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Magnetic field induced structural changes in magnetite observed by resonant x-ray diffraction
and Mössbauer spectroscopy
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When a magnetic field is applied to a single crystal of magnetite at 124 K > T > 50 K, the monoclinic cM axis,
which is the easy magnetization axis, switches to one of the 〈100〉 cubic directions, nearest to the direction of the
magnetic field, and the phenomenon known as an axis switching (AS) occurs. A global symmetry probe, resonant
x-ray scattering, and a local probe, Mössbauer spectroscopy, are used to better understand the mechanism of
axis switching. The behavior of three subsystems ordered below the Verwey transition temperature TV , i.e.,
lattice distortion, an orbital, and charge orderings, was observed via resonant x-ray scattering as a function of an
external magnetic field. This was preceded by calculation of selected peak intensities using the FDMNES code. The
Mössbauer spectroscopy studies confirmed that the magnetic field triggers electronic rearrangements and atomic
displacements. The structure observed after the process of axis switching is very similar to the one obtained after
cooling below TV with the magnetic field applied along one of the initial 〈100〉 cubic directions and distinct from
the cooling in the absence of a magnetic field. From all the experimental observations of the phenomenon done
so far, it is clear that AS starts from the fluctuations between octahedral iron orbitals that ultimately lead to the
Verwey transition, but also to the higher-temperature trimeron dynamics. Therefore, further observation of the
axis switching may be a key point to the understanding of a majority of strongly correlated electronic behavior
in magnetite as well as in other transition metal oxides.

DOI: 10.1103/PhysRevB.102.075126

I. INTRODUCTION

The discontinuous Verwey transition (VT) in magnetite
at TV = 124 K, visible as a drop in the resistivity by two
orders of magnitude, a sudden change of lattice symmetry,
and discontinuities in practically all physical properties, is
still not completely resolved despite the work done during
the past 100 years [1]. Being a flagship of the strongly
correlated electron systems, where competing interactions are
present, magnetite became a testing ground for both exper-
imental and theoretical techniques and a full explanation of

the VT, down to the most basic (microscopic) level, is of the
utmost importance for the understanding of interactions in
solids.

Despite the recent progress in understanding the ground
state of magnetite, there is still room for further work (e.g.,
in the case of substituted or nonstoichiometric magnetite).
Deep insight into excited states presents another challenge.
Nevertheless, the anomalies at the low-T specific heat [2],
the anomalies in AC magnetic susceptibility at approximately
20 and 60 K [3,4], and its multiferroic properties [5] suggest
that several interactions and several subsystems, such as the
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lattice, the charge, and its distribution (orbital order), as well
as magnetic subsystem, exist and exhibit themselves in the
low-temperature monoclinic Cc phase below TV .

These subsystems are also visible in the vicinity of TV .
The approach of TV from high (or low) temperatures is
not homogeneous, as revealed by recent x-ray correlation
spectroscopy [6]. In addition, although sudden changes of
many physical properties occur at TV , the charge and orbital
orders persist above the transition and disappear at 130 K
[7]. These last facts were revealed by the observation of
certain reflections sensitive to these orderings: While the
(001) reflection measured at the Fe K edge is sensitive to the
charge order, the (0 0 1/2) reflection appears at this resonance
related to the orbital order.

Even above 130 K, in the high-temperature cubic Fd 3̄m
phase, the signatures of several subsystems still exist in the
form of fluctuations as revealed by the diffuse scattering
experiments [8] and x-ray pair distribution function (PDF)
analysis [9]. The traces in the diffuse scattering are present
up to room temperature and reveal that the electronic states
and atomic vibrations are closely intertwined [8,10]. The
structural fluctuations, as seen by PDF analysis, are observed
at even higher temperatures and disappear at the Curie tem-
perature TC [9]. Since this atomic arrangement in the form of
trimerons, either static as at low T or dynamic, is important for
exchange interactions, the continuation of this arrangement
across TV may rationalize a very subtle change of magneti-
zation observed at the transition.

The cubic phase may be regarded as a dynamic collection
of less symmetric atomic/electronic arrangements that average
to a mean cubic state. The behavior of those arrangements
may be linked to the still unresolved problem of the Verwey
transition of first and second order [11,12]. With such a
variety of phenomena and mutually cooperating subsystems,
it is interesting to see to what extent those subsystems can
be manipulated by an external trigger, such as an electric
field [13], light [14], or a magnetic field [15,16]. Here we
exploit the phenomenon discovered by Calhoun [15], an easy
magnetization axis switching (AS) caused by the magnetic
field, the phenomenon closely linked with crystal structure
rearrangements [17,18] and visible by several bulk [18–20]
and local [21] techniques. Here we use resonant x-ray scat-
tering (RXS) and Mössbauer spectroscopy (MS) as two com-
plementary techniques to probe the changes occurring in the
system during the AS process in the temperature range below
but close to TV .

Resonant x-ray scattering is a diffraction technique com-
bining the sensitivity to the long-range periodicity of the
lattice with the spectroscopic features of the ions affected by
the photons at the resonance energy. In particular, RXS at the
Fe resonance edge was demonstrated to be a very powerful
tool to study the spin, charge, and orbital arrangements, also in
strongly correlated systems [22]. The tremendous importance
of this technique was demonstrated during studies of stoi-
chiometric magnetite, which uncovered that the temperature
evolution of the electronic orders is distinct from the behavior
of the lattice distortions in the vicinity of the Verwey transition
[7]. The question arising is how these orders respond to
the external magnetic field applied below their disordering
temperature.

On the other hand, MS measures Fe nuclear energy-level
hyperfine splitting. Since this splitting reflects the values
relevant to the Fe atomic valence, the hyperfine magnetic field,
and the electric field gradient, it probes the sample from a
real space site and atomiclike perspective, helping to answer
the natural question of what the particular atom does under
changing conditions during axis switching.

The article is organized as follows. First, the low-T struc-
ture and the axis switching process are described to the extent
important for our further discussion. Then, in Sec. II, we
provide the sample details (Sec. II A) followed by the descrip-
tion of the experimental setup of RXS (Sec. II B) and MS
(Sec. II C). The results are presented in Sec. III, in Sec. III A
for RXS and in Sec. III B for MS, and discussed in Sec. IV. A
summary and conclusions follow in Sec. V.

A. Crystal lattice below TV

The crystal structure of magnetite above TV is well known
to be the cubic inverse spinel (space group Fd 3̄m) where
Fe3O4 is expressed as AB2O4, with FeA ions located in
tetrahedral positions and FeB ions in octahedral positions.
Below TV , the structure becomes Cc and the low symmetry
reflects the complexity of the phenomena undergone. The
basis vectors aM , bM , and cM of the monoclinic unit cell
roughly coincide with the [1–1 0], [110], and [001] directions
of the original cubic lattice. The monoclinic cM axis is tilted
∼0.20° away from the vertical towards the −aM direction.
The average displacements of atoms, as compared to cubic
symmetry, are reported to be of the order of 0.1 Å [23,24].

The unit Cc cell is four times bigger than the cubic
one and consists of 224 atoms [25,26], with eight tetrahe-
dral nonequivalent Fe positions, all of 3+ valence and 16
nonequivalent octahedral iron positions of varying valence
(between 2.32 and 2.95) established by the bond valence
sum (BVS) method. The majority of FeB atoms are grouped
into characteristic cigarlike three-atom structures, dubbed
trimerons [25,26], with the central atom of type-2+ valence
(actually, 2.32–2.55) and outer ones more of 3+ valence (be-
tween 2.36 and 2.95). Despite the uncertainties in determining
the valence state by the BVS method in a highly covalent
bonding, this complex structure suggests the presence of
nearly disordered arrangements prone to easy changes under
external conditions and fluctuations close to the disordering
temperature TV .

The trimeron structure was in accord with local probes
such as NMR [27]. However, although all the lines from the
24 Fe positions in 57Fe NMR spectra are very well separated
(see also Refs. [28,29]), this technique is not directly valence
sensitive and information about the electric field gradients
is not accessible in the case of the spin-1/2 57Fe nuclei.
Consequently, a unique mechanism of the atomic rearrange-
ments below and at the Verwey transition had not yet been
discovered. The support from other microscopic techniques,
such as Mössbauer spectroscopy, may help to clarify it;
this is what we have undertaken here. The 24 different Fe
atomic positions should result in the same number of sextets
in a Mössbauer spectroscopy experiment, yielding spectra
too complex for reliable analysis. However, Řezníček et al.
[30] have shown that these 24 sextets naturally break into
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four groups: eight FeA positions, eight less anisotropic FeB
positions, five more anisotropic FeB positions, and three FeB
sites with anisotropy comparable to the previous group yet
with special orientation of the principal axes of the hyperfine
field anisotropy tensor. Differences in parameters defining the
sextets [hyperfine magnetic fields Beff , electric field gradient
affecting quadrupole splitting (QS), and isomer shift (IS)]
within these groups are too subtle to be revealed separately
and the differences among these groups are relatively high.
Consequently, only four groups were proposed to be important
for the analysis, and this procedure was successfully applied
in the interpretation of Mössbauer spectra in stoichiometric
[30] and Zn-doped magnetite [11]. The same procedure will
be used here, although it is strictly valid only in a zero external
magnetic field [29], as discussed below.

B. Easy axis switching

Since magnetite structure changes from high-temperature
cubic to monoclinic Cc, each of the six cubic 〈100〉 directions
may become the low-temperature monoclinic cM axis. As a
result, the material breaks into 24 structural domains (twins)
unless an external magnetic field B > 0.2 T is applied along a
particular 〈100〉 direction while cooling through the transition.
This particular direction will then determine both the unique
cM axis and the magnetically easy axis. As the cM axis may
still be slightly tilted towards four directions (as mentioned
above, the monoclinic β angle is approximately 0.2°), eight
crystallographic twins are still present.1 If now the sample
is magnetized along another (cubic) 〈100〉 direction below
TV (and higher than 50 K), a reorientation of the magnetic
moments may take place and this 〈100〉 direction becomes a
new easy axis [15,16], as schematically presented in Fig. 3.
This is known in the literature as axis switching.

We have performed extensive studies of the AS phe-
nomenon by magnetism-oriented experiments [17–20] and by
resistivity experiments [31]. It was demonstrated [18] that not
only the magnetic but also the crystallographic cM axis is
forced in this particular direction. Therefore, the manipulation
of the structure by twin domain wall motion is possible by
the magnetic field. Importantly, NMR studies have shown
that magnetization changes in the field were linked with the
microscopic reorganization, thus confirming that these two
effects have the same origin [21]. Finally, we confirmed
previous Calhoun results that the activation energy U of the
AS process, approximately 350 K, is of the same order of
magnitude as the Verwey transition temperature [18]. One
might thus expect that the magnetic field can trigger the same
electronic processes that disorder does at TV . In other words,
we may expect that all the ordering parameters, including
atomic rearrangements, charge, and orbital orderings may be
altered by a magnetic field. Thus, understanding how the AS
proceeds should help to elucidate the details of the Verwey
transition mechanism.

1They may be avoided by the simultaneous application of field
cooling and the uniaxial pressure application; this procedure was not
attempted here.

FIG. 1. (a) RXS experimental setup. The flat sample, with [100]
and [001] directions in the horizontal scattering plane, is exposed to
the vertical magnetic field, i.e., along the [010] direction. The green
arrows indicate the incident and scattered beam directions. (b) MS
experimental setup. The 57Co source was placed above the sample,
in the vertical configuration. The γ rays penetrate the sample along
the [010] direction, along the magnetic field.

II. EXPERIMENT

Single crystals of magnetite were prepared by the skull
melting method [32] at Purdue University and annealed
in CO/CO2 atmospheres in order to achieve stoichiometry
[33,34]. The quality of the samples was demonstrated by
the very sharp Verwey transition observed by AC magnetic
susceptibility (shown in Fig. 1S in [35]). Sample 1 with
TV = 123.7 K was used in the RXS experiments and sample
2 with TV = 122.7 K was used for Mössbauer spectroscopy
measurements. The small difference in TV is likely due to a
slight nonstoichiometry of the latter. Based on the universal
curve [20], we expect the nonstoichiometry parameter 3δ in
Fe3(1−δ)O4 of the order of 7 × 10−4 for sample 2. Despite
the small variation in the stoichiometry, no significant dif-
ferences in the electronic properties were observed between
the two samples. Furthermore, we measured the influence of
the magnetic field on the Mössbauer spectrum at T > TV in a
nonannealed, slightly nonstoichiometric single crystal (sam-
ple 3), with TV = 120.8 K. Despite the lower TV in this crystal,
the trimeron structure was not altered much in comparison
with the stoichiometric sample 2 [36] and we can safely
assume that the results away from the Verwey transition are
representative of pure magnetite. Mössbauer spectra at 160 K
without the external magnetic field of all measured samples
are compared in Fig. 1S in [35]. Samples of similar high
quality were used in a number of studies on single-crystalline
magnetite samples [37–40].

All the crystals were cut with the surface parallel to {100}
planes (we will use cubic notation) (Fig. 1). In both experi-
ments, we compared the results of three protocols: (1) after
the sample was field cooled (FC) with the magnetic field
aligned along the cubic axis [010] (i.e., only the twins with
the cM axis along the cubic [010] direction formed), (2) after
the sample was cooled without a magnetic field (ZFC) (all
possible twins formed, i.e., the cM axes pointed along [100],
[010], and [001]), and (3) after the sample was ZFC and a
magnetic field was subsequently applied along [010] (i.e., the
direction from the first arrangement) at T < TV . We would
expect similar results from the first and last arrangements. The
details will be outlined below, separately for each experiment.
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A. Resonant x-ray scattering

Resonant x-ray scattering experiments were carried out at
the former ID20 beamline of the ESRF in Grenoble, France
[41]. Sample 1, a flat plate with an area of approximately 4 ×
5 mm2 and 1.5 mm thick, was placed in an Oxford Instrument
split 10-T superconducting magnet. The (001)-plane vector
of the sample was approximately horizontal with a vertical
[010] axis along the magnetic field direction. The cryostat
was placed on a four-axis goniometer. A Si(111) double-
crystal monochromator was used to select the x rays (energy
resolution of 0.8 eV at these photon energies) of the required
energy near the Fe K edge (E = 7.119 keV). The incident
beam was linearly polarized in the horizontal plane, i.e., also
in the scattering plane (π -π polarization). The scattered beam
polarization was analyzed by means of a MgO(222) analyzer
crystal in both σ and π channels. A sample geometry with
respect to the incident beam is shown in Fig. 1(a).

Sample resistance is sensitive to AS [20,31] and thus it
was monitored in situ throughout the experiment. A standard
four-point resistance measurement technique was used with
the RS830 lock-in amplifier employed as the current source
and for reading the voltage on the sample.

B. Mössbauer spectroscopy

The samples used for MS measurements were first glued
to a 0.1-mm sapphire plate and then polished down to 0.1 mm
thickness. Neither the glue nor the sapphire plate showed any
significant MS absorption. The measurements of 57Fe Möss-
bauer spectra were performed in the transmission geometry
using a constant acceleration type of spectrometer in a vertical
Janis cryostat equipped with a 9-T superconducting magnet.
Further experiments at zero magnetic field were performed in
an ICE Oxford cryostat. The 57Co in Rh source was placed
in the cryostat above the sample and was shielded from the
magnetic field. Both spectrometers were calibrated at room
temperature with a 10-µm-thick α-Fe foil. The sample was
placed with the [010] direction parallel to the γ ray and mag-
netic field [Fig. 1(b)]. Due to the source at low temperature,
IS in acquired spectra is offset by −0.25 mm/s with respect
to values referencing α-Fe at room temperature.

The spectra were analyzed by means of the least-squares-
fitting procedure, which entailed calculations of the positions
and relative intensities of the absorption lines by numerical
diagonalization of the full hyperfine interaction Hamiltonian
[42,43]. The absorption line shape of the spectra was de-
scribed using a transmission integral formula [44,45]. A more
detailed description of the fitting procedure is provided in
Ref. [35] [see Fig. 3S(a) in [35] for the coordination sys-
tem used]. Four components were fitted at T < TV , as in
Refs. [11,30] and two components at T > TV .

III. RESULTS

A. Resonant x-ray scattering

Electronic transitions from fully occupied electronic or-
bitals to empty or nearly empty orbitals located near the Fermi
level can be photon induced. The process is characterized
by an absorption edge at a given energy and its position
depends on the oxidation state of the resonant atom. It is

the signature of both the geometrical and electronic local
environment around it and the long-range order related to the
(magnetic) space group. Thus Fe ions with different charge
states are expected to have their absorption edges at slightly
different energies. In the case of iron, the transition 1s → 4p
yields the K edge at about 7.119 keV and it has been used to
monitor charge and orbital orderings [7,22]. In contrast, the
L edges (2p → 3d) are located at much lower energies and
experiments at these edges have been used to monitor orbital
ordering as well as changes in the magnetic ordering [6,46].

When recorded at weak or forbidden reflections, RXS can
be used to measure the charge ordering, that is, the charge
difference between atoms, which could have been equivalent
before a phase transition. This sensitivity comes from the
phase factor Pj = exp(−iπr j · Q) and the positions r j of the
pair of atoms projected along the Q direction. For specific
reflections, they are close to being opposite, and the resulting
structure factor F (Q, E ) = [A( f1 + f2) + B( f1 − f2) + F0],
with A = 1/2(P1 + P2) and B = 1/2(P1 − P2), nearly mea-
sures the difference between the two scattering factors f1 and
f2 of the two atoms which could be, for example, Fe2+ and
Fe3+. Here F0 is the contribution of the other atoms of the
unit cell. Thus, the sensitivity of RXS to electronic charge
order (CO) is maximized for reflections where the A parameter
is relatively small, or ideally zero. Since they correspond
to different charge states, their respective absorption edges
will have a slightly shifted position f1(ω) ∼ f2(ω + δ). The
difference stresses this fact and a peak is expected at the
resonance [22]. Note that here f1 and f2 are scalars. The same
kind of equation can be formulated for orbital ordering (OO)
except in this case f1 and f2 will be tensors or components
of a tensor once the incoming and outgoing photon beam
polarizations are taken into account [47].

In order to find the optimal conditions (e.g., photon energy)
to observe a particular electronic order, CO or OO, we first
calculated the energy dependence of selected peaks, which
may be sensitive to these phenomena and which we aimed to
observe during the AS process. The calculations, performed
within the FDMNES package [48], used the procedure dis-
cussed in detail in Refs. [7,49] and the results are presented in
Fig. 2. In the case of OO, we relied on the calculations shown
in Ref. [49]. Following Refs. [25,26], the atomic positions
were imbedded with the trimeron structure; charge and orbital
orders were simplified after [24]. The following reflections
were selected as significant to the problem (the cubic unit cell
is used to label the Bragg peaks).

(a) The (004) peak is visible in the low- and the high-
T phases, measured off-resonance, at E = 7.06 keV. The
changes in the lattice symmetry at TV are marked by a step in
the intensity vs temperature relation (for details see Fig. 2S
in [35]). The relative intensities of the (400), (040), and
(004) peaks are nearly the same and the intensity is weakly
dependent on energy.

(b) The (2 0 5.5), (0 0.5 6), and (1.5 0 5) peaks are present
only in the low-T phase, due to crystal lattice doubling in the
cM direction, measured off-resonance.

(c) The (003) peak is present only in the low-T phase,
measured off-resonance, at E = 7.06 keV, where the intensity
is larger than at resonance, in the π -π polarization channel.
This peak is not sensitive to electronic orders. The intensity of
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FIG. 2. FDMNES calculation of selected reflections within the Cc
space group, assuming the absence (black curves) and presence (red
curves) of charge order. For (040), all other reflections [(400) and
(004)] are identical and no indication of charge order may be drawn.

the (030) peak is twice that of (300) and (003), so the relative
changes related to AS are expected. The energy dependence
of these three reflections is nearly identical.

(d) The (001) peak is present only in the low-T phase,
measured at a resonant energy of E = 7.119 keV, where it
has a particularly large amplitude due to the charge order.
The (100) [or (010) and (001)] reflections are sensitive to
different charge configurations (see Fig. 2 and [7]). The for-
mer measures the difference between Fe(2.5+) + Fe(3+) and
Fe(2+), whereas the latter is the difference between Fe(2.5+)
+ Fe(2+) and Fe(3+). The charge ordering at (010) can be
seen as the difference between the contributions at B1 sites
and B2 sites (here sites are labeled according to Ref. [24]); the
B3 and B4 sites hardly contribute to the CO at this reflection.

(e) The (0 0 5.5) and (0 0 3.5) peaks are present only
in the low-T phase and are extinct in classical diffraction,
observed in the π -σ polarization channel at resonance, at
E = 7.119 keV; these reflections are related to the orbital
order [7,46,47,50].

The temperature dependence of selected reflections mark-
ing the occurrence of the Verwey transition is presented in
Fig. 2S in [35]. Clearly, the transition is sharp and well
reflected both in the (004) peak (allowed in both Fd 3̄m and Cc
symmetries) and in those extinct in the high-T phase, (003)
and (001), although there is an apparent difference between
(004) and (003) from one side and (001) from the other.

Selected reflections were measured in each of the three sets
of experiments, according to the protocol introduced in Sec. II

and schematically shown in Fig. 3(a).2 First, the sample was
FC down to 8 K in the magnetic field of 2 T, high enough
to uniquely define the basic cM axis along the [010] direction
[51] [left panel in Fig. 3(a)].

In the following experiment, the sample was ZFC to
8 K, resulting in 24 crystallographic domains, with cM axes
vertical ([010] direction), horizontal in the plane of the sample
(direction [100]) or horizontal, normal to the sample surface
([001] direction), as shown in the middle panel of Fig. 3(a). In
both cases the cubic direction is actually monoclinic aM - bM

diagonal, an unspecified magnetic direction. These three sets
of twins appear to have approximately a similar volume;
however, possible strain caused by the sample mounting may
influence the relative twin distribution. After ZFC, followed
by the diffraction measurements, the sample was then warmed
up to 63 K and, in a separate experiment, to 110 K. In order to
induce the AS, magnetic fields of 2 and 1.1 T were applied at
the two temperatures, respectively [Fig 3(a) right panel].

The results presented in Fig. 3 (first four graphs of the left
column) demonstrate that field cooling the sample aligns the
cM axis along [010] (along the magnetic field), resulting in a
single basic domain seen by the intense (0 0.5 6) peak and the
absence of (1.5 0 5), (2 0 5.5), and (0 0 5.5), all as expected.
Consequently, ZFC results in the multitwin structure reflected
in the appearance of the four (1.5 0 5), (2 0 5.5), (0 0.5 6),
and (0 0 5.5) peaks, which are furthermore insensitive to the
external magnetic field applied at low T = 8 K (shown in
Fig. 6S in [35] for clarity), again according to our expec-
tations. The twins are particularly well seen in the double
structure of the (2 0 5.5) peak. The (0 0 1) and (0 0 3) peaks
were expected to exist after both FC and ZFC, although after
ZFC their intensities should increase rather than decrease, as
the experiment showed (see also Fig. 2).

After the magnetic field was applied at 63 K and the AS
occurred, the intensities of the studied peaks changed: The
intensity of the (1.5 0 5), (2 0 5.5), and (0 0 5.5) peaks
decreased significantly, as expected in the case where the
magnetic field switches the domains with cM along [100] and
[001] into a single domain with cM along the [010] axis.
Surprisingly, and contrary to our expectations, the intensity
of (0 0.5 6) did not increase after AS. With the decrease
of the (1.5 0 5) and (2 0 5.5) peaks one would expect the
spectral weight transfer to the (0 0.5 6) peak as an effect of
a single-domain formation with cM aligned along [010] and
the intensity of this reflection to be comparable to the case of
cooling in the magnetic field along the [010] axis.

After the magnetic field was switched off, the peaks did
not return to their initial shape, demonstrating that the AS-
induced reorganization of the structure is stable. A similar sit-
uation, although not so clear, occurs when the AS is attempted
at 110 K (shown in Fig. 7S in [35]), where bulk magnetization

2Here the cubic structure is presented in a schematic way to
show only the magnetic field direction versus monoclinic cM . The
important fact that in case B is perpendicular to cM , it is along the
aM -bM diagonal is not pointed out, but this will play a role in the MS
experiment discussion.
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FIG. 3. Summary of the RXS experiment. (a) Schematics of the experimental protocol. See the text for details. (b)–(g) Momentum scans
of the representative Bragg peaks sensitive to the structural transition and electronic orders as indicated. The pink shaded panel corresponds
to the (0 0.5 6) peak representing the doubling of the unit cell along the direction of the external magnetic field. The data collected after FC
are presented in the left column, after ZFC in the middle column, and after AS under a magnetic field of 2 T at 63 K is shown in the right
column. In the case of ZFC (middle column) the data were collected at a base temperature (∼8 K) as well as at the temperature at which AS
was performed. The proof that the structure does not change under a magnetic field at the lowest temperature is presented in Fig. 6S in [35].
The peaks were measured off-resonance (E = 7.05 keV), except (001) and (0 0 5.5), as described in the text.

experiments show a stable axis switching [18]. The response
of the (003), (001), and (0 0.5 6) peaks to this experimental
procedure is more complex and the reasons for this behavior
will be discussed in Sec. IV A. This last result suggests
that much more stringent conditions have to be implemented
in the experimental protocol, and they were applied to the
Mössbauer experiment presented in the next section.

B. Mössbauer spectroscopy

Based on the results shown above and with the aim to
observe how axis switching affected magnetic and electronic
states of monoclinic magnetite, the following layout of the
experiment, shown schematically in Fig. 4, was realized for
sample 2.
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FIG. 4. MS spectra at 4.2 K (each component is shifted to allow
for better separation; the scale for each component is identical). The
schematics of crystallographic cM axes (thin orange arrows) and main
magnetic domains (hollow arrows) presented on the top of the high-T
cubic cell show how the cM axes are expected to change in different
magnetic fields (bold magenta arrows). The wavy line shows the γ -
ray direction. (a) MS spectra after ZFC, (b) MS spectra after FC,
(c) MS spectra after the sample was ZFC to 4.2 K, heated to 90 K,
followed by 7-T field application along the [010] axis, and finally
measured at 4.2 K.

(i) The sample was first cooled from room temperature
(RT) to 4.2 K without a magnetic field, resulting in a mul-
tidomain state both crystallographically and magnetically.
Basically, three main directions of cM axes should be present
[marked by three orange arrows in Fig. 4(a)], together with a
complex magnetic domain structure (since cM are easy mag-
netic axes, the main domains have their magnetization vectors
pointing in these three directions, shown as hollow arrows
in Fig. 4). A Mössbauer experiment was then performed at
B = 0, 1, and 7 T vertical magnetic field along [010] [i.e.,
perpendicular to the (010) sample surface; as before, in Fig. 3,
the important fact that once B is perpendicular to cM it is along
the monoclinic aM-bM diagonal is not shown, but plays a role
in the discussion].

(ii) In the next set of experiments [Fig. 4(b)] the sample
was FC (B = 4 T) from RT to 4.2 K and subsequently mea-
sured in the same fields B = 0, 1, and 7 T as in the previous
experiment. This time, however, right after cooling the sample
should basically have one cM axis, which should also limit
the number and shape of magnetic domains, i.e., the magnetic
domain structure is different from that in case (i). Thus, one
of the aims of our experiments might be to see how sensitive
MS is to the apparently different magnetic domain landscape
in view of the totally different crystal domain structure.

(iii) In the AS experiment, the sample was ZFC down
to 4.2 K, as in (i), which again resulted in a multidomain
structure with the main cM axes pointing along all the 〈100〉
directions. The sample was then heated to 90 K and a mag-
netic field of 7 T was applied for 20 min along the plane
normal. The goal of our experiment was to check that only
crystallographic domains with their cM axes close to the plane
normal should now be present. After the magnetic field was
applied at 90 K, the sample was again cooled to 4.2 K and
measured in the same set of fields B = 0, 1, and 7 T as before.
The results, together with the symbolic experiment layout, are
presented in Fig. 4(c).

Since the main aim of the experiment was to see if the
spectra after FC were similar to those after AS was made, in
Fig. 5 we show the difference in spectra after ZFC and after
FC (red circles) and the difference of the spectra after AS and
after FC (black line). If our suggestion is supported by the
experimental results, those last spectra should be close to zero.

Additionally, in a process of sample preparation, we have
collected MS spectra at a few temperatures in the vicinity
of the Verwey transition in the other setup (ICE Oxford,
without a magnetic field) [see Fig. 3S(b) in [35]]. We have also
measured another, slightly nonstoichiometric single crystal,
sample 3, at 160 K and in fields 0, 4, 7, and 9 T. The results
are presented in Fig. 4S(a) in [35].

IV. DISCUSSION

Many measurements made on stoichiometric magnetite
single crystals, focused on various properties and performed
with different techniques, proved that a sufficiently large
magnetic field applied at temperatures right below TV causes
AS. Thus, our aim was to see how the changes in different
physical properties triggered by AS are reflected in the results
from the symmetry probe (RXS) and local probe (MS).
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FIG. 5. Difference in MS spectra at 4.2 K after ZFC and FC (red
circles) and after AS and FC (black line) measured (a) in the zero
magnetic field, (b) at 1 T, and (c) at 7 T.

In general, the results show that the axis switching occurs
and both techniques can be used to observe this phenomenon.
However, this conclusion is much better supported by MS
results and RXS data are much more ambiguous. We will
discuss the results separately for each experimental technique.

A. Resonant x-ray scattering

The aim of the RXS measurements was to understand the
microscopic mechanism of AS by observing the changes of
different subsystems, charge ordering, crystal lattice distor-
tion, and orbital ordering, while AS takes place. Our results,
shown in Fig. 3 and in Fig. 7S in [35], compare the process
of inducing a single domain by cooling the sample across TV

in the magnetic field along the [010] direction with aligning
the three domains along this direction using the magnetic
field in the AS process. Here we discuss the response of each
subsystem to the applied procedure.

The first observation is that cooling across TV in the
magnetic field seems to induce solely domains with cM along
the [010] direction. Although direct proof would require the
emergence of peaks, e.g., (0 1.5 5) and (2 5.5 0), which
should be created by FC, they could not be observed due to
limitations of the geometry. At the same time, the peak with
the doubling component along the magnetic field, (0 0.5 6), is
very intense.

In the next sequence, we tested if a magnetic field applied
along [010] can remove the domains with cM along [100] and
[001] created after ZFC or, in other words, if AS is observed
(right column in Fig. 3). Applying the magnetic field at a
base temperature of ∼5 K does not influence the diffraction
peaks (shown in Fig. 6S in [35]), but after heating up to
∼65 K and field application, the (1.5 0 5) and (2 0 5.5) peaks
almost entirely vanished, as after FC, signaling the occurrence
of AS, according to the expectations. However, the area of
the (0 0.5 6) peak did not increase to the value observed
after FC, but, on the contrary, its intensity slightly decreased.

FIG. 6. Magnetic field dependence of (a) the shape and (b) the
area of (0 0 3.5) reflection measured in resonance at 110 K in
B = 0.02 T steps [only selected spectra are shown in (a)]. The peak
area is correlated with sample resistance in (b), clearly showing the
axis switching process starting under B = 0.1 T. The left, blue axis
describes sample resistance, while the right, red axis describes the
peak area.

Removing the magnetic field after AS occurred does not
influence significantly the peak intensity, demonstrating that
the magnetic field forms a stable structure at approximately
65 K.

The OO is revealed by (0 0 n/2)-type peaks only visible in
the Cc structure at resonance. Our experiment shows that the
(0 0 5.5) reflection is sensitive to AS: The intensity of the peak
vanishes entirely after the process of AS and is equivalent
to cooling in the magnetic field [Fig. 3(c)], as expected.
This demonstrates that one of the basic domains, with cM

along [001], i.e., 1/3 of the sample, undergoes a complete
rearrangement. Due to the experimental setup limitations, the
(5.5 0 0) or (0 5.5 0) reflections were not accessible in the
scattering plane. Therefore, the OO peak of the domain with
cM along the magnetic field direction, signaling a quasi-one-
domain structure after AS, could not be confirmed.

Also the other OO peak, (0 0 3.5) observed at 110 K, be-
haves in a similar way, confirming a change of orbital ordering
triggered by the magnetic field. The intensity of this reflection
vs increasing magnetic field at 110 K is shown in Fig. 6 and
is correlated with sample resistance that also changes once
AS occurs [31,20]. However, the peak almost totally recovers
after magnetic field release (Fig. 7S in [35]), which might
indicate that the orbital order is not stable, contrary to what
our measurements of the (0 0 5.5) reflection at 68 K suggest.
As shown in Refs. [6,52], the crystallographic structure in
the proximity of the VT (i.e., at 110 K) is not stable and
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continuous rearrangements of the domains occur. Thus, we
cannot claim that the AS concerns only lattice distortion and
not orbital order.

The other reflection that shows the electronic processes
triggered at the Verwey transition is (010). Our calculations
(see Fig. 2) and also the results in Ref. [7] show that this peak
is sensitive to the charge disproportionation within octahedral
sites once the photon energy is tuned at the Fe K edge. Also,
this sensitivity is much more pronounced for (010), in the case
in which the cubic lattice is doubled along the [010] direction,
than (001). For experimental geometry reasons, the (010) peak
could not be observed here and only the changes of (001) are
reported.

After ZFC the twins with cM along [001] appeared, so the
intensity of (001) increased in contrast to the situation after FC
[left and middle panels in Fig. 3(d), respectively]. Although
the behavior of this peak at 8 K after FC and its increased
intensity after ZFC agree with the calculations, we expected
the intensity of this peak to decrease with field application
both at 63 K [Fig. 3(d)] and at 110 K (Fig. 7S in [35]).
Instead, the peak did not react to the application of the field. A
similar situation was observed for the (003) peak (measured
off-resonance; this is not sensitive to the CO as shown in
Fig. 2) that is more pronounced after FC than after ZFC.
Although the peak weakened after AS, as expected based on
the calculations in Fig. 2, the whole sequence cannot be easily
rationalized based on the simple meaning of AS.

The temperature dependence of the charge ordering (001)
peak measured at resonance is different from the lattice dis-
tortion peaks (003) and (004). These last two peaks change
at TV abruptly, unlike (001), which is present up to 130 K
and has a characteristic increase at TV (see Fig. 2S in [35]).
This behavior at TV confirms the results in Ref. [7] that the
processes responsible for it survive 10 K above TV whereas
lattice distortion, measured by (003) and (004), already dis-
appeared. Since the measured reflections display lattice sym-
metry, whether observed off-resonance or at resonance, the
difference in the respective transition temperature suggests
that those symmetries are different. As already pointed out in
Ref. [9], local and more global atomic arrangements behave
differently with temperature. While the former, pertaining to
orbital and charge order and therefore somehow linked to the
trimeron fluctuations, survive up to the Curie temperature,
the longer range global fluctuations only subsist up to 100 K
above TV (and those still more global to TV ). Here we postulate
that the puzzling reaction to the application of a magnetic field
is linked to the different nature of the measured reflections,
more global [such as (004)] or more local [such as (001)];
one of these might be rather inactive at TV and under trimeron
manipulation by the magnetic field.

The possible alternative approach to the unexpected
changes in some peaks may concern surface effects and the
complicated near-surface structural domains that appear in
magnetite structure in the temperature region close to the
Verwey transition [52,53]. The near-surface structure is addi-
tionally affected by strain developed during sample polishing
prior to the experiment [54]. Consequently, it is not excluded
that it may behave differently from that in the bulk and also
reacting to the external factors, such as magnetic field, in a
different way. The x-ray attenuation length above but close to

resonance, 7.119 keV, is 6.5 μm and differs from that below
resonance energy E = 7.07 keV, 46 μm. At E = 14.4 keV,
as in MS measurements, the attenuation length is 42 μm. It
is then not excluded that near-surface related effects may be
observed at (0 0 3.5), (0 0 5.5), and (001) (see also [55])
as well. Further, since thermal relaxation occurs faster in the
surface region than in the bulk, which is additionally amplified
by the relatively high temperature, 110 K, this relaxation is
quicker than at lower T , resulting in the mainly surface related
behavior.

It was recently suggested that collective processes such
as phase transitions and also axis switching as considered
here require the combined action of electronic and various
structural deformations, both static and dynamic, on a scale
beyond a few lattice constants [56]. Also, our modeling of
AS based on purely structural arguments (not presented here)
shows that some disorder after AS is unavoidable. All these
features suggest the possibility of long-range structural inho-
mogeneities and thus hints at an alternative way to explain the
intriguing facts presented above.

In any case, the experience with RXS has led us to learn
and correct our approach to better target the MS experiments.
Namely, all MS measurements were performed at 4.2 K and
larger magnetic fields in the FC procedure (4 T) and in
switching the axis (7 T) were applied.

B. Mössbauer spectroscopy

A simple inspection of the MS results (Figs. 4 and 5)
leads to important conclusions. As expected, MS spectra
after AS are very similar to those obtained after FC in 4 T.
From the MS results we can confirm our predictions that the
magnetic field causes such an electronic rearrangement and
atomic displacement that the structure after AS, at least to
the accuracy of MS, is very similar to that obtained after FC.
The fitting procedure, parameters, and their comparison are
discussed below.

We have fitted MS spectra following the method described
in Ref. [30] and based on the grouping of all 24 different
Fe positions, 8 A and 16 B, into one and three components,
respectively (see [35]). This is done also in the magnetic field,
although, in the case of the ZFC treatment, the grouping is
justified only in a zero external field, as shown below. To
make the discussion easier, the spectra of the sample treated in
three different ways (ZFC, FC, and ZFC followed by magnetic
field application) and separately for each field are presented in
Fig. 7.

1. Zero-field spectra

In a similar way as in Ref. [30], we initially assumed
that for each magnetic domain within a twin domain the
magnetization vector M points along the local cM axis. Twins
with cM in plane (forming roughly 2/3 of a sample) thus give
rise to a 3:4:1:1:4:3 (lines are counted from the left, of lowest
energy, number 1, to the right, number 6; see Fig. 8, where the
simulation of line intensity is presented) intensity ratio of the
sextet lines [see Fig. 8(a)] and those with cM pointing along
the γ -ray direction to a 3:0:1:1:0:3 ratio [see Fig. 8(b)]. Since,
after zero-field cooling, those first twins should be twice more
abundant than the latter, the net result would be close to that in
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FIG. 7. MS spectra of the stoichiometric magnetite single crystal, treated in different ways, under various external magnetic fields. Note
that although the samples after FC and after AS occurred are very similar (identical, within error bars), the one after ZFC, where twins with
cM in several directions are present, is different.

FIG. 8. Simulated and experimental zero-field MS spectra of
the stoichiometric magnetite single crystal under consideration of
various ratios of domains with in-plane and out-of-plane magneti-
zation direction (denoted by out:in): (a) simulation for in-plane mag-
netization direction, (b) simulation for out-of-plane magnetization,
(c) spectra after ZFC, and (d) spectra after FC and AS. The sim-
ulations (carried out using the FITSUITE 1.1.1.RC.10 software [57])
are based on the four-component model from [30] and hyperfine
parameters from Table VI in Ref. [30] [line broadening of the
Fe3+(-like) and Fe2+-like components was reduced by 60% and
30%, respectively, to match this experiment better]. For the sake of
simplicity, demagnetizing effects were neglected in the simulations.

a powder sample. However, the spectral pattern observed here
indicates a higher abundance of domains with out-of-plane
magnetization than expected. Although flux closure domains
with M along directions other than cM may exist, neither this
strain nor a strain possibly resulting from gluing the sample
to sapphire plate seems to suffice to explain the observation.
Taking into account the small remanence of magnetite, the
spin-reorientation transition, and the fundamental changes of
domain structure during cooling from 300 K to 4 K, even
possible nonzero initial bulk magnetization of the sample
would unlikely be the dominant cause. We repeated the mea-
surement (including ZFC from temperature well above TV )
and we obtained essentially the same spectrum. Therefore, we
believe that the observed line intensities are probably due to
a configuration of defects which may locally affect preferred
cM orientation. The defect configuration is unique for every
sample, even for almost stoichiometric single crystals such as
those investigated here. The ideal situation, as well as a more
realistic one closer to the experimental data, is illustrated by
simulations in Fig. 8(c).

The situation is different after the sample was either FC
or if AS occurred: All cM axes should point along the cu-
bic [010] direction and the number of magnetic moments
along the γ -ray direction should increase accordingly. This
means that the spectral components with an intensity ratio of
3:0:1:1:0:3 should prevail. This is indeed the case as shown in
Fig. 7(a); the absorption structure between 2.8 and 6.3 mm/s
(corresponding to line 5 of each of the four components) is
almost completely missing after FC and AS (except for a very
small peak at 4.95 mm/s). The same effect should be observed
for line 2 (between −5.5 and −2.7 mm/s). Here, however, the
absorption structure is lowered, but still observed. The visible
absorption is to some extent due to an overlap with line 1 of
the low-field 3x Fe2+-like(B) component. The experimental
data are compared with simulations considering the ideal case
as well as a situation better matching the experimental data
in Fig. 8(d). Note that a tilt of magnetization in domains
along the edges of the sample might be a more likely scenario
than the simulated pessimistic estimate of 10% of the sample
volume containing domains with cM (and M) in the plane.
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To conclude, the differences between the spectra of the
sample after ZFC and after FC or AS are linked with changes
of relative sextet line intensities of the four spectral compo-
nents. Thus, the abundance of domains with out-of-plane and
in-plane directions of magnetization and cM can be estimated.
Despite the nonideal initial ratio of the domains with out-
of-plane and in-plane magnetization in the initial ZFC case,
the corresponding minimization of the number of domains
with in-plane magnetization both after FC and AS is clearly
evidenced. Moreover, the spectra of the sample after FC and
after AS are essentially the same, which indicates complete
AS in the latter case.

2. High-field spectra

In the presence of a magnetic field high enough to com-
pletely magnetize the sample [7 T in these studies; see
Fig. 7(c)], all magnetic moments should point along the
magnetic field direction and simultaneously along the γ -ray
direction.3 However, the twin structure after the sample was
either FC or AS occurred is completely different from that
after ZFC: In 1/3 of the sample cM axes point along [010], the
field direction, while cM axes are perpendicular to the field
in the remaining 2/3 of the sample. The hyperfine field Fe
nucleus experienced in the presence of a 1.3-T magnetic field
along various directions was measured by Mizoguchi [29] and
was later simulated by the density-functional-theory (DFT)
analysis by Řezníček et al. [27]. The results are summarized
in Fig. 2 in Ref. [29] and Fig. 1 of [27]; the data say that, in
general, the hyperfine fields at FeB nuclei are different from
when the magnetic field is along cM , which may hinder the
grouping of 16 B spectra into three well-resolved groups. In
particular, 80% of the first B component [composed of the
spectra from the eight least anisotropic B positions (C2 in
Fig. 5S in [35])] is close to that with cM along the magnetic
field, with the remaining 20% adding to the background. The
second component, composed of the spectra of five more
anisotropic B sites (C3 in Fig. 5S in [35]), should again be
restored to 70%, the rest again spread due to other hyperfine
fields. The largest changes should occur for the third B compo-
nent [composed of the spectra from the three most anisotropic
sites (C4 in Fig. 5S in [35])], where the change in hyperfine
field is approximately 15 T. This component is expected to
split into 33% with a small field of 36 T and 66% with a
field of approximately 44 T. The details of hyperfine field
estimation for each FeB position are discussed in Ref. [35].

Besides the hyperfine field anisotropy, also the impact
of the electric field gradient on Mössbauer spectra, the
quadrupole splitting, changes when magnetization is not along
cM . This was already encountered and addressed in Ref. [30],
but unlike for Beff , no experimental data exist. Again, we

3Actually, despite a high field, the magnetization vector in the
domains with the cM axes in-plane may not be completely realigned
with the external field, since the crystallographic direction along
the field is approximately 45° off either the hard (aM axis) or
intermediate (bM ) magnetic direction. We expect that the departure
from full magnetization is negligible at 7 T and small at 1 T and does
not hinder the discussion below.

expect that the QS does not change much for A sites and, to a
lesser certainty, in less anisotropic B sites (forming the eight B
site C2 component); however, the other two components may
be affected more.

Summarizing, the four-component model that was sug-
gested in Ref. [30], was successfully used in Ref. [11], and
is used here may not be applicable when the magnetization is
rotated to some direction other than along cM . Consequently,
we might expect that the MS spectrum in the magnetic field
(especially as large as 7 T) after ZFC will be substantially
different from the relevant spectra after FC and AS.

Surprisingly, our MS results show that all spectra, after
ZFC, FC, and AS, at 7 T are identical within the error bar
[Fig. 7(c)]. The only difference that could be spotted is in
the energy region between −4.7 and −3.8 mm/s, where very
small absorption in the ZFC sample can be seen. Apparently,
MS is not so sensitive to the direction of magnetization with
respect to crystallographic axes, or the changes of spectra
are hidden in those lines, 2 and 5, that were extinct when
incoming quantum momentum is along magnetization.

3. Intermediate-field spectra

For the intermediate 1-T field, qualitatively similar prob-
lems with Beff and QS changing with magnetization directions
are encountered. Additionally, the field of 1 T is not strong
enough to fully turn the magnetization into the direction
of the external field: The magnetization vector avoided the
aM-bM plane inclining toward the cM axis, even up to 20◦
[27]. This means that lines 2 and 5 may not be completely
extinct. Further, Fig. 2 from [29] suggests that the anisotropic
behavior in the aM-cM plane as well as in the bM-cM plane
is quite pronounced. Therefore, an even larger part of the
signal from the ZFC case at zero magnetic field may be
smeared/broadened at the 1-T field after ZFC.

Again, in some contrast to our expectations, our 1-T spec-
tra of the sample after ZFC, FC, and AS are very similar,
except in the energy region 4.48–5.73 mm/s, where the kink,
i.e., some higher absorption after ZFC, is still observed (there
are also some other very small yet visible differences around
−7 mm/s). This is either due to different Beff and QS in
a large part of the sample (caused by the magnetic field
aligned in a direction other than cM , as explained above)
or because at the 1-T field not all moments are along the
γ -ray quantum direction and lines 2 and 5 are not completely
extinct.

In the first scenario, which is less probable than the other,
if the kink at approximately 5 mm/s is caused by the sixth
line of some component, the Beff of this component should
be approximately 32 T and this value could only be close
to that obtained from the C3 component [i.e., the FeB2+-
like component (see Fig. 5S in [35] and Fig. 2 of [29])],
which suggests a Beff of approximately 41 T for the B5 and
B10 lines). In the second, much more probable, scenario, the
kink is due to a not-completely-extinct line 5 of the same
C3 component. One branch of the split signals from the Fe
sites constituting this component does not change much in
comparison to the case with B along cM (Fe sites B5, B10,
B12, B7, and B13, Fig. 2 in Ref. [29]), i.e., it should be at
almost the same position as at B = 0.
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An alternative explanation to the unexpected result that all
(ZFC, FC, and after AS) MS spectra at 1 T are very similar
may be that spin and orbital moments are decoupled, as found
recently at room temperature [58]. When the field is applied,
the spin moments readily point along the field direction, while
small spin orbit coupling and orbital magnetic moments lead
to a two-step process: At low fields the small orbital moment,
at least from certain B positions, still remains in plane and
thus gives rise to some absorption (the kink at approximately
5 mm/s). At higher fields this remaining orbital moment also
aligns along the external field and essentially no difference
between ZFC and FC (and after AS) is seen. Orbital order
manipulation with field was also observed by RXS [peaks (0
0 5.5) and (0 0 3.5) discussed above].

The results of Mössbauer spectra analysis, with only Beff ,
Vzz, and IS fitted, are shown in Ref. [35] in Fig. 5S and in
Tables 1S (160 K) and 2S–4S (T = 4.2 K). The external field
dependence of Beff , giving the demagnetization field BD, is
presented and discussed in Figs. 4S(b) and 4S(c) in Ref. [35]
for the high-temperature and low-temperature phases, respec-
tively. The general conclusion is that hyperfine parameters are
very similar for sample 2 treated in different ways. It shows
that the pattern of Fe atom charges (affecting IS) and the
orbital ordering (affecting the electric field gradient Vzz) are
the same before and after AS, but the atoms that have this
pattern are different. This constitutes the main result of our
studies.

Axis switching is realized in the insulating phase of mag-
netite and is connected with B atom orbitals reorganization.
This is a low-T realization of the scenario at high T shown in
Ref. [59], where trigonally split states originating from lowest
t2g orbitals dynamical change in the bond lengths related to
the X3 phonon mode (responsible for the Verwey transition
[59]) and Kugel-Khomskii interactions, all of similar energy
below 100 meV, play a role in the magnetic field dependence
of the magnetic moment. Although this mechanism was found
at T > TV , all the important ingredients of it have their origin
at the low-T structure. At low T only lower energy levels
are occupied, but both an increase of temperature or some
other external trigger (magnetic field in our case) may cause
some excited levels to be admixed. When temperature is
increased, trimeron dynamics [9], anharmonic effects, [60]
and short-range order revealed in x-ray diffuse scattering
[8] replace static low-T phenomena. A similar mechanism
involving the same interactions was described in Ref. [61].
Also, the vibrations of the trimerons’ centers (FeB2+ ions)
are of lower energy than the surrounding Fe atoms [62],
which additionally confirms a pronounced dynamics within
Fe cluster surrounding the FeB2+ atom.

We therefore suspect that fluctuations within six nearest
neighbors of the trimeron centers’ FeB2+ atoms are large
at T < TV and thus their combined electronic state may be
very fragile and susceptible to any external trigger such as
magnetic field. This can cause electronic rearrangement, i.e.,
trimeron order change, despite the fact that a large energy, of
the order of 1 eV, is needed to rotate an individual trimeron
[62]. Only the combined effect of several static (e.g., trigonal
distortion) and dynamic (phonons, especially of X3 symme-
try) correlations, extending beyond a few lattice cells, may
cooperate and diminish the energy barrier separating different

FIG. 9. (a) FeB atom that does not change its symmetry (i.e.,
also its valence and the valence of nearest neighbors) in AS. The
color differentiates FeB valence (those with valence beyond 2.5 are
yellow) and the trimeron is marked with the cigar shape. Monoclinic
cM is vertical. The numbers denote B atom valences as shown in
Ref. [25,26] (b) Same atom and its surroundings after AS; a new
cM is now horizontal. Note that although the central Fe cation is still
the trimeron center, the trimeron direction has changed.

ionic arrangements [56]. Thus, once the temperature is closer
to TV (e.g., 68 and 110 K in our case of RXS and 90 K in
MS) the energy-activated hopping between those FeB orbitals
that are parts of trimerons sets in. This process leads to a
strongly correlated, nonlocal, but still energy-activated action:
the combined change of trigonal component of the crystal field
that lowers the FeB orbital energy in the magnetic field and
the surrounding oxygen atoms’ slight adjustments (extending
beyond a few lattice constants and still lowering the energy).
All these lead to the electron transfer between orbitals and
the ensuing change of trimeron order, both observed as the
axis switching. This mechanism concerns additional (to the
one described recently in Ref. [62]) trimeron arrangement
excitation.

The experimentally obtained activation energy of this pro-
cess (approximately 350 K [17–20], close to the excitations
found in Ref. [61]) should be compared to the difference in
energy between the states with a magnetic field along cM

and perpendicular to cM (the diagonal of aM-bM) that can be
calculated from first principles. It should be noted that this
activation energy increases under any small disorder in the
sample (as caused by low-level Zn doping or nonstoichiome-
try) [20].

There are a few FeB2+ sites (like that shown in Fig. 9)
that do not change their symmetry in AS: Those FeB cations
transfer in AS to the same symmetry position but with reori-
ented surrounding. Thus, both the valence of this particular
FeB2+ atom and the total valence of its nearest-neighbor FeB
atoms are not changed. These sites may inhibit a long-distance
electronic transfer initiated by activation processes: Magnetite
is not a conductor in the process of axis switching [although
AS is signaled by the resistance change [31], as also shown
in Fig. 6(b)], but the electronic exchange between orbitals
is a precursor of such a long-distance electronic transfer. In
contrast, at the Verwey transition, i.e., at few tens of K above
the temperature of our AS observation, all channels, including
those that do not change in AS are activated: The initial
activation process leads to a self-activated exchange of charge
between all FeB atoms seen as an insulator-semiconductor
Verwey transition. This correlated transfer averages out local
symmetry to globally observed cubic, although this symmetry

075126-12



MAGNETIC FIELD INDUCED STRUCTURAL CHANGES … PHYSICAL REVIEW B 102, 075126 (2020)

is unstable [11] and fluctuations in the form of trimerons
persist up to room temperature [8,60] or even up to TC [9].

Thus, trimeron collective change at AS is a precursor to
the Verwey transition and a probable model of electronic
fluctuations above VT. Therefore, we believe that further ob-
servation of the axis switching and the attempt to construct its
microscopic mechanism will shed light on trimeron formation
and structure, their excitations leading to the Verwey transi-
tion, and how these electronic fluctuations cooperate/cause
a ferrimagnetic to paramagnetic transition (as suggested in
Ref. [9]).

V. CONCLUSION

We have presented experimental results showing that the
axis switching phenomenon in the magnetite single crystal
can be observed by a local probe (MS) and a probe sensitive
to the sample symmetry (RXS). In particular, we observed
that all subsystems ordered below the Verwey transition tem-
perature, i.e., lattice distortion, charge, and orbital ordering
unanimously react to the magnetic field.

Our MS results, fitted and analyzed according to the
method based on DFT calculations and published recently
[30,11], fully confirm the occurrence of AS: The field-cooled
sample with basically one cM axis has the same spectrum
as the one obtained after ZFC followed by magnetic field
application at 90 K.

Similar results were obtained from RXS: Some peaks,
previously calculated by FDMNES, signaling lattice distortion,
charge, and orbital orderings, present after ZFC, changed or
decreased in a way similar to the FC sample after a magnetic

field was applied and the AS occurred. In a few cases, the
results were odd, e.g., the peak regained its value prior to field
application or the peak did not change in a predictable way;
the situation is still under debate but suggests the important
role of the surface effects in the interpretation of x-ray-
diffraction results.

Although discerning a valence change of individual ions
during AS was not possible, orbital reorganization after an
external magnetic field is applied and after this application
triggers the axis switching certainly occurs. We also suggested
that although FeB atom orbital reorganization observed in
AS precedes the Verwey transition, higher temperature is
needed to trigger fluctuations within all FeB atomic orbitals
and between them, which results in a smearing of the Cc
symmetry, i.e., the Verwey transition. Thus, a microscopic
description of this precursor and its observation, possibly with
MS and/or XRD and/or neutron diffraction as a function of
time, linked with existing NMR results, can shed more light
on the mechanism of AS, the Verwey transition, as well as on
trimeron fluctuations at still higher temperatures.
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[4] Z. Švindrych, Z. Janů, A. Kozłowski, and J. M. Honig, Low-
temperature magnetic anomaly in magnetite, Phys. Rev. B 86,
214406 (2012).

[5] K. Yamauchi, T. Fukushima, and S. Picozzi, Ferroelectricity
in multiferroic magnetite Fe3O4 driven by noncentrosymmetric
Fe2+/Fe3+ charge-ordering: First-principles study, Phys. Rev.
B 79, 212404 (2009).

[6] R. Kukreja, N. Hua, J. Ruby, A. Barbour, W. Hu, C. Mazzoli,
S. Wilkins, E. E. Fullerton, and O. G. Shpyrko, Orbital Do-
main Dynamics in Magnetite below the Verwey Transition,
Phys. Rev. Lett. 121, 177601 (2018).

[7] J. E. Lorenzo, C. Mazzoli, N. Jaouen, C. Detlefs, D. Mannix,
S. Grenier, Y. Joly, and C. Marin, Charge and Orbital Correla-
tions at and above the Verwey Phase Transition in Magnetite,
Phys. Rev. Lett. 101, 226401 (2008).

[8] A. Bosak, D. Chernyshov, M. Hoesch, P. Piekarz, M. Le Tacon,
M. Krisch, A. Kozłowski, A. M. Oleś, and K. Parliński, Short-
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Nuclear inelastic scattering studies of lattice dynamics in
magnetite with a first- and second-order Verwey transition,
Phys. Rev. B 85, 104301 (2012).

[41] L. Paolasini, C. Detlefs, C. Mazzoli, S. Wilkins, P. P. Deen,
A. Bombardi, N. Kernavanois, F. de Bergevin, F. Yakhou, J.
P. Valade et al., ID20: A beamline for magnetic and resonant
x-ray scattering investigations under extreme conditions, J.
Synchrotron Radiat. 14, 301 (2007).

[42] N. N. Greenwood and T. C. Gibb, Mössbauer Spectroscopy
(Chapman and Hall, London, 1971).

[43] P. Gütlich, E. Bill, and A. X. Trautwein, Mössbauer Spec-
troscopy and Transition Metal Chemistry: Fundamentals and
Applications (Springer, Berlin, 2011).

[44] S. Margulies and J. R. Ehrman, Transmission and line broad-
ening of resonance radiation incident on a resonance absorber,
Nucl. Instrum. Methods 12, 131 (1961).

[45] G. K. Shenoy, J. M. Friedt, H. Maletta, and S. L. Ruby, Curve
fitting and the transmission integral: Warnings and suggestions,
in Mössbauer Effect Methodology, edited by I. J. Gruverman,
C. W. Seidel, and D. K. Dieterly (Springer US, Boston, 1974),
pp. 277–305.

[46] J. Schlappa, C. Schussler-Langeheine, C. F. Chang, H. Ott,
A. Tanaka, Z. Hu, M. W. Haverkort, E. Schierle, E. Weschke,
G. Kaindl, and L. H. Tjeng, Direct Observation of t2g Orbital
Ordering in Magnetite, Phys. Rev. Lett. 100, 026406 (2008).

[47] S. R. Bland, B. Detlefs, S. B. Wilkins, T. A. W Beale, C.
Mazzoli, Y. Joly, P. D. Hatton, J. E. Lorenzo, and V. A. M.
Brabers, Full polarization analysis of resonant superlattice and
forbidden x-ray reflections in magnetite, J. Phys.: Condens.
Matter 21, 485601 (2009).

075126-14

https://doi.org/10.1038/nmat3718
https://doi.org/10.1103/PhysRev.94.1577
https://doi.org/10.1063/1.1660373
https://doi.org/10.12693/APhysPolA.109.601
https://doi.org/10.1016/j.jallcom.2006.12.152
https://doi.org/10.4028/www.scientific.net/SSP.194.120
https://doi.org/10.1080/14786435.2015.1010625
https://doi.org/10.1063/1.3501108
https://doi.org/10.1140/epjst/e2012-01612-5
https://doi.org/10.1107/S0567740882008176
https://doi.org/10.1103/PhysRevB.66.214422
https://doi.org/10.1038/nature10704
https://doi.org/10.1103/PhysRevB.85.125119
https://doi.org/10.1103/PhysRevB.91.125134
https://doi.org/10.1103/PhysRevB.61.1256
https://doi.org/10.1143/JPSJ.70.2333
https://doi.org/10.1103/PhysRevB.96.195124
https://doi.org/10.1016/j.jallcom.2008.09.171
https://doi.org/10.1016/0025-5408(78)90195-2
https://doi.org/10.1016/0022-0248(83)90358-5
http://link.aps.org/supplemental/10.1103/PhysRevB.102.075126
https://doi.org/10.1039/C5CC10495E
https://doi.org/10.1016/j.jallcom.2006.08.357
https://doi.org/10.1016/j.jallcom.2006.06.113
https://doi.org/10.1093/gji/ggz274
https://doi.org/10.1103/PhysRevB.85.104301
https://doi.org/10.1107/S0909049507024879
https://doi.org/10.1016/0029-554X(61)90122-7
https://doi.org/10.1103/PhysRevLett.100.026406
https://doi.org/10.1088/0953-8984/21/48/485601


MAGNETIC FIELD INDUCED STRUCTURAL CHANGES … PHYSICAL REVIEW B 102, 075126 (2020)

[48] Y. Joly, X-ray absorption near-edge structure calculations be-
yond the muffin-tin approximation, Phys. Rev. B 63, 125120
(2001).

[49] Y. Joly, J. E. Lorenzo, E. Nazarenko, J.-L. Hodeau, D. Mannix,
and C. Marin, Low temperature structure of magnetite stud-
ied using resonant x-ray scattering, Phys. Rev. B 78, 134110
(2008).

[50] E. Nazarenko, J. E. Lorenzo, Y. Joly, J. L. Hodeau, D. Mannix,
and C. Marin, Resonant X-Ray Diffraction Studies on the
Charge Ordering in Magnetite, Phys. Rev. Lett. 97, 056403
(2006).
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