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The Verwey transition in magnetite, §&&,, has been studied using temperature-dependent high-resolution
photoemission spectroscopy. On heating through the transition tempefgttine band gap is not collapsed,
but is merely reduced by 50 meV, showing that a metal-insulator transition does not occur. The change in
the gap is perfectly consistent with the two orders of magnitude conductivity juriig afhus even above
Ty short-range charge ordering rather than site equivalency dominates the single-particle excitations and the
electrical properties. We also point out important implications for efforts to model the electrical transport
aboveTy . [S0163-18297)03419-X

Magnetite, FgO,, is the archetype mixed valend3ran-  two orders of magnitude on heating throug.2 Although a
sition metal compound. E®, crystallizes in an inverted cu- large number of papeté have been published since its dis-
bic spinel structure in which tetrahedwalsites contain one- covery in 1941, the Verwey transition was the subject of an
third of the Fe ions as Fé, while octahedraB sites contain  entire international workshdgas recently as 1979 and con-
the remaining Fe ions, with equal numbers off Fand tinues as a paradigm of the classic condensed matter
Fe" in B3 andB2 sites, respectively. Below 860 K, mag- problem—how to describe electron motion if the kinetic en-
netite is ferrimagnetic with thé\-site magnetic moments ergy, electron-electron interactions, and electron-lattice inter-
aligned antiparallel to th8-site moments. Immediately ap- action are all comparably important.
parent is the fundamental tension between the mixed valence Verwey and Haaymaninterpreted the transition as an
of the B sites and their crystallographic equivalence in thisorder-disorder transformation of Fe ions on Besites. In-
crystal structure. This tension is manifested in a first ordedeed, studies by electron and neutron diffraction and nuclear
phase transition, the so-called Verwey transtiat T,  magnetic resonante show that belowT, the B2 andB3
~120 K, in which the dc conductivity abruptly increases bysites are structurally distinguishable in a distorted crystal
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structure. In the simplest view, the ordering beldwresults  0.01/FgO, to 0.05/Fg0,, very much smaller than the value
in an insulator, and the abrupt conductivity increaselat  suggested by the Hall effect. Deviations of the obserwed
implies a metal with electron motion on equivaldtsites.  dependence from simple Drude behavior have been attrib-
In agreement, band-structure calculatfbhsising the local uted to polarons, i.e., very strong electron-phonon correla-
spin density approximation find that the high-temperature&jon, and analyzed in the metal model of Ref. 16. In this
phase is metallic due to the half filling of the Fel ®ands  model the loss of LRO aly decreases SRO enough to in-
associated with thB sites. Further, it was reported that pho- duce atEr a small density of states which then increases
toemission measuremetftsshow the width of the valence- exponentially with temperature as SRO decreases further.
band spectrum, and also its shape rigar to the consistent However, polaron effects could just as well be present for the
with the calculation of Ref. 8. However, Andersopointed  Drude conductivity of carriers thermally excited across a
out the essential role of short-range ord8RO in the ther-  gap, and a gap picture could equally well explain the small
modynamics of the transition. The observed entropy changgarrier number and the activateg.
in the transitior’{(~0.3 to 0.35R/B-site mOlé is deCiSively Photoemission SpectroscoWES and inverse photo_
smaller than th&k In2=0.69R expected in a complete order- emjission spectroscopfPES offer a direct attack on the
disorder transition. AB-site ion and its three neareBtsite  question of a single particle gap. These spectroscopies mea-
neighbors form a tetrahedral unit, and he showed that theure the spectra to create single holes and electrons, respec-
intersite Coulomb energy is lowered greatly when each unitively, and thus, within the experimental resolution, can
has twoB2 and B3 sites, a circumstance now known as show whether an excitation energy is required to create the
Anderson’s condition. According to him, long-range orderynbound holes and electrons entering the conductivity, or
(LRO) is lost aboveTy,, while SRO satisfying his proposed whether there is a Fermi edge and no energy barrier as in a
condition is maintained. In fact, SRO aboVWg has been metal. Because it has much better resolution PES is favored
observed in diffuse neutron scatteritfigMott'® then asked over IPES. In fact, a very recent PES stfilysing labora-
why, if SRO is maintained through the transition, does thetory He lamp excitation has reported that as the temperature
conductivity nonetheless increase? increases througf,, a gap present in the low-temperature
Conventional transport studies have not provided a cleaphase disappears and the PES spectrum yields the metallic
answer to Mott’s question. Both below and abdugthe dc  Fermi edge in the high-temperature phase. This study would
conductivity o is exponentially activated with increasing seem to settle the matter and to answer Mott's question in
temperature, suggestitfg”™ that the material is a semicon- favor of the view®!”that the SRO is not sufficient to main-
ductor in both phases. Howevery. passes through a maxi- tain a gap and the dc conductivity jump & is induced by
mum around 300 K and then decreases with increasing temhe insulator to metal transition. However, we report here a
perature like a metal. Metal models feature variousPES study using synchrotron radiation which reaches quite
explanation%'®” for the “anomalous” variation ofcgy.  the opposite conclusion. The gap does not collapse and the
aboveT, . Unfortunately, a direct and model-free separationspectrum atu remains zero just abové,. The answer to
of the charge carrier number and mobility entering above  Mott's question is instead that the loss of LRO reduces the
Ty has not been achieved. Analysis of temperaturegap by~50 meV on heating througf, and this reduction
dependent thermopower data assumed a zert/ gal then  of the gap is nicely consistent with both the conductivity
inferred an activated mobility. Different Hall effect jump in a semiconductor picture and the small carrier density
studies***~?°reach differing conclusions about the numberinferred from the optical conductivity. As explained below,
and sign of the carriers, e.g., at 300 K, ranging frdm the differing PES results can be attributed to the differing
electron/FgO, moleculé* to one hole/Fg0, molecule!® The  monochromaticities of the photon sources used.
reason for this is that the small ordinary component can only X-ray absorption and photoemission measurements were
be separated from the larger extraordinary component bgerformed at the AT&T Bell Laboratories Dragon beamline
making various assumptions, all of which have been showit the National Synchrotron Light Sourd®&lSLS).?® The
to be questionable for this materfdl. PES spectra were normalized to the incident photon flux, and
Various spectroscopic studies have contributed new inforthe binding energies are referred to the chemical potential of
mation but not a unified picture. The broadening of thea clean Cu sample in electrical and thermal contact with the
B-site Mdssbauer spectruth??has been analyz&tto imply ~ sample. The IPES, the so-called bremsstrahlung isochro-
a B-site electron hopping time ranging from 710 ° s at  matic spectroscopyBIS), was performed with a Vacuum
120 K to 1.1x10 % s at 300 K. Since ¥ was found to Generators ESCALAB spectrometer using photon energy
change by roughly the same factor g over this tempera- hy=1486.6 eV, with affinity energies referred to the chemi-
ture range, a model of incoherent metallic transport withcal potential of a clean silver sample. Samples were cut from
temperature-dependent mobility was advanced in Ref. 22a well annealed stoichiometric §®, single crystal and
However, assuming roughly one electronfBgmolecule, as cleavedin situ in a vacuum better than>210 ° Torr to
suggested by the Hall effect, and using the experimentaéxpose a(100 plane. During the measurements, the tem-
value of 1f to evaluate the incoherent hopping mobility, a perature was controlled to within 1 K.
value of oy, which is too small by a factor of 350 was  As background information, this paragraph and the next
found?? Using instead the smaller value of=0.5 provide an overview of the single particle electron structure
x 10" 12 s inferred from spectra of diffuse neutron scatteringof Fe;0,. Figure 1 shows the large energy scale spectra.
from SRO yield$? a value foray. which is too large by a Below u is the 130-K valence-band spectrum taken with
factor of 6. Drude fits to the infrared optical conductivity h»=110-eV and 80-meV resolution. The PES spectrum
o(w) at 300 K yielded® a carrier number in the range consists of broad overlapping emissions from strongly hy-
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FIG. 1. Valence-band PES and BIS and ©XAS spectra. The Binding Energy (V)
XAS spectrum is aligned with the BIS spectrum by a 529.1-eV ) ©
shift. 2 = 1058
S a |
bridized Fe & and O 2 states. The Fe & emission has E; 2 |
been discerned and studied by exploiting resonances in the g 8
Fe 3d PES cross section fdrv near the Fe B (Ref. 2% and g g ’
2p (Ref. 28 absorption edges, and by comparing to the reso- € o I
nantly enhanced spectra of reference compounds FeO 100 ]

(F€") and FgO; (F€'"). These studies have foutid® that 15 1.0 05 M 71000/9T K.111
. Binding Energy (eV) (K9

the Fe 3 spectrum extends throughout the entire range of
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ponents associated with the three sites. The lowest ionizatioy t— 119 k<T,, (dashedl and at T=130K>T, (dotted. (b)

states of thé, B3, andB2 sites occur near 2.4, 2.6, and 0.5 gpectra in the region near the chemical potential. The data of the

eV, respectively. Our @ resonance studies, which we plan jnset and the main figure were taken in separate cyclings of the

to report elsewher® are generally consistent with previous temperature(c) The dc conductivity was taken from Ref. 2.
3p resonance work. However, thep2resonance is much

stronger than that at thep3edge, and thus permits conclu- _

sions to be drawn with more confidence than previously. For [B3]—[B3]+[B2], is found to beUgs=1 to 1.5 eV, as
example, theA and B3 Fe&** ionization energies have not shown in Fig. 1. As discussed in Ref. L is the result of
been distinguished before. Above are spectra from BIS intersite Coulomb repulsion, reduced by various solid-state
and x-ray absorption spectroscop¥AS), the former taken screening mechanisms. There is then a competition between
at 300 K with 600-meV resolution, and the latter taken at thethis effective Coulomb repulsion, which self-consistently sta-
O 1s edge at 130 K with 200-meV resolution. The XAS bilizesB-site ordering, and the effective single particle band-
spectrum is generally consistent with previous data.has  width for electron motion on thB-site sublattice. This band-
been shifted by 529.1 eV to align it with the BIS spectrum,width, the existence of which is signaf@dby the high
which is new. The two spectra closely resemble one anotheferrimagnetic transition temperature, is due to Fe/O hybrid-
reflecting the hybridized character of @ 2aind Fe 3 and ization and perhaps direct Fe/Fe overlap. It broadens the
4s states. The broad Fesdantibonding states can be seenlowest-energy peaks and enables the gap belgwto be
above 4 eV. The structure below 3 eV contains the Be 3 reduced fromU; to its much smaller observed value.
BIS transitions for all three sites, with the peak shape probWhether theB-site electron hopping can close the gap above
ably reflecting the cubic crystal field splitting of the Fe 3 Ty in the presence of SRO is a difficult theoretical issue. We

states rather than individual site contributions. address the question experimentally in the spectra discussed
The gross features of the PES and BIS spectra on a largeext.
energy scale can be fairly well descriB®dy using the Figure Za) compares the PES spectrum of Fig. 1 with an

Anderson impurity model, while the low-energy scale behav-equivalent spectrum taken at 110 K,10 K belowT,,. Ex-

ior requires a model which also includes the lattice. Thecept in the region very near, both spectra are exactly iden-
impurity model serves to treat the effect of hybridization oftical to each other, showing that the large energy scale elec-
oxygen electrons to the strongly interactingl ®lectrons tronic structure is preserved through the transition. The
bound into ionic states on each site. The usefulness of thisearu spectra above and beloW,, taken with 60-meV
approach has been demonstrated for various transition metadsolution, are compared in Fig(l8, including a reference
oxides3°3* Most relevant for the Verwey transition are the spectrum showing the sharp Fermi edge of Cu metal. The
lowest-energy PES and BIS transitions. As identifiedspectra of both phases merge smoothly with the background
previously”® the former is thed®—d® [®S] transition on the  well below x and do not show a Fermi step. On heating
B2 site. The latter is thel®—d® [°D] transition on theB3  throughT,, there is no detectable change in the emission at
site. Including the octahedral crystal field, the PES and BISu. Rather, the neaw peak and its threshold energy are
final states are denoted 84, and °T, in Fig. 1. Their peak shifted by~50 meV to lower binding energy while the lead-
energy separation, which corresponds to the charge fluctuéng edge of the high-energy structure is maintained. This
tion barrier for the electron hopping proceqs82] small change is perfectly reproducible with temperature cy-
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cling. For example, in the data of Fig(l the temperature 2 .9x 10?°%Ycm?® at 300 K. The 300-K value is consistent with
was first cycled to obtain the two narrow energy scans of thene range of values d® to 7)x10°%cm?® inferred from the
inset and then fully cycled again to obtain the two wideinfrared optical spectrum. Carrier densities of this size can be
energy scans. Thus both phases show a single particle 93ghserved in PES and the increased emission peas the
which is reduced~50 meV aboveTy, . , , temperature approaches 300 K reported in Ref. 25 can per-
We have been unable to observe the gap just abigM@ ¢ he interpreted in this way. From the transport data of

spectra taken using thiev=21.22-eV line of a laboratory Fig. 2(c), we deduced activation energies of 100-150 and
helium lamp. Data for our samples always show weak emis;

sion atu consistent with the He lamp results reported in Ref.40_60 meV below and abovk,, respectively. The spectro-

25. However, we understand this emission to be spurious ang °P'c and transport values of the activation energies are

to result from the weak He lamp satellite lines 2 to 3 ev ey similar anq small diﬁerences can plausibly be ascribed
away. Interfering emissions due to these lines are normall{® the neglect in the above discussion of a temperature de-
negligible. But for FgO, the intrinsic emission at is essen- Pendence of the carrier mobility. , _
tially zero, while there is intense emission around 2-eV bind- 10 conclude, our main result is that the single particle gap
ing energy. For the satellite lines this emission coincidentallyS Not eliminated, but only reduced by50 meV in the Ver-
has the same kinetic energy as that nearn the hy  Wey transition. This finding is consistent with the conductiv-
=21.22-eV emission. Similarly the strong Cs 2mission ity jump at the transition and with other evidence for a small
between 19- and 25-eV binding energy in tHey  carrier density~3x10°%cm® at 300 K. For this small car-
=40.82-eV spectrum coincidentally appearsuain the hy rier density even the larger mobility estimated from neutron
=21.22-eV spectrum. Thus a truly monochromatic sourcescattering in the incoherent hopping picture is 7.5 times too
as was available in our synchrotron measurements, is essesmall to account forg.. Although SRO continues to main-
tial for studying FgO, very nearpu. tain a gap against free carrier generation abdye it ap-

The activation energieA (half the total gap ifw lies in  pears that carriers so generated are much more mobile than
the center of the gapinferred from the data of Fig.(B)  in the incoherent hopping model. We must then conclude
imply carrier densities in generally good accord with dcthat it remains to establish a clear connection between the

transport and infrared optical data. We estimatealues of  mobility and the time scales inferred from &bauer spec-
150+ 30 and 10630 meV (Ref 36 below and abovél'v, troscopy and neutron Scattering‘

respectively. In a gap model the density of carriers is

noexp(—A/ksT). The decrease in activation energy then im- It is a pleasure to thank A. Rojo, D. D. Sarma, and A.
plies a jump of the conductivity affy by a factor of Chainani for useful discussions. The NSLS is supported by
exp(50 meVkgT,) =exp(50/10.35% 125, very consistent the DOE under Contract No. DE-AC02-76CHO00016, the
with the observed two orders of magnitude conductivitywork at the University of Michigan by the DOE under Con-
jump in Fig. Zc). If we takeng to be the number of R®,  tract No. DE-FG02-90ER45416, and by the NSF, Grant No.
molecules/crand use the 300-K value of 1.838.0?%%cm®,  DMR-91-08015, and work at Purdue by the DOE under Con-
we estimate the carrier density to jump from 8.80"cm®  tract No. DE-FG-02-90ER45427 through the Midwest Su-
to 8.6x 10'"/cn® across the transition and then to increase toperconductivity Consortium.
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