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Using density functional theory, we study the lattice dynamical properties of magnetite (Fe3O4)
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.

I. INTRODUCTION

The Verwey transition in magnetite—in which the elec-
trical conductivity changes discontinuously by two or-
ders of magnitude [1, 2]—is one of the most intriguing
and extensively studied phenomena in condensed mat-
ter physics. The exceptional character of the phase
transition stems from a cooperative mechanism involv-
ing charge, orbital, spin, and lattice degrees of freedom.
Above the transition at TV = 124 K, magnetite crys-
tallizes in the cubic Fd3̄m structure [3] with the tetra-
hedrally coordinated A-sites occupied by Fe3+ ions and
octahedral coordinated B-sites with the mixed valency
Fe2.5+ (see Fig. 1). At TV, magnetite exhibits a struc-
tural phase transition [4–9] from the cubic Fd3̄m 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 Fe2+B and Fe3+B ions
below TV. Subsequently, this simple model was ques-
tioned on the basis of diffraction studies [4–7] and a more
complex charge-orbital (CO) order with 16 nonequivalent
B sites was identified below TV [8–10, 12–20]. As demon-
strated by density functional theory (DFT) studies, the
CO order is a consequence of strong local electron inter-
actions within the 3d states and the coupling of electrons
to lattice distortions [21–27]. This electron-lattice co-
operative behavior results in a complicated pattern com-
posed of three-site polarons, called trimerons [10, 28]. In

each trimeron two end Fe3+ cations are shifted towards
a central Fe2+ cation [29]. Recently, the soft electronic
fluctuations of the trimeron order showing critical behav-
ior close to the Verwey transition have been discovered
[30]. These fluctuations were described through a po-
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FIG. 1. The unit cell of the cubic Fd3̄m structure of mag-
netite. Green, red, and blue spheres represent FeA, FeB , and
O atoms, respectively. The FeAO4 tetrahedra and FeBO6 oc-
tahedra are presented in green and red colors, respectively.
The main crystallographic directions of the cubic (x,y,z) and
monoclinic (a,b,c) unit cells are included. The image was
rendered using VESTA software [11].
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laron 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 TV [32, 33],
was explained in terms of bilinear coupling of the elastic
strain to a fluctuation mode of the charge ordering field of
T2g symmetry [33]. Critical fluctuations above TV were
investigated by diffuse scattering of electrons [34], neu-
trons [35–38], and x-rays [39]. Neutron measurements
revealed the diffuse scattering at commensurate points
in reciprocal space, i.e., at the same wave vectors as the
superlattice reflections of the monoclinic phase, only a
few kelvins above TV [35].

However, even more intense maxima and in a much
broader range of temperatures (even at room temper-
ature) were found at incommensurate q vectors close to
the Γ and X points of the Brillouin zone [36–38]. Shapiro
et al. [36] showed that neutron diffuse scattering cen-
tered at zero energy is coupled with transverse acoustic
(TA) phonons. This electron-phonon coupling induces
anomalous anharmonic behavior of the TA modes, with
the largest phonon broadening found at incommensurate
q points [40].

It is remarkable that an extended x-ray absorption
fine structure (EXAFS) study [41] provided direct evi-
dence that local distortions related to atomic displace-
ments of the monoclinic phase are robust and remain
unaltered during the transition. Recently, an x-ray pair
distribution function analysis 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], photoemission
[47], magneto-optical [48], and resonant inelastic x-ray
scattering (RIXS) studies [49].

All the results mentioned above indicate the impor-
tant role of the electron-phonon coupling which modifies
the transport properties of magnetite, and may initiate
the structural transition from the cubic to the monoclinic
phase. In the theory this coupling was introduced by Ya-
mada who proposed that the mechanism behind the Ver-
wey transition involves the condensation of charge order
fluctuations coupled to a TA phonon mode with ∆5 sym-
metry [50]. Indeed, studies based on DFT calculations
demonstrated that phonons with ∆5, X3, and X4 sym-
metries strongly couple to the electronic states and may
induce the monoclinic deformation [24, 25, 40]. Accord-
ing to a detailed refinement, the low-temperature struc-
ture of magnetite can be described by a subset of phonon
modes at the Γ, ∆, X, and W points of the Brillouin zone
[17, 51, 52].

Experimentally, the phonon dispersion curves in mag-
netite 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 mea-

sured using nuclear inelastic scattering (NIS) [56–58] and
detailed studies of the optical modes at the Brillouin zone
center were performed by spontaneous Raman scatter-
ing and infrared reflectivity measurements [59–68]. The
presence of phonon anharmonicity and strong electron-
phonon coupling was also demonstrated by means of Ra-
man measurements [66]. Anomalies of the lattice vibra-
tions that originate from strong coupling to electronic
excitations and the spectroscopic signatures of diffusive
modes in the electronic contribution to the Raman re-
sponse function were observed [67]. Ultrafast broadband
optical spectroscopy revealed that impulsive photoexci-
tation of particle-hole pairs couples to the fluctuations of
the ordering field and coherently generates phonon modes
of the ordered phase above TV [68]. The existence of
long-lived precursor fluctuations was further evidenced
by recent INS studies [69].

Since phonons are strongly coupled to the electronic
system in the SRO, it is important to explore how the
phonon spectrum changes at the structural phase transi-
tion and how well these changes can be described within
the DFT framework. To this end, in this paper, we an-
alyze the phonon spectra calculated for the Fd3̄m cubic
and the Cc monoclinic structures. The results obtained
for the monoclinic phase are in excellent agreement with
the experimental data. In the cubic phase, the theoreti-
cal spectrum deviates substantially from the experimen-
tal 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 de-
tails of the calculation method are presented. The com-
puted 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 generalized gradient approximation (GGA) [73]. In
the structural relaxations and phonon calculations, the
ferrimagnetic ground state was considered with the oppo-
site orientation of magnetic moments within the FeA and
FeB sublattices. Such magnetic configuration is observed
experimentally in the wide range of temperatures up to
Curie temperature TC=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 es-
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sential to obtain the correct insulating state in the mon-
oclinic phase. Our previous studies also demonstrated
that the phonon dispersion curves in the cubic structure
are more consistent with the experimental data when lo-
cal electron interactions are included [24, 25, 40].

The cubic structure was studied in the unit cell pre-
sented in Fig. 1 containing 56 atoms (4 primitive cells):
8 FeA, 16 FeB , and 32 O atoms. The reciprocal space
was sampled with the 6× 6× 6 k-point Monkhorst-Pack
grid. We used the standard PAW potentials for Fe and O
atoms with the energy cut-off of the plane-wave expan-
sion increased to 520 eV. The optimized lattice parame-
ter a = 8.45 Å is slightly overestimated compared to the
experimental value (8.39 Å) measured at 130 K [10]. In
agreement with the previous studies [21–25], we obtained
the half-metallic state, with only the spin-minority t2g
states at the Fermi energy EF, The magnetic moments
are equal to 3.9 µB and -4.0 µB at the FeB and FeA sites,
respectively.

The crystal structure of the monoclinic Cc phase was
optimized within the unit cell containing 224 atoms. The
orientation of the main crystallographic directions (a,b,c)
of the Cc structure in relation to the cubic cell is pre-
sented in Fig. 1. The volume of the monoclinic unit cell
is approximately four times (

√
2 ×
√

2 × 2) larger than
the cubic unit cell. We used the 4 × 4 × 4 k-point grid
and the same energy cut-off as for the cubic structure.
After relaxation of lattice parameters and atomic posi-
tions, the ground state energy of the monoclinic phase
is lower by 0.3 eV per one formula unit than the energy
of the cubic lattice. The electronic state shows the in-
sulating gap within the t2g band, Eg = 0.44 eV, which
is consistent with the previous studies [23, 28]. The cal-
culated lattice parameters a = 11.85 Å, b = 11.84 Å,
c = 16.69 Å, and the monoclinic angle β = 90.20° are in
a good agreement with the experimental data [10]. The
obtained structural parameters and atomic positions are
compared with the x-ray diffraction data [52] in the Sup-
plemental Material [75]. The resulting CO (trimeron)
order agrees with the results presented in Refs. [10, 28].
Recently, we have used the same relaxed structure in the
analysis of the soft charge (polaron) fluctuations of the
trimeron order [30].

The phonon dispersion curves and phonon DOS were
calculated by the direct method [76] using the Phonon
software [77]. The Hellmann-Feynman forces were com-
puted through the displacement of all nonequivalent
atoms from their equilibrium positions and the force-
constant matrix elements were determined. By diagonal-
izing the dynamical matrix, the phonon dispersions along
the high-symmetry directions in the first Brillouin zone
and polarization vectors were obtained. In order to eval-
uate properly the longitudinal optical-transverse optical
(LO-TO) splitting in the monoclinic (insulating) phase,
the static dielectric tensor and Born effective charges
were determined using the density functional perturba-
tion theory [78].

III. PHONON SPECTRA

The phonon dispersion curves and phonon DOS ob-
tained 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 dynamically stable), although some modes
show anomalous softening close to the L point, along the
Γ-X, and the K-Γ directions. These anomalous disper-
sions 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 sym-
metry connected with short-range distortions observed
experimentally at temperatures above TV.

The low-energy range of the spectrum is dominated
by vibrations of Fe atoms, with larger contribution of
Fe atoms at the octahedral B positions. The maximum
of Fe DOS is found around 18 meV. The vibrations of
FeA atoms show larger contribution at higher energies
for E ∈ (20, 40) meV. The difference between phonon
energies for these two sites results mainly from the dif-
ferent nearest neighbor (NN) Fe-O distances and the on-
site force constants. The NN distance for the octahedral
sites (2.07 Å) is larger than for the tetrahedral positions
(1.90 Å). Consequently, the on-site force constant for the
FeB atoms (11.36 eV/Å2) is smaller than the force con-
stant for the FeA sites (17.81 eV/Å2).

0

20

40

60

80

E
 (

m
e
V

)

wave vector
0

20

40

60

80

E
 (

m
e
V

)

L Γ X K Γ

Γ V Z A L MΓ

(a)

(b)

FIG. 2. The phonon dispersion curves of magnetite calculated
for: (a) the cubic Fd3̄m and (b) monoclinic Cc structures.
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FIG. 3. The partial and total phonon DOS of magnetite cal-
culated for: (a) the cubic Fd3̄m and (b) monoclinic Cc struc-
ture.

Above 40 meV, mainly O atoms contribute to the
phonon DOS, showing an energy cut-off at 84 meV. Two
energy gaps exist between 55-66 meV and 72-81 meV, in
the cubic phase. In the band located above 65 meV, there
is a visible contribution from FeA atoms and a negligible
contribution from FeB ones. The highest peak around
82 meV corresponds to vibrations of oxygen atoms with
a very small involvement of FeB 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 to the cubic phase and they contribute
to the highest modes up to 80 meV. The lower gap is re-
duced 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 details for the cubic struc-
ture [24, 25, 40]. We found that phonon energies slightly
increase, and the lowest branches of dispersions show bet-
ter agreement with the experimental data, when on-site
interactions are included in 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 en-
ergies.

IV. COMPARISON WITH EXPERIMENTAL
DATA

In Fig. 4, the phonon dispersions obtained for the Cc
structure are compared with the available experimental
data. The dispersions measured above TV by INS [54]
and IXS [40] are presented in the extended Brillouin zone
of the monoclinic structure. The INS measurements at
T = 2 K, well below the Verwey transition, were per-
formed along the Γ-A direction of the monoclinic Bril-
louin zone [68]. The dispersions are presented for the
Γ-A [Fig. 4(a)] and Γ-Z [Fig. 4(b)] directions in the mon-
oclinic structure, which correspond to the Γ-X ∆[0,0,1]
and Γ-K-X Σ[1,1,0] directions in the cubic symmetry,

(a)

(b)

FIG. 4. The phonon dispersion curves calculated for the Cc
structure compared with INS experimental data at T = 2 K
taken from Refs. [54] (green squares) and [55] (blue circles)
as well as IXS data [40] (orange diamonds) along the direc-
tions of the cubic Brillouin zone: (a) ∆[001] and (b) Σ[110].
The phonon energies with the dynamical form factor above
a certain threshold t 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 in the top (bottom) of the figures.
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respectively. The lowest optical modes at the Γ point
around 8 meV result from the splitting and folding of the
TA branch with the ∆5 symmetry in the cubic structure.
Additionally, in Fig. 4 we plot the form factor, which
describes the intensity (strength) of phonon modes

F (k, j) =

∣∣∣∣∣∑
α

e(k, j;α)√
Mα

∣∣∣∣∣
2

, (1)

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

A good agreement between the phonon energies mea-
sured below and above TV with the theoretical disper-
sions calculated for the low-temperature Cc structure
demonstrates that phonon energies in magnetite depend
weakly on temperature. It also demonstrates that the
SRO existing above TV preserves the local geometry of
the Cc structure. The lowest TA dispersion measured be-
low TV shows slightly higher values than the correspond-
ing 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
TV in the previous studies [24, 25, 40].

The influence of the phase transition on the partial Fe
phonon DOS was studied by NIS measurements [57, 58].
The NIS spectra obtained at temperatures T = 50 K
and 150 K [58] are compared in Fig. 5. The main differ-
ences are observed at the lowest energies below 10 meV
and around two peaks at 24 meV 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 of phonon DOS in the cubic
phase below 10 meV is related to the quasielastic (dif-
fuse) scattering observed at low energies above the Ver-
wey transition. The stiffening of the monoclinic lattice is
evidenced by the increase of the Lamb-Mössbauer factor
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FIG. 5. The Fe-partial phonon DOS in magnetite measured
by NIS at 50 K and 150 K taken from Ref. [58].
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FIG. 6. The Fe-partial phonon DOS in magnetite measured
at: (a) T = 150 K and calculated for the cubic Fd3̄m and
monoclinic Cc structure, and (b) T = 50 K and calculated
for the monoclinic Cc symmetry. The experimental data are
taken from Ref. [58].

below TV [57] and is consistent with the INS measure-
ments [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 cu-
bic (42.09 meV) to the monoclinic (42.22 meV) phase.
If we take only the contribution from the FeB atoms,
this change is more pronounced (from 26.74 meV to
27.32 meV). As we discuss below, the peak at 24 meV
is strongly influenced by the CO order in the Cc struc-
ture 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 with the experi-
mental data obtained above and below TV in Fig. 6. All
theoretical spectra were broadened by a Gaussian with
a width of 1 meV, which is a typical experimental res-
olution. In the phonon DOS calculated for the cubic
structure, the main peaks coincide with the high inten-
sity 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 broaden-
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ing of phonon peaks is partly induced by thermal effects,
such as phonon-phonon interactions (anharmonicity) and
charge fluctuations, which are not included in the calcu-
lations. In addition, one finds a broad peak centered
at 12 meV not observed in the experimental spectrum.
This additional enhancement of phonon DOS results from
the anomalous dispersions found in the cubic phase (see
Fig. 2).

The phonon DOS calculated for the monoclinic struc-
ture shows much better agreement with the experimental
data, even for the spectrum obtained above TV. Apart
from a small shift of the theoretical energies to lower en-
ergies, 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 to the
experimental DOS. The position and intensity of the
peak around 27 meV agree very well with the experi-
ment.

We emphasize that the theory captures the essential
features of the phonon DOS obtained by the NIS mea-
surements. Such a 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 cu-
bic and monoclinic structures highlights again the impor-
tance of short range correlations above TV.

V. THE IMPACT OF TRIMERON ORDER ON
PHONONS

In the Cc structure, there are 16 nonequivalent B po-
sitions. Half of the FeB ions have a nominal 2+ valence
state and half of them are 3+. The CO ordering for each
FeB-O plane (defined here by the fractional coordinate
z) of the primitive Cc cell is presented in Fig. 7. The
main crystallographic directions 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 FeB 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 Fe2+ ions
with occupied dxz and dyz orbitals, alternating along the
a direction (B1, B2, B3, and B4 sites). The z = 1/8
or z = 5/8 planes contain each two Fe2+ ions with dxy
(B6) and dyz or dxz orbitals (B8), while only one Fe2+

ion with a dxy orbital is located in the z = 2/8 (B12)
and z = 3/8 (B16) planes.

FIG. 7. The charge-orbital order in the Cc structure pre-
sented for each (0, 0, z) plane separately. The trimerons con-
nected to the occupied dxy orbitals and lying in the (a, b)
planes are shown as gray ovals. The B sites are denoted as in
Refs. [23, 27].

The Fe2+B ions are the centers of trimerons, which are
oriented according to the symmetries of the occupied or-
bitals. In Fig. 7, the trimerons with occupied dxy 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
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FIG. 8. (a) The partial phonon DOS of Fe2+B and Fe3+B ions
and the direction-projected phonon DOS along the a, b, and
c axes of (b) Fe2+B , and (c) Fe3+B ions in the monoclinic Cc
structure.

shown in Fig. 7). The trimerons are not isolated objects;
most of them are connected and have common Fe3+B ions
at their ends. In two cases, the end of one trimeron coin-
cides with the center of the other one located in the z = 0
or z = 4/8 plane. A detailed analysis of the trimeron or-
der 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 Fe2+B and Fe3+B
cations separately. The partial DOS of Fe2+B ions show
higher values at lower energies and the main peaks below
24 meV are higher than for the Fe3+B ions. In contrast,
at higher energies (above 40 meV), the phonon DOS is
dominated by the Fe3+B 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
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FIG. 9. The phonon DOS projected into all nonequivalent
FeB ions and two crystallographic directions a and b in the
monoclinic structure.

crystallographic directions a and b in the monoclinic Cc
structure, the differences result from the distribution of
charges in the z = 0 and z = 4/8 planes, in which the
chains of Fe2+B ions are oriented along the a direction,
and in the z = 1/8 and z = 5/8 planes containing two
Fe2+ 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 perpen-
dicular directions.

This expectation is confirmed by the data displayed in
Fig. 8(b) and Fig. 8(c), where we present the phonon
DOS of Fe2+B and Fe3+B vibrations, respectively, along
three nonequivalent crystallographic directions of the Cc
unit cell. Indeed, for these three directions, the phonon
DOS exhibits differences which are more significant for
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TABLE I. Mean square displacements of FeB ions (in Å2)
calculated at T = 100 K and their nominal valence states.

B site Valence 〈U2
a 〉 〈U2

b 〉 〈U2
c 〉

B1 2+ 0.002307 0.002595 0.002550

B2 2+ 0.002323 0.002589 0.002677

B3 2+ 0.002301 0.002674 0.002593

B4 2+ 0.002266 0.002638 0.002607

B5 3+ 0.002271 0.002588 0.002232

B6 2+ 0.002257 0.002485 0.002308

B7 3+ 0.002229 0.002710 0.002246

B8 2+ 0.002272 0.002633 0.002289

B9 3+ 0.002305 0.002309 0.002171

B10 3+ 0.002231 0.002335 0.002216

B11 3+ 0.002343 0.002284 0.002191

B12 2+ 0.004078 0.002326 0.002340

B13 3+ 0.002340 0.002256 0.002207

B14 3+ 0.002298 0.002098 0.002149

B15 3+ 0.002299 0.002333 0.002192

B16 2+ 0.002293 0.002945 0.002227

the Fe2+B ions. It shows that the phonon anisotropy re-
sults mainly from the orbital ordering of the spin-down
states at the Fe2+B 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 contribu-
tion from the b component. The peak around 24 meV
exhibits even 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 spec-
tra 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 “melt-
ing” 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 ther-
mally, 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 fea-
ture, 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
between the a and b directions, we analyze the phonon
DOS along these two directions for each nonequivalent
FeB 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 Fe2+B ions showing sim-
ilar DOS. 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 perpendic-
ular 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 Fe3+ ions (B5
and B7).

The largest differences are found in the two other
planes, each containing only one Fe2+B ion with an oc-
cupied dxy orbital (B12 and B16). The DOS at the B12
site along the a direction is strongly shifted to lower en-
ergies and exhibits a large peak at 10 meV. It shows the
greatest shift to lower energies compared to the other
FeB ions. Interestingly, these 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 shoul-
ders in the experimental and theoretical DOSs presented
in Fig. 6.

The dynamical anisotropy was further investigated by
calculating the mean square displacement (MSD) tensor.
The diagonal elements of the MSD tensors of all inequiv-
alent FeB atoms obtained for the monoclinic structure
at T = 100 K are presented in Tab. I. 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 di-
rection. The second largest MSD is found for the B16
atom along the b direction. These enhanced atomic dis-
placements should couple strongly to charge fluctuations
between FeB 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 demon-
strate 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 between the charge-orbital distribution
(trimerons) and phonons is well described in our calcu-
lations. Through a detailed analysis of the phonon DOS
projected into all nonequivalent B sites, we revealed that
some trimerons modify strongly the vibrations of central
Fe2+B ions. This trimeron-phonon coupling is especially
strong for the trimerons oriented along the main direc-
tions of the monoclinic Cc structure. In particular, the
trimerons with occupied dxy 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
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related to the soft charge modes that were observed in
the optical measurements [30].

The obtained results can be compared with other stud-
ies which probe the local charge distribution on FeB
ions. The nuclear magnetic resonance and Mössbauer
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 con-
sists of 8 Fe3+ ions, the second group includes 5 Fe2+

ions in which electrons occupy the dxz or dyz orbitals,
and the third group comprises 3 Fe2+ ions with occupied
dxy orbitals. The last group of Fe ions is characterized
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
(B12 and B16 sites, which correspond to 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 to the B12 and B16 sites.

The present studies demonstrate the influence of static
charge-orbital order on phonons. We remark that recent
optical conductivity and pump-probe experiments dis-
covered 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 direction. 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 displace-
ments, and therefore they should participate in the po-
laronic excitations discovered recently by terahertz spec-
troscopy [30]. These excitations—which propagate along
two perpendicular directions—should have different en-
ergies due to the anisotropy in lattice and electronic dy-
namics. 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 mono-
clinic 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 theoreti-
cal results with the NIS measurements above the Verwey
transition. Such comparison has to be done with some
caution since the calculations performed for the ground
state do not take into account the thermal effects impor-
tant at higher temperatures. They include the phonon
interactions (anharmonicity) and thermal fluctuations 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 struc-
ture [41, 42]. In the SRO, the charge fluctuations are cou-
pled to phonons and they induce strong neutron and x-
ray diffuse scattering [35–39]. All these effects are impor-
tant and should be taken into account to explain the dis-
crepancy between the calculated and measured phonon
DOS.

Since the nearest neighbor distances have a dominant
impact on interatomic forces and phonon energies, the
presence of the SRO may explain small differences be-
tween the phonon spectra measured below and above TV.
Moreover, the SRO explains why the phonon DOS cal-
culated for the Cc structure agrees much better with the
high-temperature NIS data than the computation per-
formed for the perfect cubic structure. Since the devi-
ation 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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P. Novák, I. Bia lo, and J. M. Honig, “Effect of low
zn doping on the verwey transition in magnetite single
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