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The magnitude of the orbital magnetic moment and its role as a trigger of the Verwey transition in the
prototypical Mott insulator, magnetite, remain contentious. Using 1s2p resonant inelastic x-ray scattering
angle distribution (RIXS-AD), we prove the existence of noncollinear orbital magnetic ordering and infer
the presence of dynamical distortion creating a polaronic precursor for the metal to insulator transition.
These conclusions are based on a subtle angular shift of the RIXS-AD spectral intensity as a function of the
magnetic field orientation. Theoretical simulations show that these results are only consistent with
noncollinear magnetic orbital ordering. To further support these claims we perform Fe K-edge x-ray
magnetic circular dichroism in order to quantify the Fe average orbital magnetic moment.
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Magnetite ([Fe’*],[Fe’", Fe?*]|;0,) is the most abun-
dant iron bearing mineral on Earth and it finds many
applications in areas such as palacomagnetism, medicine,
data recording, and engineering [1]. Ever since Verwey’s
pioneering work [2], an immense amount of research has
been dedicated to Fe;O, in view of its importance as a
reference for systems exhibiting the metal to insulator
transition [3-7]. In Fe;O,4, the Verwey transition occurs at
Ty ~ 125 K and results in a spontaneous change of both
the lattice symmetry and the electric conductivity. Above
Ty Fe;O, has a cubic inverse spinel crystal structure
containing two different Fe sites. Fe3* ions reside in
tetrahedral (T,) interstices (the A sites) while both Fe**
and Fe3* ions reside in octahedral (0, interstices (the B
sites). The A and B sublattices are antiferromagnetically
coupled while the Fe ions in the same sublattice are
ferromagnetically coupled [Fig. 1(a)].

In ferromagnets and ferrimagnets, the spin and orbital
magnetic moments of the transition metal ions can be
directly quantified by applying the sum rules on the L, 3
x-ray magnetic circular dichroism (XMCD) signal [8]. In
spite of the great success of sum rules, the experimental and
analysis procedures were shown to be prone to huge
uncertainties due to surface effects [9]. Orbital magnetic
moments as small as 0.01 ug [10] and as large as 0.33 ug
[11] were reported for Fe;O,. In addition, large orbital
magnetic moment contributions that are of equal absolute
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values but with antiparallel coupling between the Fe A and
B sublattices were also suggested [12] (for a unit formula of
Fe;04: Fep y; = 1 pup and Fey pu; = —1 pp). A summary
of the orbital and spin magnetic moments reported in
literature using various techniques is shown in Fig. S1 in
the Supplemental Material [13] and Refs. [16-31]. These
large discrepancies regarding an essential quantity to many
Mott insulators [32] ask for a new approach.

In this Letter, we employed a combination of Fe K-edge
XMCD and 1s2p RIXS-AD measurements to investigate
the orbital magnetic moment of Fe in Fe;O,. Experiments
at the Fe K edge (1s — 3d+4p excitations) have a probing
depth of few um and hence surface effects are negligible
offering a valuable advantage over L, ;-edge measurements
[33-37]. We quantified the average orbital magnetic
moment by performing K-edge XMCD. The accurately
measured 1s2p RIXS-AD signal was used to determine
the average square orbital magnetic moment, which com-
plements the average quantity obtained from XMCD.
Combining these two experiments, it is possible to deduce
whether the orbital magnetic moments of the Fe ions are
parallel, antiparallel or noncollinear.

Guided by theoretical calculations, we show that the only
possibility to explain both of our experimental results is the
existence of a noncollinear magnetic orbital ordering that
can tilt the orbital magnetic moment as much as 82° away
from the spin magnetic moment. We propose a model for
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FIG. 1. (a) The cubic unit cell of Fe;O, and the magnetic
coupling between the Fe sites. Octahedral (0,,) Fe** and Fe?*
ions are antiferromagnetically coupled to the tetrahedral (T';)
Fe3* ions. (b) Fe K-edge measurements in Fe;0, single crystal
performed at Beam line ID12 of the European Synchrotron
Facility (ESRF) [38]. The top panel shows XAS results as a
function of the sample azimuthal angle 6. The bottom panel
shows the corresponding XMCD experimental (dotted) and
theoretical (solid) Fe K pre-edge signals. Two model calculations
are presented: (i) Calcl is the optimized calculation where a
partially quenched orbital magnetic moment of 0.26 up per unit
formula of Fe;O, was concluded, and (ii) Calc2 is the theoreti-
cally expected XMCD signal for a fully quenched orbital
magnetic moment scenario.

this noncollinear orbital magnetic ordering and infer the
presence of a dynamical distortion related to the X5 phonon
mode in the high temperature phase. Our model imposes
strong restrictions on the candidate mechanisms for the
Verwey transition [21,39].

We investigated highly stoichiometric (001), (110), and
(111) Fe30, single crystals at room temperature. The
average orbital magnetic moment projected along the mag-
netic field direction can be quantified by performing Fe K
pre-edge XMCD measurements [8]. Three main dichroic
features can be seen at E; = 7112.7 eV, E;; =7114 eV,
and E;;; = 7115.1 eV with only significant angular depend-
ence at the first feature [Fig. 1(b)]. The coexistence of two Fe
sites in Fe;O4 complicates the direct analysis of the XMCD
signal and renders a full calculation important to assign
spectral features to the specific Fe species.

Configuration interaction calculations taking into
account (i) the intra-atomic Coulomb interaction, (ii) the
crystal field, (iii) spin-orbit coupling, and (iv) the exchange
interactions were performed using the quantum many-body
program Quanty [40—42]. Our theoretical simulations show
that the feature at E; arises mainly from electric quadrupole
transitions (i.e., 1s — 3d excitations) at the formal Fe*t

ions while the features at E;; and Ej;; arise mainly from
electric dipole transitions (i.e., 1s — 3d + 4p excitations)
at the Fe’* T, ions due to on site 3d — 4 p orbital mixing as
discussed in Refs. [43—45]. The quadrupolar signals from
the Fe’* A and B sites nearly cancel out as shown in
Fig. S8 [13].

The experimental XMCD signal and its angular depend-
ence can be best interpreted to arise from a partially
quenched orbital magnetic moment at the formal Fe?*
ions. An excellent agreement between the calculation and
the experiment is observed [compare spectra labeled Exp
and Calcl in Fig. 1(b)]. This partial quenching is a result of
the octahedral symmetry accompanied by a small trigonal
distortion (D, = 67 = 10 meV). The Fe environment is not
perfectly O, since the point group symmetry of the B site is
rhombohedral (D5, = 3m). We found that the average
orbital magnetic moment (x,) is 0.26 £ 0.03 up per unit
formula of Fe;O,. It is important to note that feature I is
theoretically predicted to be completely suppressed in the
case that y, = 0 up [see Fig. 1(b) Calc2] strongly support-
ing the presence of a finite orbital magnetic moment in
bulk Fe3 04.

To investigate possible noncollinearity of the orbital
magnetic moment, we performed comprehensive 1s2p
RIXS-AD measurements. This complements the average
projected result obtained from XMCD. The RIXS-AD was
measured by rotating the sample about the incident wave
vector direction (k;, ) aligned with the [110] direction [refer
to Fig. 2(a)]. The RIXS-AD signal arises from both the
crystal field (see Fig. S14 [13]) and from the magnetization
of the absorbing atom (see Fig. S15 [13]). We initially
measured the RIXS-AD with the magnetic field nearly
parallel to k;, as a reference measurement. In this case the
magnetic field is oriented along a high symmetry crystallo-
graphic direction and the angle between the linear incident
polarization (€;,) and the magnetic field nearly does not
change as a function of the sample rotation. These choices
simplify the angular dependence and serve as a benchmark
to analyze the RIXS spectra.

Although the experimental RIXS planes measured in the
horizontal (¢ = 0°) and vertical (¢ = 90°) configurations
show a broad single pre-edge peak [Figs. S9(a) and S9(b)],
it is possible to identify three main features in the
experimental dichroism signal [Fig. 2(b)]. Theoretical
calculation of the RIXS dichroism signal shows that the
quadrupolar contributions of the Fe’* T, and O, sites
nearly cancel out (see Fig. S10) and hence the three features
labeled in Fig. 2(b) are dominantly attributed to the formal
Fe?* ions. This is consistent with the XMCD results, where
we found that the angular dependence is only visible for the
Fe’* ions. The calculated RIXS dichroic plane of Fe’*
reproduces the three main spectral features. The calculation
only misses a weak feature at incident energy ~7115.1 eV,
which is associated with the electric dipole transition at the
Fe3* A site due to on site 3d — 4p orbital mixing.
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FIG. 2. Fe 152p RIXS-AD measurements performed at Beam line ID26 of the ESRF [46,47]. (a) A sketch of the scattering geometry
employed. The magnetic field (Byjeq) is aligned nearly parallel to the incident wave vector (k;,) which corresponds to the [110]
direction. (b) Experimental and theoretical dichroism RIXS planes computed as the difference between the RIXS plane at ¢) = 90° and at
¢ = 0°. The full experimental (dotted) and theoretical (solid) 360° RIXS-AD signals of the features labeled 1, 2, and 3 in the RIXS
dichroic maps are shown in (c), respectively. The angular dependence signal is normalized as follows: RIXS-AD =

(RIXS(¢) — Min[RIXS(¢)])/ (Max[RIXS () — Min[RIXS(¢)]]).

The full 360° experimental (theoretical) angular depend-
ence of the three main spectral features can be seen in
Fig. 2(c). The angular dependence is twofold and a 90°
angular shift is observed between the first feature and both
the second and third features. A first explanation of the
general angular dependence can be provided by analyzing
the 1s'3d’ intermediate states. Projections of the inter-
mediate states associated with nonzero transition matrix
elements onto cubic crystal field (i.e., O;,) configurations
were calculated using the program cTM4DOC [48]. The first
feature arises dominantly from excitations to the 7,,
orbitals, that are 90° angular shifted with respect to the
second and third features corresponding to excitations
dominantly into the e, orbitals [43]. This 90° angular shift
does not contradict the general angular behavior as for-
mulated by Brouder [49]. The normalization as defined in
Fig. 2 is responsible for the orientation of the lobes of the
angular distribution: when the signal is positive, the lobes
point towards 0° and 180°, whereas they point towards 90°
and 270° when the signal is negative. We note that the
angular dependence is anisotropic where the intensity of the
third feature at ¢p = 180° is smaller than that at ¢) = 0°. This
is related to the anisotropy in the detection in combination
with a small offset angle (6) of the magnetic field relative to
the rotation axis, i.e., the detector position relative to the
sample [13—15]. In addition, our theoretical model assumes
that the detection system is a single point while in reality
four Ge (440) analyzer crystals were used. The minor
discrepancy between the experiment and the calculations
could be attributed to these facts.

We examined the coupling of the spin and orbital degrees
of freedom (d.o.f.) by displacing the magnetic field 50°
from the high symmetry [001] direction [refer to Fig. 3(a)].
The orientation of the magnetic field corresponds to the
({[=cos(40°)]/v/2}, {[cos(40°)]/+/2}, sin(40°)) direction.
Orienting the magnetic field in a low symmetry direction
aligns the net spin magnetic moment parallel to the field. If
the orbital magnetic moment is not fully quenched, it
consequently realigns towards the low symmetry direction.
The final orientation of the net magnetic moment depends
on the strength of the competing interactions such as
magnetic exchange, spin-orbit coupling, and distortion.
Hence, the angular shift of the maximum intensity of the
excitations can be used to quantify magnetic-moment-
induced distortion of the electron cloud. A careful analysis
of the full 360° angular dependence exhibits a peculiar 10°
angular shift of the maximum intensity between the second
and third features in Fig. 3(b).

Theoretical calculation of the angular dependences are
presented in Fig. 3(c). The model captures the essential
aspects of the angular dependence and in particular the 10°
angular shift of the maximum intensity. The angular shift
(Q) is quantified by fitting the angular dependence to a
cos?(¢p + Q) function for the three features and is reported
in Table S4 [13]. The anisotropy of the angular dependence
is not well reproduced, likely due to a small misalignment
of the magnetic field that has not been included in the
calculations (see the Supplemental Material [13]). This
however does not affect our interpretation because the
model captures the angular shift sufficiently well (Fig. S18)
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FIG. 3. Fe 152p RIXS-AD measurements. (a) A sketch of the
scattering geometry employed. The magnetic field (Bgjelq) 1S
aligned to the ({[—cos(40°)]/v/2},{[cos(40°)]/+/2},sin(40°))
direction. The angular dependence is measured by rotating the
sample about the [110] direction (¢ rotation). ¢ = 0° is defined
when the incident polarization vector (€;,) is aligned to the
[-110] direction. The experimental (dotted) and calculated
(solid) angular dependence of the three main features (labeled
1, 2, and 3) are shown in panels (b) and (c).

and can reproduce consistently all data including the RIXS-
AD signal in the first configuration and the XMCD data. It
is now important to highlight the key ingredients respon-
sible for this angular shift. The first factor is the static
trigonal distortion. The relative orientation of the exchange
interaction with respect to the local trigonal distortion
varies between the four sites leading to anisotropic effects
and generates four nonequivalent Fe B sites. The theoretical
RIXS-AD for the four sites are shown in Fig. S12. The
second factor is the effect of dynamical distortion that
produces two subclasses of the Fe B sites, namely, sites 1
and 2 forming one subclass and sites 3 and 4 forming the
other. It is only when the dynamical distortion effect is
taken into consideration that the experimental RIXS-AD
angular shift with its magnetic contribution can be repro-
duced (see Fig. S13). The RIXS-AD signal obtained in the
absence of magnetization is reported in Fig. S14 and the
influence of the orientation of the magnetization in
Figs. S14 to S18 [13]. An energy shift of ~0.2 eV was
found between the two subclasses.

We interpret the formation of these two subclasses as a
result of a dynamical Jahn-Teller distortion at the Fe B sites.
The magnitude of the static trigonal distortion lies close to
the phonon energies of Fe;O, [50,51], the magnetic
exchange interaction and spin-orbit coupling, leading to
a situation where electron-phonon interaction, dynamical
Jahn-Teller and Kugel-Khomskii interactions all play a role
in determining the low energy state. We treat this dynamical
variation of the distortion in a first approximation as a small
change in the bond lengths over the four sites giving rise to

a small energy shift. This is a reasonable first approximation
because the electronic structure adapts almost instantane-
ously to the crystallographic structure (i.e., the electronic
motion is much faster than the nuclear motion). In this case,
the effect of phonons could be simulated as a static
distribution of bond lengths leading to a shift in energy
between the four sites. This is an acceptable practice in XAS
theory as demonstrated by Nemausat et al. [52] where
thermal fluctuations were shown to be well reproduced by
averaging a series of static configurations. Although theo-
retical studies that treat simultaneously the electronic and the
lattice d.o.f. such as molecular dynamics and Monte Carlo
simulations are required to comprehend the precise effect of
the dynamical distortion, we point out that numerous
theoretical works concluded the essential role of the strong
electron-phonon coupling in the presence of strong electron
correlations leading to dynamical Jahn-Teller distortion and
the creation of polarons [53-56]. In particular, Piekarz et al.
[53,54]identified the highly dispersive X3 phonon mode as a
primary order parameter of the Verwey transition which
splits the four Fe B sites into two subclasses. This agrees
rather well with our observation.

We have undergone the task of simulating various x-ray
spectroscopic measurements on the basis of our model. In
particular, we focused on comparing L3 XMCD [10,18] and
L5 RIXS [18] measurements to our simulations. Our model
can reproduce the experimental data and notably it captures
the recently reported L3 RIXS angular dependence well. The
existence of this dynamical distortion is furthermore sup-
ported by various experimental work such as diffuse
scattering experiments using both neutrons [57] and x rays
[58], EXAFS [59], anomalous phonon broadening [60], and
pump-probe x-ray diffraction and optical reflectivity [61].

The presence of four nonequivalent Fe B sites in the
high temperature phase has rather interesting implications.
Overall, we find that the average orbital magnetic
moment deduced by XMCD and RIXS-AD is the same
[0.26 £ 0.03 pp per unit formula of Fe;O, as illustrated in
Fig. 1(b) and Fig. 4(f)]; however the RIXS-AD measure-
ment demonstrates that the average quantity is not suffi-
cient to describe the orbital magnetic moment in Fe;O,.
This is a result of the noncollinear orbital ordering arising
from the interplay between trigonal distortion effects
(static and dynamical), spin-orbit coupling and exchange
interaction at the formal Fe?* ions. The orbital magnetic
moment per Fe’' ion is predicted to have a strong
dependence on the magnetic field in contrary to the spin
magnetic moment that is collinear to the magnetic field.
Figure 4 illustrates the dependence of the orbital magnetic
moments on the orientation of the magnetic field when we
rotate it about the [110] direction for the four sites
independently. Large noncollinear orbital contributions
that tilt as much as 82° away from the magnetic spin
moment orientation are present. Furthermore, the collinear
contribution per site ranges from 0 to 150% of the average
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FIG. 4. The angular dependence of the orbital magnetic mo-
ment (y; ) of the four Fe?" ions as a function of the rotation of the
magnetic field (Bpjelq) about the [110] orientation. (a) Sketch of
the rotation geometry. The angular dependence of the orbital
magnetic moment projected along the direction of Bjeq and two
perpendicular noncollinear contributions are shown in panels (b),
(c), (d), and (e). The average orbital magnetic moment of the four
Fe?t jons are shown in (f). Note that the two non-collinear
contributions in (f) overlap.

quantity as a function of the orientation of the field.
Remarkably, the average orbital magnetic moment for
the four sites remains nearly constant [Fig. 4(f)].

The large discrepancies regarding the orbital magnetic
moment of Fe in Fe;0, can now be understood in light of
the large noncollinear contribution, the site dependency and
the magnetic field angular dependence. Experiments sen-
sitive to the effective orbital magnetic moment yield
different results to those sensitive to the projected average
quantity, or the average of the squared projected quantity.
Moreover, variations as a function of the orientation of the
magnetic field are expected for experiments sensitive to the
nonaveraged quantity. This ordering of the orbital magnetic
moment is predicted to be short-ranged due to the dynami-
cal distortions at the high temperature phase of Fe;0,. The
combination of 1s2p RIXS-AD and XMCD provides a
powerful tool to quantify site-selectively noncollinear
magnetic ordering with bulk sensitivity. Finally, we show
that the orbital d.o.f. is an important precursor for the
Verwey transition in Fe;O,4 given the fact that it is coupled
to a primary order parameter.
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