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Direct observation of localization of the minority-spin-band electrons in magnetite
below the Verwey temperature
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Two-dimensional spin-uncompensated momentum density distributions, p?D(p)s, were reconstructed in
magnetite at 12 and 300 K from several measured directional magnetic Compton profiles. Mechanical detwin-
ning was used to overcome severe twinning in the single-crystal sample below the Verwey transition. The
reconstructed pr(p) in the first Brillouin zone changes from being negative at 300 K to positive at 12 K. This
result provides the first clear evidence that electrons with low momenta in the minority-spin bands in magnetite

are localized below the Verwey transition temperature.
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I. INTRODUCTION

Magnetite, Fe;O,, is the oldest magnetic material recog-
nized 2500 years ago and is one of the most fascinating
materials in present-day solid-state physics. It is because
Fe;0, exhibits many interesting physical properties’> such
as mixed-valence and a metal-insulator (MI) transition
known as the Verwey transition.> Furthermore, Fe;O, has
potential industrial applications in magnetic multilayer
devices* since it has full spin polarization with a high mag-
netic ordering temperature and its electronic structure at am-
bient conditions is predicted by band calculations to be half
metallic.’

Above the MI transition temperature, 7, Fe;O, has an
inverse spinel structure with cubic symmetry where eight
Fe* ions occupy the A sites with local tetragonal symmetry,
while the B sites, which locally exhibit octahedral symmetry,
are occupied by eight Fe** and Fe?* ions in a simple ionic
chemical formula. The results of resonant x-ray scattering®
show that the Fe ions on the B sites are electronically equiva-
lent for time scales lower than 107!® s. The MI transition
occurs at 7,~120 K accompanied by a structural change
where the conductivity decreases sharply by 2 orders of
magnitude.? Early explanations of the MI transition invoked
charge ordering on the Fe B sites below T,. However, NMR
relaxation results indicate that the states of Fe ions on the B
sites are mixed strongly even below T,.” Moreover, recent
resonant x-ray and inelastic neutron-scattering studies show
a fractional-charge ordering on the Fe B sites below 7,312
which is predicted by band calculations.'*!'* Thus, some
studies suggest that only the Fe B sites are involved in the
change in valence across the Verwey transition'®!> while
other investigations claim that the Fe A sites play also an
important role.'®!7 Therefore, despite continuing experimen-
tal and theoretical efforts in the last 70 years, many questions
regarding the MI transition still remain open.

Magnetic Compton scattering using synchrotron radi-
ation is an established technique for probing the spin-
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uncompensated momentum density distribution in a material
with spontaneous magnetization.'®!° The total electron mo-
mentum density, p(p), is

p(p) = p;(p) + p,(p),

where p;(p) and p|(p) give the momentum densities of elec-
trons in the majority- and minority-spin bands, respectively,
and p is the electron momentum. Owing to the presence of
spin-dependent terms in the scattering cross section, the spin-
uncompensated momentum density distribution, p(p)
=p;(p)—p,(p), can be measured using circularly polarized x
rays. It is obtained in the form of a projection of p,(p) on the
x-ray scattering vector, the so-called magnetic Compton pro-
file, defined as

Jmag(pz) = f f Ps(P)ddePy~

Here the z axis is taken to be parallel to the x-ray scattering
vector and p, is the projection of p on the z axis. The integral
of Jiae(p;) Over p, yields the spin-magnetic moment of the
material. For electronic-structure studies in a material with
spontaneous magnetization, a measurement of p,(p) is very
useful because p (p) reflects the spin polarization of occu-
pied bands in momentum space. It is possible to image p(p)
from a finite number of J,,,(p,)s using a reconstruction tech-
nique.

In this work we report magnetic Compton-scattering stud-
ies of a single crystal of magnetite. The amplitude of the
two-dimensional spin-uncompensated momentum density
distribution is shown to develop negative excursions above
the Verwey temperature. We conclude on this basis that a
substantial amount of #,, minority electrons become itinerant
on Fe B sites above T,.

II. EXPERIMENT

A high-quality single crystal of Fe;O, was synthesized
using the floating-zone melting method. The crystal was an-
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nealed at around 1200 °C in the controlled atmosphere of a
mixture of CO and CO, in order to homogenize the compo-
sition of the specimen and to release internal strain. We used
a disklike single-crystal sample of approximately 10 mm di-
ameter and 3 mm thickness with its axis parallel to the cubic
[101] axis.

Magnetic Compton-scattering experiments were carried
out at 12 and 300 K on beamline BLOSW at SPring-8, Japan.
Elliptically polarized x rays emitted from an elliptical multi-
pole wiggler were monochromatized to 174 keV by a bent
Si(620) crystal. Energy spectra of Compton-scattered x rays
from the sample with a scattering angle of 178.0° were mea-
sured using a ten-segmented Ge solid-state detector with ex-
ternal magnetic field of 20 kOe. The estimated momentum
resolution is 0.50 £ 0.01 a.u. full width at half maximum.

The directional J,,,,(p,) is extracted from the difference
between two spectra taken under the same experimental con-
ditions with alternating directions of magnetization of the
sample, aligned by an external magnetic field. The observed
spectra were corrected for the energy-dependent scattering
cross section, efficiency of the detector and absorption of the
sample.

III. RESULTS

Since severe twinning occurs at 7, in the single-
crystalline sample due to the structural change, detwinning
of the sample below T, was accomplished by simultaneous
application of external magnetic field cooling and squeezing
to extract directional magnetic profiles J;,,.(p.) at 12 K. An
external magnetic field of 20 kOe was applied along the cu-
bic [001] axis to establish the ¢ axis below T,. The use of a
special Cu sample holder enabled us to squeeze the sample

along the cubic [111] direction as a result of the larger Cu
thermal contraction. Changes in the extracted J,,.(p.) at 12
K were observed below [p,|~2 a.u. resulting from this me-
chanical detwinning. Thus the mechanical detwinning is ef-
fective although we have not estimated the twin ratio in the
sample at 12 K with and without mechanical detwinning.
Figure 1 shows the extracted J,,,,(p.) along the three cubic
principal axes at 12 and 300 K. These profiles show a sub-
stantial directional dependence of the magnetic spin-
momentum density in good accord with the corresponding
theoretical predictions discussed below.

Figure 2 shows the extracted Jy,,,(p,) at 12 and 300 K
between the cubic [001] and [101] axes. Note that the dip in
Jmag(P;) below p.~1 a.u. observed from 9° to 27° at 300 K
disappears at 12 K. This result reveals that p,(p) changes
across T, even though the saturation magnetic moment
changes by less than 0.1% at T,.>! We have reconstructed the
two-dimensional spin-uncompensated momentum density
distribution, p?®(p). For this purpose, we adopted the so-
called direct Fourier-transform method to reconstruct pr(p)
from several directional J,,(p.)s.**** In the reconstruction
procedure, we assumed the cubic [010] axis to possess a
fourfold rotational symmetry, even though Fe;O, at 12 K has
a lower than cubic symmetry.?*? This assumption was made
as we measured J;,,(p.)s only from the cubic [001] to the
[101] axis due to the mechanical detwinning using the spe-
cial Cu sample holder.
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FIG. 1. Jjnae(p,) of Fe;0, along the three cubic principal axes as
a function of p_. Open and filled circles with error bars represent the
measured Ji.(p,)s at 300 and 12 K, respectively. Solid lines give
the calculated Jy,,(p,)s in the cubic spinel structure which have
been broadened to reflect experimental resolution (Ref. 20).

The reconstructed pr (p)s are shown in Figs. 3(a) and
3(b), which correspond to projections of py(p) on the cubic
(010) plane. The reconstructed p° (P(010)) looks like a vol-
cano at 12 and 300 K, where p(o;o) represents the projection
of p on the cubic (010) plane. At 300 K, the reconstructed
p°(p(o10y) in the crater region (below |pro; and |ppioo
~0.4 a.u.) is negative, while highly positive values are
found in the region of |p(q|~1.7 a.u. with peaks at
|Proon]l =1Priogl ~ 1.2 a.u., where poor; and ppjgo; represent
the components of p along the cubic [001] and [100] axes,
respectively. The reconstructed p2°(p(o10) below |ppooy| and
|P[100] ~ 0.4 a.u. becomes positive at 12 K as seen in Fig.
3(b). Highly positive values in the reconstructed pgD(p(Olo))
at 12 K appear in the region of |p(g;p)~ 1.6 a.u. with peaks
at |ppoor)| =|prioe)l ~ 1.1 a.u., similar to the situation at 300 K.
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FIG. 2. Measured Jy,,(p,) of Fe;0, between the cubic [001]

and [101] axes in intervals of 9°: (a) at 300 K and (b) at 12 K with
mechanical detwinning.
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FIG. 3. (Color online) [(a) and (b)] Reconstructed psz,D(p(om))s
of Fe;0, from measured Jp,,(p.)s at 300 and 12 K, respectively. (c)
Calculated pgD(p(mo)) of Fe30, in the inverse spinel structure with
cubic symmetry which has been broadened to reflect experimental
resolution.

IV. DISCUSSION

In a 3d transition-metal compound with spontaneous mag-
netization, the spin-magnetic moment is the difference in oc-
cupancy between the majority- and minority-spin bands,
which mostly have 3d character. Electrons in fully occupied
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majority- and minority-spin bands do not contribute to the
spin-magnetic moment. However, at any point in momentum
space-spin components of these band electrons are not com-
pletely compensated because hybridization effects depend on
the spin state of the band electrons. These uncompensated
spin components contribute to py(p).2® Accordingly, p,(p) is
the spin-uncompensated component of all occupied band
electrons and the area under J,.(p,) is the spin-magnetic
moment of the compound.

Fe;0, is ferrimagnetic below 858 K where the magnetic
moments of the Fe A and B sites in the inverse spinel struc-
ture are antiparallel, resulting in a saturation magnetic mo-
ment of about 4 wp/f.u., which does not change drastically
at T,.>! The magnetic electrons are mostly 3d electrons from
the Fe sites. Consequently, the extracted difference in the
reconstructed pr(p(()lo)) results from a change in the band
electrons with mainly 3d character.

Since the symmetry of Fe;O, above T, is cubic, the nega-
tive values below |pjoo;j| and |ppio0j| ~0.4 a.u. in the recon-
structed P?D(P(mo)) at 300 K stem from electrons in the
minority-spin bands below |p|~0.7 a.u., a region in the first
Brillouin zone of the inverse spinel structure. Accordingly,
these electrons contribute to the electrical conductivity of
Fe;O, because they have itinerant character. The recon-
structed p2°(p(o10) below |proor| and [ppipe ~0.4 a.u. is
positive at 12 K and the positive values in the reconstructed
p°(P(o10) in the region of [pip|~1.6 au. at 12 K are
smaller than those at 300 K. The population of electrons with
itinerant character decreases discontinuously at 7, reflecting
the remarkable decrease in the conductivity.> Therefore, the
observed difference in the reconstructed pgD(p(mO)) provides
clear experimental evidence that electrons with |p|
<0.7 a.u. in the minority-spin bands are localized below T,
and that the electronic structure of Fe;O, with the inverse
spinel structure is half metallic in character. The MI transi-
tion is characterized by the localization of the electrons in
the minority-spin bands which contribute to the spin-
magnetic moment of Fe;O4. This MI transition with the
structural change does not strongly affect the electrons with
high momenta, which have a localized character even at 300
K. These results are consistent with a small change in the
saturation magnetic moments at 7,.2! The behavior of the
reconstructed PfD(P(mo)) at 12 K cannot be understood using
the simple ionic model with the inverse or normal spinel
structure.

We have evaluated the number of electrons, n,, whose
wave functions localize from the positive region in the dif-
ference of reconstructed P?D(P(mo)) between 12 and 300 K.
The value of n, is found to be 0.590(2) per unit cell (con-
taining two Fe B sites) and should be compared to the charge
ordering on the iron B sites of about 0.4 electrons per unit
cell.'%13-15 The higher value of n,. indicates that the iron-
oxygen hybridization plays also a role in the MI transition.

We have carried out Korringa-Kohn-Rostoker band struc-
ture and momentum density calculations on Fe;O, in the
inverse spinel structure within the framework of the local-
density approximation (LDA) in order to gain insight into the
nature of pr (p).2° A reasonable level of agreement is seen in
Fig. 1 between the computed Jy,(p,) and the measured
spectra at 300 K along the three cubic axes, especially above
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FIG. 4. Reconstructed and calculated pr(p(mO))s of Fe30,
along the cubic [101] axis at 300 K and in the cubic spinel structure
with and without convolution of experimental resolution, respec-
tively. Filled circles represent the reconstructed PfD(P(mo)) at 300
K. Solid and broken lines give the calculated psz,D(p(om))s in the
cubic spinel structure without and with convolution of experimental
resolution, respectively.

p.~?2 a.u. Figure 3(c) shows the theoretical p;°(p) after it
has been broadened to account for expenmental resolution.
The features of the calculated p (P(010)) look similar to
those of the reconstructed p? (P(o1o)) at 300 K. However, in
contrast with the experimental spectrum the positive peaks
at |proor)l=|prioo] ~ 1.2 a.u. in p2°(p) are sharper in the cal-
culations and the value of the calculated p2°(p) at [p(io)|
~0 is almost zero. These discrepancies cannot be understood
within the ionic picture but could arise from exaggerated
hybridization in the LDA and/or correlation effects missing
in our LDA-based calculations. As shown in Fig. 4, our com-
puted spectrum before it is convoluted with the experimental
resolution does display a negative value of the spin momen-
tum density in the first Brillouin zone due to the presence of
minority 7,, itinerant electrons appearing above T\ but this
negative excursion is smeared out by the effect of resolution
broadening. The observed deeper craterlike feature in the
reconstructed pZ° (P(o10)) could be explained by the partial
occupation of d2_,2 orbitals reflecting correlation effects be-
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yond the LDA since the majority-spin d;,2_,2 orbitals give a
positive contribution to p2°(po10)) at [P(o10)| ~ 0. Correlation
effects are known to produce partial occupation of the natu-
ral orbitals and smearing of the electron momentum
density.”’

V. CONCLUSION

We have carried out magnetic Compton-scattering experi-
ments to investigate the spin-uncompensated electron mo-
mentum density py(p) of Fe;0,4 at 12 and 300 K. Mechanical
detwinning was used to overcome severe twinning in the
single-crystal sample below T,. The reconstructed psD(p(om))
below |ppoorj] and |ppi)l ~0.4 a.u. changes from being
negative at 300 K to positive at 12 K. This result reveals that
electrons in the minority-spin bands with |p|<0.7 a.u. are
localized below T,, while electrons with high momenta,
which have a localized character at 300 K, are not affected
strongly by the MI transition. Interestingly, the observed be-
havior of the reconstructed p?D(p(mo)) at 12 K cannot be
understood within the simple ionic model or the standard
LDA-based band theory picture and indicates the presence of
correlation effects beyond the LDA leading to particularly
strong smearing of the spin-uncompensated momentum den-
sity distribution.

ACKNOWLEDGMENTS

The experiments were performed at SPring-8 with the ap-
proval of the Japan Synchrotron Radiation Research Institute
(JASRI) under Proposals No. 2002B0381-ND3-np and No.
2003A0308-ND3-np. The work at Northeastern University
was supported by the U.S. Department of Energy, Office of
Science, Basic Energy Sciences under Contract No. DE-
FG02-07ER46352 and benefited from the allocation of time
at the NERSC supercomputing center. It was also sponsored
by the Stichting Nationale Computer Faciliteiten (NCF) for
the use of supercomputer facilities, with financial support
from the Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (Netherlands Organization for Scientific Re-
search). H.K. thanks Y. Tanaka for providing the reconstruc-
tion programs.

*kobayash @sci.u-hyogo.ac.jp

'F. Walz, J. Phys.: Condens. Matter 14, R285 (2002), and refer-
ences therein.

2J. Garcia and G. Subias, J. Phys.: Condens. Matter 16, R145
(2004), and references therein.

3E. J. W. Verwey, Nature (London) 144, 327 (1939).

4S. Kale, S. M. Bhagat, S. E. Lofland, T. Scabarozi, S. B. Ogale,
A. Orozco, S. R. Shinde, T. Venkatesan, B. Hannoyer, B. Mer-
cey, and W. Prellier, Phys. Rev. B 64, 205413 (2001).

SA. Yanase and N. Hamada, J. Phys. Soc. Jpn. 68, 1607 (1999).

6J. Garcia, G. Subias, M. G. Proietti, H. Renevier, Y. Joly, J. L.
Hodeau, J. Blasco, M. C. Sanchez, and J. F. Berar, Phys. Rev.

Lett. 85, 578 (2000).

7P. Novak, H. Stepankova, J. Englich, J. Kohout, and V. A. M.
Brabers, Phys. Rev. B 61, 1256 (2000).

8D. J. Huang, H.-J. Lin, J. Okamoto, K. S. Chao, H.-T. Jeng, G. Y.
Guo, C. H. Hsu, C.-M. Huang, D. C. Ling, W. B. Wu, C. S.
Yang, and C. T. Chen, Phys. Rev. Lett. 96, 096401 (2006).

9E. Nazarenko, J. E. Lorenzo, Y. Joly, J. L. Hodeau, D. Mannix,
and C. Marin, Phys. Rev. Lett. 97, 056403 (2006).

103 Schlappa, C. Schiissler-Langeheine, C. F. Chang, H. Ott, A.
Tanaka, Z. Hu, M. W. Haverkort, E. Schierle, E. Weschke, G.
Kaindl, and L. H. Tjeng, Phys. Rev. Lett. 100, 026406 (2008).

'R, J. McQueeney, M. Yethiraj, W. Montfrooij, J. S. Gardner, P.

104423-4



DIRECT OBSERVATION OF LOCALIZATION OF THE...

Metcalf, and J. M. Honig, Phys. Rev. B 73, 174409 (2006).

12R. J. McQueeney, M. Yethiraj, S. Chang, W. Montfrooij, T. G.
Perring, J. M. Honig, and P. Metcalf, Phys. Rev. Lett. 99,
246401 (2007).

131. Leonov, A. N. Yaresko, V. N. Antonov, M. A. Korotin, and V.
I. Anisimov, Phys. Rev. Lett. 93, 146404 (2004).

14H.-T. Jeng, G. Y. Guo, and D. J. Huang, Phys. Rev. Lett. 93,
156403 (2004).

157. Lodziana, Phys. Rev. Lett. 99, 206402 (2007).

16G. Kh. Rozenberg, M. P. Pasternak, W. M. Xu, Y. Amiel, M.
Hanfland, M. Amboage, R. D. Taylor, and R. Jeanloz, Phys. Rev.
Lett. 96, 045705 (2006).

17G. K. Rozenberg, Y. Amiel, W. M. Xu, M. P. Pasternak, R. Jean-
loz, M. Hanfland, and R. D. Taylor, Phys. Rev. B 75, 020102(R)
(2007).

8N. Sakai, J. Appl. Crystallogr. 29, 81 (1996).

19M. J. Cooper, Radiat. Phys. Chem. 50, 63 (1997).

PHYSICAL REVIEW B 80, 104423 (2009)

20y, Li, P. A. Montano, B. Barbiellini, P. E. Mijnarends, S.
Kaprzyk, and A. Bansil, J. Phys. Chem. Solids 68, 1556 (2007).

217, Kakol, J. Solid State Chem. 88, 104 (1990).

22R. Suzuki, M. Osawa, S. Tanigawa, M. Matsumoto, and N. Shio-
tani, J. Phys. Soc. Jpn. 58, 3251 (1989).

23Y. Tanaka, N. Sakai, Y. Kubo, and H. Kawata, Phys. Rev. Lett.
70, 1537 (1993).

%M. Tizumi, T. F. Koetzle, G. Shirane, S. Chikazumi, M. Matsui,
and S. Todo, Acta Crystallogr., Sect. B: Struct. Crystallogr.
Cryst. Chem. 38, 2121 (1982).

51 P Wright, J. P. Attfield, and P. G. Radaelli, Phys. Rev. Lett.
87, 266401 (2001).

26T. Nagao, Y. Kubo, A. Koizumi, H. Kobayashi, M. Itou, and N.
Sakai, J. Phys.: Condens. Matter 20, 055201 (2008).

278, Barbiellini and A. Bansil, J. Phys. Chem. Solids 62, 2181
(2001).

104423-5



