PHYSICAL REVIEW B 103, 104303 (2021)

Trimeron-phonon coupling in magnetite
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Using density functional theory, we study the lattice dynamical properties of magnetite (Fe;04) in the high-
temperature cubic and low-temperature monoclinic phases. The calculated phonon dispersion curves and density
of states are compared with the available experimental data obtained by inelastic neutron, inelastic x-ray, and
nuclear inelastic scattering. We find a very good agreement between the theoretical and experimental results
for the monoclinic Cc structure revealing the strong coupling between the charge-orbital (trimeron) order and
specific phonon modes. For the cubic phase, clear discrepancies arise due to fluctuation effects, which are not
included in the calculation method. Despite this shortcoming, we argue that the main spectral features can be
understood assuming that the strong trimeron-phonon coupling is extended above the Verwey transition, with
lattice dynamics influenced by the short-range order instead of the average cubic structure. Our results indicate
the validity of trimerons (and trimeron-phonon coupling) to explain the physics of magnetite much beyond their

original formulation.
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I. INTRODUCTION

The Verwey transition in magnetite—in which the elec-
trical conductivity changes discontinuously by two orders
of magnitude [1,2]—is one of the most intriguing and ex-
tensively studied phenomena in condensed matter physics.
The exceptional character of the phase transition stems from
a cooperative mechanism involving charge, orbital, spin,
and lattice degrees of freedom. Above the transition at
Ty = 124 K, magnetite crystallizes in the cubic Fd3m struc-
ture [3] with the tetrahedrally coordinated A sites occupied
by Fe*' ions and octahedral coordinated B sites with the
mixed valency Fe?>* (see Fig. 1). At Ty, magnetite exhibits a
structural phase transition [4-9] from the cubic Fd3m to the
monoclinic Cc symmetry [10].

To explain this transition, Verwey postulated a purely
electronic mechanism of charge ordering, where the (001)
planes are alternatively occupied by Fe%;r and Fef;r ions
below Ty. Subsequently, this simple model was questioned
on the basis of diffraction studies [4-7], and a more com-
plex charge-orbital (CO) order with 16 nonequivalent B sites
was identified below Ty [8—-10,12-20]. As demonstrated by
density functional theory (DFT) studies, the CO order is
a consequence of strong local electron interactions within
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the 3d states and the coupling of electrons to lattice dis-
tortions [21-27]. This electron-lattice cooperative behavior
results in a complicated pattern composed of three-site po-
larons, called trimerons [10,28]. In each trimeron, two end
Fe* cations are shifted towards a central Fe?t cation [29].
Recently, soft electronic fluctuations of the trimeron order
showing critical behavior close to the Verwey transition
have been discovered [30]. These fluctuations were described
through a polaron tunneling model [31], which involves the
coupling between the trimeron structure and phonons.

The interaction between electronic and lattice degrees of
freedom is reflected in the precursor effects observed above
Tv. The critical behavior of the elastic constant c44, Which
softens from room temperature to Ty [32,33], was explained
in terms of bilinear coupling of the elastic strain to a fluctua-
tion mode of the charge ordering field of 75, symmetry [33].
Critical fluctuations above Ty were investigated by diffuse
scattering of electrons [34], neutrons [35-38], and x rays [39].
Neutron measurements revealed the diffuse scattering at com-
mensurate points in reciprocal space, i.e., at the same wave
vectors as the superlattice reflections of the monoclinic phase,
only a few kelvins above Ty [35].

However, even more intense maxima and in a much
broader range of temperatures (even at room temperature)

©2021 American Physical Society
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were found at incommensurate g vectors close to the I" and
X points of the Brillouin zone [36-38]. Shapiro et al. [36]
showed that neutron diffuse scattering centered at zero en-
ergy is coupled with transverse acoustic (TA) phonons. This
electron-phonon coupling induces anomalous anharmonic be-
havior of the TA modes, with the largest phonon broadening
found at incommensurate g points [40].

It is remarkable that an extended x-ray absorption fine
structure (EXAFS) study [41] provided direct evidence that
local distortions related to atomic displacements of the mon-
oclinic phase are robust and remain unaltered during the
transition. Recently, an x-ray pair distribution function anal-
ysis has revealed that local structural fluctuations persist
up to the Curie transition at Tc = 850 K [42]. This short-
range order (SRO), first postulated by Anderson [43], was
also identified via several probes: electric conductivity [44],
muon-spin-relaxation [45], optical conductivity [46], photoe-
mission [47], magneto-optical [48], and resonant inelastic
x-ray scattering (RIXS) studies [49].

All the results mentioned above indicate the important role
of the electron-phonon coupling, which modifies the transport
properties of magnetite and may initiate the structural tran-
sition from the cubic to the monoclinic phase. In the theory
this coupling was introduced by Yamada, who proposed that
the mechanism behind the Verwey transition involves the con-
densation of charge order fluctuations coupled to a TA phonon
mode with As symmetry [50]. Indeed, studies based on DFT
calculations demonstrated that phonons with As, X3, and Xy
symmetries strongly couple to the electronic states and may
induce the monoclinic deformation [24,25,40]. According to
a detailed refinement, the low-temperature structure of mag-
netite can be described by a subset of phonon modes at the T",
A, X, and W points of the Brillouin zone [17,51,52].

Experimentally, the phonon dispersion curves in magnetite
were studied by inelastic neutron scattering (INS) [53-55]
and by inelastic x-ray scattering (IXS) [40]. The Fe-projected
phonon density of states (DOS) was measured using nuclear
inelastic scattering (NIS) [56-58], and detailed studies of the
optical modes at the Brillouin zone center were performed by
spontaneous Raman scattering and infrared reflectivity mea-
surements [59-68]. The presence of phonon anharmonicity
and strong electron-phonon coupling was also demonstrated
by means of Raman measurements [66]. Anomalies of the
lattice vibrations that originate from strong coupling to
electronic excitations and the spectroscopic signatures of dif-
fusive modes in the electronic contribution to the Raman
response function were observed [67]. Ultrafast broadband
optical spectroscopy revealed that impulsive photoexcitation
of particle-hole pairs couples to the fluctuations of the or-
dering field and coherently generates phonon modes of the
ordered phase above Ty [68]. The existence of long-lived
precursor fluctuations was further evidenced by recent INS
studies [69].

Since phonons are strongly coupled to the electronic sys-
tem in the SRO, it is important to explore how the phonon
spectrum changes at the structural phase transition and how
well these changes can be described within the DFT frame-
work. To this end, in this paper, we analyze the phonon spectra
calculated for the Fd3m cubic and the Cc monoclinic struc-
tures. The results obtained for the monoclinic phase are in

FIG. 1. The unit cell of the cubic Fd3m structure of magnetite.
Green, red, and blue spheres represent Fe,, Fep, and O atoms, re-
spectively. The Fe,O, tetrahedra and FegOg octahedra are presented
in green and red colors, respectively. The main crystallographic di-
rections of the cubic (x,y, z) and monoclinic (a, b, ¢) unit cells are
included. The image was rendered using VESTA software [11].

excellent agreement with the experimental data. In the cubic
phase, the theoretical spectrum deviates substantially from the
experimental one, which remains quite similar to the one in
the broken-symmetry phase, indicating significant influence
of the SRO on the lattice dynamics.

The paper is organized as follows. In Sec. II, the details of
the calculation method are presented. The computed phonon
dispersions and phonon density of states are analyzed and
compared with the experimental data in Secs. III and IV,
respectively. In Sec. V, the influence of the CO order on
the phonon modes and the mean-square displacements in the
monoclinic phase is studied. The discussion and summary of
the results are included in Sec. VI.

II. CALCULATION METHOD

The electronic and crystal structures of magnetite were
optimized within the DFT implemented in the VASP pro-
gram [70,71]. The calculations were performed using the
projector augmented-wave method (PAW) [72] and the gen-
eralized gradient approximation (GGA) [73]. In the structural
relaxations and phonon calculations, the ferrimagnetic ground
state was considered with the opposite orientation of magnetic
moments within the Fe, and Fep sublattices. Such magnetic
configuration is observed experimentally in the wide range of
temperatures up to Curie temperature 7c = 850 K. Also in all
studies, the strong electronic interactions in the Fe(3d) states
were taken into account using the GGA + U method [74]
with the local Coulomb interaction parameter U = 4.0 eV and
Hund’s exchange J = 0.8 eV. These interactions are essen-
tial to obtain the correct insulating state in the monoclinic
phase. Our previous studies also demonstrated that the phonon
dispersion curves in the cubic structure are more consistent
with the experimental data when local electron interactions
are included [24,25,40].

The cubic structure was studied in the unit cell presented
in Fig. 1 containing 56 atoms (4 primitive cells): 8 Fey, 16
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FIG. 2. The phonon dispersion curves of magnetite calculated for
the (a) cubic Fd3m and (b) monoclinic Cc structures.

Fep, and 32 O atoms. The reciprocal space was sampled
with the 6 x 6 x 6 k-point Monkhorst-Pack grid. We used
the standard PAW potentials for Fe and O atoms with the
energy cutoff of the plane-wave expansion increased to
520 eV. The optimized lattice parameter a = 8.45 A is slightly
overestimated compared with the experimental value (8.39 A)
measured at 130 K [10]. In agreement with the previous stud-
ies [21-25], we obtained the half-metallic state, with only the
spin-minority f,, states at the Fermi energy Er. The magnetic
moments are equal to 3.9 ug and —4.0 up at the Fep and Fey
sites, respectively.

The crystal structure of the monoclinic Cc phase was
optimized within the unit cell containing 224 atoms. The ori-
entation of the main crystallographic directions (a, b, ¢) of the
Cc structure in relation to the cubic cell is presented in Fig. 1.
The volume of the monoclinic unit cell is approximately
four times (\/E X \/E X 2) larger than the cubic unit cell. We
used the 4 x 4 x 4 k-point grid and the same energy cutoff as
for the cubic structure. After relaxation of lattice parameters
and atomic positions, the ground-state energy of the mono-
clinic phase is lower by 0.3 eV per 1 f.u. than the energy of
the cubic lattice. The electronic state shows the insulating gap
within the #,; band, E, = 0.44 eV, which is consistent with
the previous studies [23,28]. The calculated lattice parameters
a=11.85A,b=11.84 A, c = 16.69 A and the monoclinic
angle 8 = 90.20° are in good agreement with the experimen-
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FIG. 3. The partial and total phonon DOS (PDOS) of magnetite
calculated for the (a) cubic Fd3m and (b) monoclinic Cc structures.

tal data [10]. The obtained structural parameters and atomic
positions are compared with the x-ray diffraction data [52] in
the Supplemental Material [75]. The resulting CO (trimeron)
order agrees with the results presented in Refs. [10,28]. Re-
cently, we have used the same relaxed structure in the analysis
of the soft charge (polaron) fluctuations of the trimeron or-
der [30].

The phonon dispersion curves and phonon DOS were
calculated by the direct method [76] using the PHONON soft-
ware [77]. The Hellmann-Feynman forces were computed
through the displacement of all nonequivalent atoms from
their equilibrium positions, and the force-constant matrix el-
ements were determined. By diagonalizing the dynamical
matrix, the phonon dispersions along the high-symmetry di-
rections in the first Brillouin zone and polarization vectors
were obtained. In order to evaluate properly the longitudinal-
optical-transverse-optical (LO-TO) splitting in the mono-
clinic (insulating) phase, the static dielectric tensor and Born
effective charges were determined using the density functional
perturbation theory [78].

III. PHONON SPECTRA

The phonon dispersion curves and phonon DOS obtained
for the cubic and monoclinic phases are presented in Figs. 2
and 3. In the cubic structure, there are 42 phonon modes.
All phonon energies are real (i.e., both phases are dynami-
cally stable), although some modes show anomalous softening
close to the L point, along the I'-X and the K-I" directions.
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These anomalous dispersions induce enhanced DOS and non-
Debye behavior at the lowest energies [see Fig. 3(a)]. As we
discuss later, this effect is related to the instability of the cubic
symmetry connected with short-range distortions observed
experimentally at temperatures above Ty.

The low-energy range of the spectrum is dominated by
vibrations of Fe atoms, with a larger contribution of Fe atoms
at the octahedral B positions. The maximum of Fe DOS is
found around 18 meV. The vibrations of Fe, atoms show a
larger contribution at higher energies for E € (20, 40) meV.
The difference between phonon energies for these two sites
results mainly from the different nearest-neighbor (NN) Fe-O
distances and the on-site force constants. The NN distance for
the octahedral sites (2.07 A) is larger than for the tetrahedral
positions (1.90 A). Consequently, the on-site force constant
for the Fep atoms (11.36 eV/Az) is smaller than the force
constant for the Fe, sites (17.81 eV/AZ).

Above 40 meV, mainly O atoms contribute to the phonon
DOS, showing an energy cutoff at 84 meV. Two energy gaps
exist between 55 and 66 meV and between 72 and 81 meV,
in the cubic phase. In the band located above 65 meV, there
is a visible contribution from Fe, atoms and a negligible
contribution from Feg ones. The highest peak around 82 meV
corresponds to vibrations of oxygen atoms with a very small
involvement of Fep atoms.

The primitive cell of the Cc structure contains 112 atoms.
Therefore the number of phonon modes increases to 336. The
partial DOS of Fe atoms is increased above 50 meV compared
with the cubic phase, and they contribute to the highest modes
up to 80 meV. The lower gap is reduced to about 7 meV, and
the higher one is completely closed. The observed broadening
of the phonon bands is a consequence of the distribution of the
interatomic distances and force constants in comparison to the
cubic structure.

The effect of local electron interactions U and J on
phonon energies was studied in detail for the cubic struc-
ture [24,25,40]. We found that phonon energies slightly
increase, and the lowest branches of dispersions show better
agreement with the experimental data, when on-site inter-
actions are included in the calculations [24,25]. Since the
monoclinic phase of magnetite is induced by these strong
electron interactions, they are necessary to obtain the stable
monoclinic structure and correct phonon energies.

IV. COMPARISON WITH EXPERIMENTAL DATA

In Fig. 4, the phonon dispersions obtained for the Cc struc-
ture are compared with the available experimental data. The
dispersions measured above 7y by INS [54] and IXS [40] are
presented in the extended Brillouin zone of the monoclinic
structure. The INS measurements at 7 = 2 K, well below the
Verwey transition, were performed along the I'-A direction
of the monoclinic Brillouin zone [68]. The dispersions are
presented for the I' — A [Fig. 4(a)] and I'-Z [Fig. 4(b)] di-
rections in the monoclinic structure, which correspond to the
I'-X A[0,0, 1] and I'-K-X X[1, 1, 0] directions in the cubic
symmetry, respectively. The lowest optical modes at the I"
point around 8 meV result from the splitting and folding of
the TA branch with the As symmetry in the cubic structure.
Additionally, in Fig. 4 we plot the form factor, which describes
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FIG. 4. The phonon dispersion curves calculated for the Cc
structure compared with INS experimental data at 7 = 2 K taken
from Refs. [54] (green squares) and [55] (blue circles) as well as IXS
data [40] (orange diamonds) along the directions of the cubic Bril-
louin zone: (a) A[001] and (b) £[110]. The phonon energies with the
dynamical form factor above a certain threshold ¢ are plotted in blue
(t = 10%), green (t = 50%), yellow (t = 70%), and red (t = 90%).
The high-symmetry points of the cubic (monoclinic) Brillouin zone
are presented at the top (bottom) of the panels.

the intensity (strength) of phonon modes

ek, j;a)
D

where e(k, j; o) is the polarization vector, k is the phonon
wave vector, j denotes the phonon branch, and M,, is the mass
of atom «. It can be observed that the phonon modes with the
strongest intensity in the monoclinic structure correspond well
to the acoustic branches of the cubic structure.

A good agreement between the phonon energies measured
below and above Ty with the theoretical dispersions calcu-
lated for the low-temperature Cc structure demonstrates that
phonon energies in magnetite depend weakly on temperature.
It also demonstrates that the SRO existing above Ty preserves

2

Fk, j)= , ey
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FIG. 5. The Fe-partial phonon DOS in magnetite measured by
NIS at 50 and 150 K taken from Ref. [58].

the local geometry of the Cc structure. The lowest TA disper-
sion measured below Ty shows slightly higher values than the
corresponding branch in the cubic phase [68]. We note that
the phonon dispersions calculated for the cubic phase were
compared with the experimental data measured above Ty in
the previous studies [24,25,40].

The influence of the phase transition on the Fe-partial
phonon DOS was studied by NIS measurements [57,58]. The
NIS spectra obtained at temperatures 7 = 50 and 150 K [58]
are compared in Fig. 5. The main differences are observed at
the lowest energies below 10 meV and around two peaks at
24 and 27 meV. The main peak at 18 meV is weakly affected
by the transition and is only slightly shifted to higher energies
below the Verwey transition. The increase in the phonon DOS
in the cubic phase below 10 meV is related to the quasielastic
(diffuse) scattering observed at low energies above the Verwey
transition. The stiffening of the monoclinic lattice is evi-
denced by the increase in the Lamb-MGossbauer factor below
Tv [57] and is consistent with the INS measurements [68].

We calculated the first moment of the phonon DOS, which
gives the average value of the phonon energy. We found that
its value increases, when going from the cubic (42.09 meV)
to the monoclinic (42.22 meV) phase. If we take only the con-
tribution from the Fep atoms, this change is more pronounced
(from 26.74 to 27.32 meV). As we discuss below, the peak
at 24 meV is strongly influenced by the CO order in the Cc
structure, and this effect may explain its modification by the
Verwey transition.

The Fe-projected phonon DOS calculated for the cubic and
monoclinic symmetries is compared in Fig. 6 with the ex-
perimental data obtained above and below 7y . All theoretical
spectra were broadened by a Gaussian with a width of 1 meV,
which is a typical experimental resolution. In the phonon DOS
calculated for the cubic structure, the main peaks coincide
with the high-intensity DOS measured by NIS. However, apart
from the highest peak at 18 meV, all other spectral features
are much broader than the theoretical peaks. The broadening
of phonon peaks is partly induced by thermal effects, such
as phonon-phonon interactions (anharmonicity) and charge
fluctuations, which are not included in the calculations. In ad-
dition, one finds a broad peak centered at 12 meV not observed
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FIG. 6. The Fe-partial phonon DOS in magnetite measured at
(a) T = 150 K and calculated for the cubic Fd3m and monoclinic
Cc structures and (b) T = 50 K and calculated for the monoclinic
Cc symmetry. The experimental data are taken from Ref. [58].

in the experimental spectrum. This additional enhancement
of the phonon DOS results from the anomalous dispersions
found in the cubic phase (see Fig. 2).

The phonon DOS calculated for the monoclinic structure
shows much better agreement with the experimental data,
even for the spectrum obtained above Ty . Apart from a small
shift of the theoretical energies to lower energies, the positions
and widths of all peaks are very well reproduced. The intensity
of the lowest peak around 18 meV is slightly underestimated,
while the higher peak around 24 meV is overestimated when
compared with the experimental DOS. The position and in-
tensity of the peak around 27 meV agree very well with the
experiment.

We emphasize that the theory captures the essential fea-
tures of the phonon DOS obtained by the NIS measurements.
Such good agreement demonstrates that the electronic ground
state and interatomic forces are very well described by the
DFT calculations. It also shows that all atomic positions and
their valence states are well defined in the low-temperature
monoclinic phase unlike in the high-temperature phase, where
the SRO, present in reality, is not reflected by theoretical
calculations. We note that the phonon DOS calculated in the
Cc structure agrees much better with the high-temperature
data than the computation in the cubic structure [see Fig. 6(a)].
This difference between the results obtained for the cubic
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and monoclinic structures highlights again the importance of
short-range correlations above Ty.

V. THE IMPACT OF TRIMERON ORDER ON PHONONS

In the Cc structure, there are 16 nonequivalent B positions.
Half of the Fep ions have a nominal 2+ valence state, and
half of them are 34. The CO ordering for each Feg-O plane
(defined here by the fractional coordinate z) of the primitive
Cc cell is presented in Fig. 7. The main crystallographic direc-
tions a and b of the Cc unit cell are rotated by 45° with respect
to the x and y axes (see Fig. 1), defined by the main directions
of the cubic phase (both presented at the bottom of Fig. 7).
In each plane, the Fep atoms form one-dimensional chains
with the smallest NN distances along the a or b direction. In
the z = 0 and z = 4/8 planes, there are only Fe?" ions with
occupied dy, and d,, orbitals, alternating along the a direction
(B1, B2, B3, and B4 sites). The z =1/8 or z =5/8 planes
contain each two Fe?* ions with dyy (B6) and dy; or d,, orbitals
(B8), while only one Fe?* jon with a dy, orbital is located in
the z = 2/8 (B12) and z = 3/8 (B16) planes.

The Felz;r ions are the centers of trimerons, which are
oriented according to the symmetries of the occupied orbitals.
In Fig. 7, the trimerons with occupied d,, orbitals and oriented
along the a or b directions are depicted by the gray ovals. The
other trimerons centered at the B sites located in the planes
with z =0, 1/8, 4/8, and 5/8 are aligned along the diagonal
xz or yz direction (not shown in Fig. 7). The trimerons are
not isolated objects; most of them are connected and have
common Fe,?;r ions at their ends. In two cases, the end of one
trimeron coincides with the center of the other one located in
the z = 0 or z = 4/8 plane. A detailed analysis of the trimeron
order is presented in Refs. [10,28].

The CO distribution in the Cc structure affects the in-
teratomic forces and therefore also influences the phonon
energies. This effect can be clearly observed in Fig. 8(a),
where the phonon DOS is plotted for the Fe3" and Fe;"
cations separately. The partial DOS of Felzg+ ions shows higher
values at lower energies, and the main peaks below 24 meV
are higher than for the Fe%Jr ions. In contrast, at higher ener-
gies (above 40 meV), the phonon DOS is dominated by the
Feg+ vibrations. It can be related to an enhanced Coulomb
interaction between the Fe cations with the larger valence state
and the oxygen anions.

The charge distribution in the orbitals of Fe ions at the B
sites is also highly anisotropic. If we consider two crystal-
lographic directions a and b in the monoclinic Cc structure,
the differences result from the distribution of charges in the
z = 0and z = 4/8 planes, in which the chains of Fe?r ions are
oriented along the a direction, and inthe z = 1/8 and z = 5/8
planes containing two Fe?* ions in the chains oriented along
the b direction. This anisotropy in charge ordering is related
to slightly different values of the lattice parameters along the
a and b directions. Therefore we should also see a variation in
the phonon spectra corresponding to these two perpendicular
directions.

This expectation is confirmed by the data displayed in
Figs. 8(b) and 8(c), where we present the phonon DOS of Fe,zg+
and Fefg+ vibrations, respectively, along three nonequivalent
crystallographic directions of the Cc unit cell. Indeed, for
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FIG. 7. The charge-orbital order in the Cc structure presented
for each (0, 0, z) plane separately. The trimerons connected to the
occupied d,, orbitals and lying in the (a, b) planes are shown as gray
ovals. The B sites are denoted as in Refs. [23,27].

these three directions, the phonon DOS exhibits differences
which are more significant for the Fe2" ions. It shows that the
phonon anisotropy results mainly from the orbital ordering of
the spin-down states at the Felz;+ sites. The peak observed at
10 meV is mainly related to the vibrations along the a axis.
The phonon DOS above 10 meV with the highest peak around
18 meV shows the anisotropy with the largest contribution
from the b component. The peak around 24 meV exhibits even
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FIG. 8. (a) The partial phonon DOS of Fe%" and Fe ions and
the direction-projected phonon DOS along the a, b, and ¢ axes of
(b) Fe3" and (c) Fe," ions in the monoclinic Cc structure.

larger anisotropy and is dominated by the vibrations along
the a axis.

The influence of the CO anisotropy observed here may
explain the significant differences between the NIS spectra
measured in the cubic and monoclinic phases around 24 meV.
One finds that this peak is strongly suppressed in the cubic
structure, which can be related to the “melting” of the trimeron
order. We expect that the average of the two directions (a and
b) provides a good model of the dynamical structure factor in
the cubic phase. However, this produces too much weight in
the 24-meV peak. As less stable trimeron configurations are
populated thermally, we expect some phonons to soften. This
behavior may explain the transfer of spectral weight from the
24-meV peak to the 18-meV peak. Irrespective of this feature,
we propose that the relative weight of these peaks can be used
to measure the degree of the SRO.

To better understand the origin of phonon anisotropy be-
tween the a and b directions, we analyze the phonon DOS

E (meV)

FIG. 9. The phonon DOS projected into all nonequivalent Fep
ions and two crystallographic directions a and b in the monoclinic
structure.

along these two directions for each nonequivalent Fep ion.
We choose 16 B sites belonging to the four lowest planes
with z =0, 1/8, 2/8, and 3/8 (see Fig. 7) and present the
corresponding phonon DOSs in Fig. 9. In the z = 0 plane,
there are four Felz;r ions showing similar DOSs. There is a
visible anisotropy with the larger contribution of vibrations
along the b direction at lower energies. This is caused by the
larger Fe-Fe distances and smaller interatomic forces along
the direction perpendicular to the B chains. In the z = 1/8
plane, there is some difference between the ions with different
valence, with slightly higher anisotropy found for the Fe’*
ions (B5 and B7).

The largest differences are found in the two other planes,
each containing only one Felz;' ion with an occupied d,, or-
bital (B12 and B16). The DOS at the B12 site along the a
direction is strongly shifted to lower energies and exhibits a
large peak at 10 meV. It shows the greatest shift to lower
energies compared with the other Feg ions. Interestingly, these
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TABLE 1. Mean-square displacements of Fey ions (in A?)
calculated at 7 = 100 K and their nominal valence states.

B site Valence (u? (UA (U2

Bl 2+ 0.002307 0.002595 0.002550
B2 24 0.002323 0.002589 0.002677
B3 24 0.002301 0.002674 0.002593
B4 2+ 0.002266 0.002638 0.002607
B5 3+ 0.002271 0.002588 0.002232
B6 24 0.002257 0.002485 0.002308
B7 3+ 0.002229 0.002710 0.002246
B8 2+ 0.002272 0.002633 0.002289
B9 34+ 0.002305 0.002309 0.002171
B10 3+ 0.002231 0.002335 0.002216
Bl11 3+ 0.002343 0.002284 0.002191
B12 24 0.004078 0.002326 0.002340
B13 3+ 0.002340 0.002256 0.002207
B14 3+ 0.002298 0.002098 0.002149
B15 34 0.002299 0.002333 0.002192
B16 2+ 0.002293 0.002945 0.002227

vibrations are along the B chains. Similarly, the phonon DOS
projected onto the B16 site shows a large anisotropy. Also
in this case, the energies of vibrations along the B chains,
which in the z = 3/8 plane are parallel to the b direction,
are shifted to lower values with a maximum around 15 meV.
These two peaks at 10 and 15 meV come only from two B
sites, and thus their contributions to the total DOS are not very
strong. However, they are clearly visible as shoulders in the
experimental and theoretical DOSs presented in Fig. 6.

The dynamical anisotropy was further investigated by cal-
culating the mean-square displacement (MSD) tensor. The
diagonal elements of the MSD tensors of all inequivalent Fep
atoms obtained for the monoclinic structure at 7 = 100 K are
presented in Table 1. The largest value of the MSD is found
for the B12 Fe atom, which shows the strongest vibrational
anisotropy in the phonon DOS. The average displacement of
this Fe atom along the a direction exceeds 70% and is larger
than along the b direction. The second-largest MSD is found
for the B16 atom along the b direction. These enhanced atomic
displacements should couple strongly to charge fluctuations
between Feg ions and participate in the polaronic soft modes
recently observed in optical experiments [30].

VI. FINAL DISCUSSION AND SUMMARY

The results presented in the previous section demonstrate
a significant impact of the CO order on lattice dynamics in
the monoclinic phase of magnetite. A very good agreement
between the theoretical spectra and the experimental data
obtained by the NIS method indicates that the coupling be-
tween the charge-orbital distribution (trimerons) and phonons
is well described in our calculations. Through a detailed anal-
ysis of the phonon DOS projected into all nonequivalent B
sites, we revealed that some trimerons modify strongly the
vibrations of central Fe" ions. This trimeron-phonon cou-
pling is especially strong for the trimerons oriented along the
main directions of the monoclinic Cc structure. In particular,
the trimerons with occupied d,, orbitals induce a large shift

of phonon DOS to lower energies and a strong dynamical
anisotropy between the main crystallographic directions of
the monoclinic structure. This anisotropy is related to the
enhanced atomic displacements, which may be closely related
to the soft charge modes that were observed in the optical
measurements [30].

The obtained results can be compared with other studies
which probe the local charge distribution on Fep ions. The
nuclear magnetic resonance and Mossbauer measurements
combined with DFT calculations revealed that all B sites can
be divided into three groups with the ratio 8:5:3 [19,20,79,80].
The first group consists of eight Fe** ions, the second group
includes five Fe?* ions in which electrons occupy the d,. or
dy, orbitals, and the third group comprises three Fe?*t ions
with occupied d,, orbitals. The last group of Fe ions is char-
acterized by lower effective magnetic fields and larger electric
field gradients [20]. Interestingly, two B sites that show the
strongest phonon anisotropy belong to this group of ions (the
B12 and B16 sites, which correspond to the B7 and B16 sites
in Refs. [19,20]). However, a phonon DOS projected into a
single site depends not only on the local valence but also on
the charge distribution in the neighborhood of a given atom.
This explains the different phonon DOS of the B6 site, which
also belongs to the third group, when compared with the B12
and B16 sites.

The present studies demonstrate the influence of static
charge-orbital order on phonons. We remark that recent opti-
cal conductivity and pump-probe experiments discovered soft
electronic modes, which can be explained as the excitations
of the trimeron order coupled to atomic vibrations [30]. To
model these modes, we considered the coherent tunneling of
polarons, which corresponds to charge fluctuations between
the B12 and B9 sites in the z = 2/8 plane. Such tunneling
induces effectively a shift of the trimeron along the a direc-
tion. Similar movement is possible along the b direction in
the z = 3/8 plane, where the charge localized at the B16 site
can tunnel to the B13 or B15 site. The present calculations
show that the trimerons in these two planes couple strongly
to the low-energy vibrations with the largest displacements,
and therefore they should participate in the polaronic exci-
tations discovered recently by terahertz spectroscopy [30].
These excitations—which propagate along two perpendic-
ular directions—should have different energies due to the
anisotropy in lattice and electronic dynamics. This hypothesis
can be confirmed in the future by means of polarization-
resolved terahertz experiments on untwinned crystals.

The results obtained for the low-temperature monoclinic
phase are the primary achievements of the present study.
However, some information can be also obtained for the cubic
phase by the comparison of the theoretical results with the NIS
measurements above the Verwey transition. Such compari-
son has to be done with some caution since the calculations
performed for the ground state do not take into account the
thermal effects important at higher temperatures. They include
the phonon interactions (anharmonicity) and thermal fluctua-
tions of the strongly correlated 3d electrons, and both of them
can affect the phonon DOS above the Verwey transition. The
anharmonic behavior, which was found in the cubic phase
by the IXS studies [40], is related with the SRO preserving
the local geometry of the monoclinic structure [41,42]. In the
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SRO, the charge fluctuations are coupled to phonons, and they
induce strong neutron and x-ray diffuse scattering [35-39].
All these effects are important and should be taken into ac-
count to explain the discrepancy between the calculated and
measured phonon DOSs.

Since the nearest-neighbor distances have a dominant im-
pact on interatomic forces and phonon energies, the presence
of the SRO may explain small differences between the phonon
spectra measured below and above Ty. Moreover, the SRO
explains why the phonon DOS calculated for the Cc structure
agrees much better with the high-temperature NIS data than
the computation performed for the perfect cubic structure.
Since the deviation from the ideal cubic geometry is observed
up to the Curie temperature [42], the SRO may determine
the lattice dynamics and the thermodynamic properties of
magnetite in a wide range of temperatures.
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