the depen-
dence of the reflectance in these materials on

their conductivity. The reflectance dependence
on the wavelength, and the agreement with the
results obtained with ferrites, indicate that the
main contribution to the 300'K reflectance is due
to "free" carrier absorption while at 80'K the
main contribution is due to interband transition.
We put the word free in quotes because one may
interpret""'" the 300'K reflectance' of magne-
tjte and jts transport propertjes ' as jndjcatjng
that above T v small polarons are formed. "

As S was determined to be less than 10% and
as the results are in good agreement with previ-
ous reflectance measurements, we did not make
a correction for S when using Eq. (1) to calculate
a from the results shown in Figs. 2(a) and 2(b).
These values of u are shown in Fig. 2(c). They
are in the range that one would expect' for d-
band to d-band transitions and are very close to
the results" obtained with semiconducting V,03.

In view of the many absorption processes that
can take place in the spectral range under study, '
the relatively weak absorption due to the d-band
to d-band transitions, and the lack of published
data for optical and transport properties we can
only analyze the gross features of the data ob-
tained. It is well established from the many con-
ductivity measurements that the conductivity ac-
tivation gaP drops from 0.3 to 0.08 eV at T&.
From the present results we know that the opti-
cal gap does not change through the transition
and thus we conclude that the optical gap is not
the conductivity gap above the transition temper-
ature. From the following discussion it appears
that there are good reasons to believe that the
activation energy just below T ~ corresponds to
the observed optical gap while the activation en-
ergy just above T z corresponds to the value of
E&~ just above Tz. This in turn sheds light on
the thermoelectric-power and the Hall-effect da-
ta as will be discussed below.

We propose that 0.3 eV correspond to transi-
tions between the MW valence band and a "broad-

er" band. In view of the e values obtained, the
"broader" band is likely to be the lowest-lying
spin-up d-doublet band. ' The conductivity in this
band is more bandlike (and thus we may call it
"broader") in contrast to that of the MW bands,
and thus this "broader" band contributes most to
the conduction for T &T &. That the d-doublet
band has a bandlike conduction is not unexpected
in view of the effect of degeneracy on conduction
in narrow bands. " At the transition, E~~ col-
lapses from its unknown value below T & to about
0.08 eV and the main contribution to the conduc-
tion is due to the rather narrow MW conduction
band. If polarons are formed, "'"E„), is small-
er than this value. Above T &, the gap E ~ ~ con-
tinuously decreases with increasing temperature.

There are four pieces of evidence that support
the above interpretation: (1) Lavine20 found that
the thermoelectric power above the transition in-
creases with temperature and this was interpret-
ed"'" as due to conduction in a narrow band.
This and the fact that Siemons" found the same
value of thermoelectric power for 77 and 300 K
indicate that this power decreases with tempera-
ture for T &T & and bandlike conduction is domi-
nant in this temperature regime. (2) Siemons
found that for T & Tv the Hall mobility decreases
with temperature, it drops through the transition,
and then for T & Tv it increases with tempera-
ture in agreement with (1) and with our sugges-
tion. (The low Hall mobility for T & T, is due to
carrier scattering due to optical phonons that
might make the measured Hall mobility much
smaller than the drift mobility. ') (3) In contrast
to V,O, and VO„' the conductivity of Fe,O, in-
creases with increasing temperature above T &

and the sharp collapse of the activation energy
at T & is followed by a continuous shrinkage of
this energy as the temperature increases.
(4) Our proposed interpretation is very much in
accord with the band model of Cullen and Callen'
and the experimental evidence on which it is
based. According to their model, the correla-
tion gap should be indirect and since the absorp-
tion due to other processes has an a of the order
of 10' cm ' it should not be seen by the present
optical measurements. The possible physical
reasons for the collapse of the activation gap and
their connection to the Cullen and Callen' model
will be discussed elsewhere. "

The authors are indebted to Dr. S. Freeman
for many helpful discussions and to Dr. W. R.
Roach for his help in the experiments. Useful
comments by Dr. Z. Zinamon and Professor M.
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The polarization of an 8-12-MeV proton beam produced by a Lamb-shift ion source
has been determined with 0.4% absolute accuracy by an atomic-beam technique. The pro-
cedure, which involves selection of a single hyperfine state of fast H(2s) atoms, is ideal-
ly suited to routine monitoring of beam polarization. Absolute p- He elastic-scattering
analyzing powers measured with the calibrated beam are reported, and existing double-
scattering data are compared with these results.

The purpose of this Letter is twofold. First,
we describe an atomic-beam method for accu-
rately determining the polarization of protons
produced by a Lamb-shift polarized-ion source
incorporating a nuclear spin filter. ' Second, we
present absolute analyzing powers for P-4He
elastic scattering which were obtained with the
calibrated proton beam, at several energies and
angles coinciding with the most precise existing
double-scattering data. "

In a Lamb-shift polarized-ion source, H(2s)
atoms are produced by charge transfer of 500-
eV protons in cesium vapor; these are subse-
quently converted to H ions by charge transfer
in argon gas. In the Los Alamos apparatus, ' a
nuclear spin filter is located between the cesium
and argon cells. This is a resonant interference

device which can be tuned (by adjusting its axial
field B) to pass only H(2s) atoms with nuclear
magnetic quantum number m, =+ 2. These atoms
produce a, H beam which has 10 nuclear polar-
ization, independent of the magnetic field strength
in the ionization region. The formation of H(ls)
atoms a small fraction of which convert to H
ions, contributes a (nominally) unpolarized back-
ground beam whose magnitude is about 10%%u, of
the total output current.

The procedure for determining the beam polar-
ization (called the "quenching-ratio method" )
consists simply of measuring the normal output
current i and the background current i~ which
remains when all H(2s) atoms are quenched to
the ground state. ' The beam polarization is then
expected to be po =(i i ~)/i sinc—e the component
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