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We have studied the temperature dependences of the so-called charge and orbital ordering reflections in
the neighborhood of the Verwey transition by means of resonant x-ray scattering at the Fe K and L edges
on a high purity single crystal of magnetite. Contrary to recently published results [J. E. Lorenzo et al.,
Phys. Rev. Lett. 101, 226401 (2008)], we show that all the reflections studied disappear simultaneously at
the Verwey transition for both edges, on and off resonance. This means that there is no correlation between
the Verwey (123.5 K) and the spin-reorientation (130 K) transitions and that the resonant reflections are

driven by the lattice distortions.
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The Verwey transition in magnetite (Fe;0,) is one of the
most studied examples of a metal-to-insulator phase tran-
sition in mixed valence oxides. Verwey originally inter-
preted it as a charge ordering (CO) transition [1]. In his
model, above the Verwey temperature, Ty = 123 K, the
hopping of valence electrons on the spinel octahedral-site
iron sublattice is responsible for the metallic conductivity.
In the insulating phase, spatial localization of these valence
electrons on the octahedral sites gives rise to an ordered
pattern of Fe3" and Fe?" ions in successive (001) planes
(cubic notation). Neutron diffraction demonstrated that the
symmetry lowering predicted by Verwey’s CO model can-
not be correct [2]. After 60 years of intensive study,
Verwey’s hypothesis has survived despite the specific site
ordering remains in doubt [3].

Experimental evidences against the Verwey model were
found recently. >’Fe NMR measurements [4,5] have iden-
tified 16 different octahedral site signals expected from the
low-temperature Cc phase, in disagreement with the
Verwey CO model of only two ionic species. Resonant
x-ray scattering (RXS) studies at the Fe K edge found that
the charge disproportion between the formal valences in
the low-temperature phase of magnetite should be at maxi-
mum 25% for any kind of ordering [6] and 10% for (001)
periodicity [7]. The existence of CO and orbital ordering
(O0) in magnetite is a matter of debate in recent literature
[8-18]. From the theoretical side, LDA + U (local density
approximation plus the multiorbital mean-field Hubbard
model) band structure calculations predict both charge
ordering and an associated 7,, orbital ordering on the
octahedral Fe?" sublattice [8,9]. The experimental situ-
ation is much more confusing. This is in part due to the
fact that the original concept of CO has been distorted to
account for very small charge disproportionation [3,10].
Moreover, magnetite is a very difficult system, either re-
garding the chemical purity (oxygen stoichiometry) or due
to the complexity of the low-temperature structure—a still
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unsolved structure with 224 atoms/unit cell. A structural
approximation from synchrotron powder diffraction data
given by Wright et al. [11] consists of a P2/c cell, where
the octahedral Fe, atoms are split into four nonequivalent
sites with valences Fep, = 2.39, Fey, = 2.61, Fep; =
2.59, and Fep, = 2.41. The RXS study at the Fe K edge
by Nazarenko et al. [12] concluded that there is a charge
disproportion of *=0.12 electrons between the Fe,; and
Fe ), sites and *=0.1 electrons between the Fe,; and Fe,
sites in agreement with Wright ef al. [11]. However, the
same authors have just corrected this CO pattern as no
ordering between the Fe 3 and Fe, sites is found [13]. On
the other hand, Goff er al. [14] claimed a significant
charge disproportionation (~46%) in octahedral sites after
refining anomalous powder x-ray diffraction patterns.
Regarding the OO, RXS measurements of the forbidden
(0 0 1) reflection [15] at the O K edge that probes the O 2p
states were interpreted as a proof for CO and OO on the
basis of the p-d hybridization [15]. Using RXS at the
Fe L, 5 edges, Schlappa et al. [16] also concluded a CO
of the octahedral Fe ions due to the appearance of the (001)
reflection, and a 1,, OO on the octahedral Fe?* ions owing
to the existence of the (0 0 %) reflection. This result seems
to give experimental support for the LDA + U calcula-
tions, but the proposed orbital arrangement does not give
contribution for (0 0 %) reflection [8,9].

The recent RXS experiment of Lorenzo et al. [18] at the
Fe K edge, claiming the observation of purely electronic
orderings in magnetite decoupled from lattice distortions,
reinforces the long-standing controversy of whether or not
the Verwey transition results from charge and orbital order-
ing. They showed different temperature dependencies of
charge, orbital, and lattice orderings, concluding that CO
and OO transition does not occur at Ty, but at the tempera-
ture of spin reorientation, 7x = 130 K, about 9 K above
the Verwey transition they observe. This interpretation
relies on the assumption that the (0 0 %) forbidden reflec-
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tion is due to 3d orbital ordering and that the (0 0 odd)
reflections reflect a nearly pure CO effect on resonance
while they would reflect the lattice distortion order out of
resonance. This is highly surprising by the implications on
both the Verwey transition and RXS theory. First, the
Verwey transition has been characterized in the past by a
unique phase transition in highly pure magnetite (as dem-
onstrated by the temperature dependence of the heat ca-
pacity, electrical conductivity, and magnetic measure-
ments) [3]. The results of that work suggest that charges
localize at T}, but magnetite remains metallic down to T'y;
i.e., the electronic localization has no effect in the electrical
conductivity. Moreover, the heat capacity does not show
any anomaly at T}, where the electronic ordering would
take place, indicating the same entropy for both phases,
ordered and disordered. Concerning the consequences on
RXS, the resonant reflections would be allowed between
Ty and T in the Fd-3m cell when the RXS theory for the
cubic symmetry does not predict them [19]. Finally, these
results are in contradiction to those found in the soft RXS
studies [15,16].

In this work, we reexamine the so-called OO and
CO reflections of magnetite in the neighborhood of T,
performing a detailed RXS experiment on a highly
stoichiometric single crystal. Our results show that these
reflections disappear simultaneously at the Verwey tem-
perature (7, = 123.5 K), thereby indicating that the pre-
viously reported phenomenology [18] cannot be generally
ascribed to the Verwey transition. Moreover, the study of
the magnetization shows that the magnetic anisotropy in-
deed disappears at about 130 K, indicating that there is no
correlation between the spin reorientation and the proposed
pure electronic CO and OO.

Magnetite was prepared by using high purity Fe,O3
(99.999%). The oxide was fired at 1200 °C for 24 h in a
CO,/CO (96/4) atmosphere. The powders were ground
pressed into rods and sintered at 1400 °C for 24 h. Single
crystals were grown from the rods in the same atmosphere
by using the floating zone [20]. X-ray powder diffraction of
the crushed crystals guaranteed the phase purity. The satu-
ration magnetization at 5 K is 4.11up and Ty is 123.5 K
with a narrow transition width, a good indication that our
sample is homogeneous and nearly ideal oxygen stoichi-
ometry [3]. A large crystal was cut with the [001] cubic
direction as the surface normal and polished to a flat, shiny
surface. A small sphere of the same ingot (diam =
4.3 mm) was used for magnetic measurements. RXS ex-
periments were carried out at the ESRF, Grenoble, France.
Hard x rays (Fe K edge) were monochromatized by a
Si(111) double crystal (energy resolution of 0.8 eV), and
a MgO (222) analyzer crystal was used for polarization
analysis on the ID20 beam line. Resonant soft-x-ray dif-
fraction experiments were conducted on the ID0O8 beam
line. The energy resolution is ~800 meV at 710 eV.
Magnetic measurements were successively performed on
the Fe;O, spherical sample oriented along the [001] and

[111] directions, respectively, by means of a commercial
SQUID magnetometer.

Figure 1 shows the temperature dependence of the ac
initial magnetic susceptibility of the Fe;O,4 sphere oriented
in the [001] direction (upper panel) and the comparison of
the magnetization curves between [001] and [111] direc-
tions in the neighborhood of T (lower panel). The ac
susceptibility shows a sharp discontinuity at 7 (123.5 K)
with a very narrow width and a small kink at about 129 K.
Magnetization curves exhibit the continuous exchange of
the easy magnetization axis from [111] to the [001] direc-
tion on cooling across Ty. At 129 K, the two magnetization
curves superimpose, indicating that the K; anisotropic
constant becomes zero. Below 129 K, the easy magnetiza-
tion axis is slightly changing to the [001] direction, but the
two curves are nearly undistinguishable. At the onset of the
Verwey transition, the easy magnetization axis is clearly
along the [001] direction [21].

Figure 2 shows the energy dependence of some charac-
teristic resonant reflections as measured, i.e., without self-
absorption correction.

(i) The (001) reflection was measured at both the Fe K
[Fig. 2(a)] and the Fe L; [Fig. 2(c)] edges. At the Fe K
edge, the (001) reflection is only detectable in the o-o’
channel. The spectrum shows a strong maximum at the Fe
K threshold (E = 7.119 keV) and a second resonance at
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FIG. 1 (color online). Upper panel: Temperature dependence
of the initial ac magnetic susceptibility of magnetite, showing
the sharp discontinuity at 7, = 123.5 K, AT = 1 K. Lower
panel: Magnetization versus magnetic field at fixed temperatures
in the neighborhood of the Verwey transition, showing the
change of easy magnetization axis from the [111] (above Ty)
to the [001] (below Ty ) crystallographic directions.
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FIG. 2. (a) The energy dependence of the intensities for the

(001) and (00 %) reflections compared with the fluorescence
spectrum around the Fe K edge and at 7 = 60 K. (b) The energy
dependence of the (00 %) reflection recorded over the Fe L, 3
edges at 30 K (crosses). For comparison, the total electron yield
absorption spectrum (solid line) is shown in the same energy
scale. (c) The energy dependence of the (001) reflection recorded
over the Fe L, edge at 30 K.

7.125 keV, corresponding to the white line in the fluores-
cence spectrum. Compared to the K edge, the resonance
over the L; edge shows much less structure due to the
shorter L; core-hole lifetime. The (001) reflection is per-
mitted by symmetry in the low-temperature P2/c cell. The
strong enhancement of the intensity at the Fe absorption
edges is a consequence of electronic and structural differ-
ences among the Fe sites along this direction, due to the
structural change at Ty,. In the model by Wright ez al. [11],
it originates from the different anomalous atomic scatter-
ing factors of the Fe,; and Fe ), octahedral sites. However,
the previous study [18] interpreted this resonance as a
nearly pure CO effect.

(i) The (0 0 %) reflection was measured at the Fe K edge
[Fig. 2(a)]. RXS intensity is observed only in the o-7'
channel at resonance, confirming that this is a forbidden
reflection in the low temperature phase. The spectrum
shows a three-peak structured resonance nearly at the
same energies as the (001) reflection. The energy depen-
dence of the scattered intensity of the counterpart (0 0 %)
reflection was also measured at the Fe L,; edges

[Fig. 2(b)], which probe directly the Fe empty states with
d symmetry. The spectrum has a double-peak structure at
energies corresponding to the L3 and L, absorption edges.
The shape of this spectrum is similar to that reported by
Schlappa et al. in a thin layer [16], which shows a sharp
resonance at 708.4 eV with a shoulder at the L5 threshold
and two maxima at 720 and 721.4 eV at the L, one. The
main difference in the L part between both spectra is due
to the self-absorption effect in the bulk single crystal that
strongly reduces the intensity of the peak at 708.7 eV. Some
authors proposed that these (00 22H) reflections are
caused by the #,, OO of the octahedral Fe?" ions
[16,18]. However, the electronic anisotropy arising from
local distortions around the different Fe ions, including the
tetrahedral ones, accounts for the observed anisotropy
tensor susceptibility (ATS) reflections [17,19].

(iii) The structural modulation was studied by measuring
the (001) reflection off resonance (at E = 7.1 keV for the
Fe K and at E = 900 eV for the Fe L). We have also used
the superlattice (4 0 1) reflection at E = 7.1 keV, whose
intensity is directly related to the lattice distortion below
Ty [11] and it corresponds to the same periodicity along ¢
as the so-called OO reflections. Longitudinal scans at 60 K
of the Bragg (4 0 %) and (001) (assigned to CO) reflections
at the Fe K edge show similar widths, corresponding to a
FWHM of 0.0019 A~!, whereas for the (0 0 %) reflection

(assigned to O0), the FWHM is 0.0037 A~!. This implies
that the correlation lengths of the structure and of the CO
are at least 1000 A but that of the OO is ~700 A. It follows
from these correlation lengths that the present sample
exhibits long-range structural CO and OO although the
orbital domain size is smaller.

We have measured the temperature dependence of the
intensity of the Bragg and the so-called CO and OO
reflections in the neighborhood of Ty, characterizing the
three different orderings. The temperature runs were per-
formed either by waiting for thermal stabilization after
each temperature step or by a slow continuous heating
ramp of 0.3 K/ min. The two procedures gave the same
results. We report here the data taken with a heating ramp.
Figure 3(a) shows the temperature dependence of the
integrated intensity for the (001) reflection both at reso-
nance and off resonance. The temperature dependences of
the integrated intensities at the (4 0 %) reflection and at
resonance at the (0 0 %) reflection are also compared in the
same figure. The resonant and nonresonant scattering in-
tensities simultaneously disappear at 7y, (£0.5 K) for the
three studied reflections. The temperature dependence is
essentially the same in the soft-x-ray regime. The evolution
of the intensities of the (0 0 %) reflection at resonance and
of the (001) reflection both at resonance and off resonance
as a function of temperature is shown in Fig. 3(b). The
resonant and nonresonant signals also disappear at T,. We
emphasize that the intensity of all the studied reflections is
zero at temperatures above 125 K, contrary to what has
been found in Ref. [18]. Our result points to a common
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FIG. 3 (color online). The temperature dependence of the
integrated intensities of the low-temperature reflections. The
intensities have been normalized to the low-temperature value
and they have been artificially shifted for clarity reasons.
(a) (001) reflection at resonance (E = 7.125 keV) and off reso-
nance (E = 7.1 keV, marked by asterisk), (0 0 %) reflection at
resonance (E = 7.125 keV) and (40 %) off resonance (E =
7.1 keV). (b) (001) reflection at the Fe L; resonance (E =
860 eV) and off resonance (E = 900 eV, marked by asterisk)
and (00 %) reflection at the Fe L; resonance (E = 708.7 eV).

origin of the structural and the so-called CO and OO
reflections in magnetite. This also indicates that the phe-
nomenology found in Ref. [18] is not intrinsic to the
Verwey transition but may be caused by the peculiar char-
acteristics of their sample.

In summary, we show that the structural and the resonant
reflections disappear exactly at the same temperature as the
sharp discontinuity of the initial susceptibility, i.e., at Ty.
Our result agrees with other RXS studies either in bulk
[15,17] or in a thin layer [16] of magnetite and indicates
that the spin reorientation and the proposed CO and OO
ordering are not correlated. Moreover, a double transition
was never found, except for either nonstoichiometric or
contaminated samples, whose Verwey transition tempera-
ture is always below 120 K [3]. In this sense, the unusual

behavior shown in Ref. [18] might be originated by a
strained or highly defective sample. This would explain
the values of T, = 119 K and ATy, = 6 K (see Ref. [19]
cited by Lorenzo et al.) and the short correlation length of
their low-temperature reflections. As a final remark, we
note that structural forbidden reflections also occur in
systems where no long-range structural order exists [19],
and in the case of magnetite, the local structure at the
Fe atoms is already dynamically distorted above Ty, [22].
In this sense, the different temperature dependence of the
CO and OO reflections with respect to the structural ones
cannot be considered as a final compelling evidence of
purely electronic CO and OO ordering.

Since the lattice distortion, the Fe site distinction, and
the ordered anisotropy of the Fe atoms [we note here that
tetrahedral Fe atoms also contribute to ATS (00 24)
reflections] occur simultaneously in a highly stoichiomet-
ric sample, we conclude that RXS in magnetite comes from
the ordered local distortions at the structural transition.
This gives rise to an ordered charge disproportionation
and electronic anisotropy at the Fe atoms.
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