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Understanding the Mössbauer spectrum of magnetite below the Verwey transition: Ab initio
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Magnetite is often the subject of Mössbauer spectroscopy experiments either as a part of fundamental research
of this compound or during various geological studies. However, the complicated structure of the low-temperature
phase of magnetite exhibits 24 crystallographic iron sites, which presents a considerable obstruction for spectrum
interpretation. In this work, we carried out ab initio calculations to obtain a complete set of hyperfine parameters of
all the sites, and we used these parameters to simulate the corresponding Mössbauer spectrum. Simulation analysis
suggested an approximation of the spectrum by four sextets. Parameters of these four sextets were calculated,
and the approximation was shown to be appropriate. Further, the Mössbauer spectrum of a high-quality synthetic
single crystal of magnetite was measured at 4 K, allowing for a comparison of the theoretical results with the
experimental data. Finally, the four-sextet approximation was successfully applied to fit the measured spectrum.
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I. INTRODUCTION

The formal composition of magnetite can be written as
[Fe3+]A[Fe2+Fe3+]BO2-

4 , where A denotes iron sites surrounded
by oxygen ions forming tetrahedra and B corresponds to the
iron ions inside octahedra formed by the nearest oxygen ions.
Apparently, the B sublattice exhibits mixed-valence character.
Magnetite has been drawing the attention of physicists since
1939 when the Verwey phase transition was found [1]. This
transition occurring at temperature TV ≈ 120 K is accom-
panied by a step change in electrical conductivity. When
temperature drops below TV, the inverse cubic (Fd3̄m) spinel
structure of magnetite reduces its symmetry and transforms
into the monoclinic Cc structure. Accordingly, the cubic
crystal splits into 12 magnetically nonequivalent monoclinic
domains [2]. In the high-temperature cubic phase, all A
sites are crystallographically equivalent, and the same holds
for all B sites. On the other hand, there are 8 different
groups of crystallographically equivalent A sites and 16
different groups of crystallographically equivalent B sites
in the low-temperature monoclinic structure. Thus, one of
the most interesting open questions concerns the charge
ordering of the low-temperature phase [3–6], which has been
probed by various means, including the hyperfine methods
comprising the Mössbauer spectroscopy [7–11] as well as
nuclear magnetic resonance (NMR) [2,12–14].

Recent progress comprises mainly the determination of the
crystal-structure parameters of the Cc phase by Senn et al. [15].
Based on their data, Senn et al. suggested a trimeron model
to describe the charge order of the B sublattice. The trimeron

*reznicek@mbox.troja.mff.cuni.cz

consists of three nearest-neighbor Fe(B) ions in a line; the Fe2+-
like ion in the trimeron’s center donates a part of its minority-
spin t2g electron to the two Fe3+-like ions at the trimeron’s ends.
The trimerons form a complex network, but there are also two
groups of crystallographically equivalent Fe(B) sites which do
not participate in any trimeron. The publication of Senn et al.
was followed by several works which employed the structure
data for ab initio calculations (see Refs. [2,16,17]). The work
of Patterson [17] presented an alternative model consisting of
Fe(B) ions incorporated either in a broken branched zigzag
chain or in pairs with one-electron bonds. On the other hand,
Ref. [2] supported the trimeron model as a more adequate
description of the electronic structure and grouped the B sites
in an 8:5:3 ratio. The first group contains Fe3+-like ions, while
the other groups are occupied by Fe2+-like ions.

Despite a significant number of publications concerning the
Mössbauer spectroscopy of the low-temperature Cc phase of
magnetite, a reliable detailed interpretation of the structure of
the spectra is still unavailable because of a significant overlap
of the spectral components (sextets) originating from the 24
different groups of iron sites. In this situation, the authors
of existing experimental studies of magnetite [7–11,18–21]
usually have had to resort to various phenomenological
assumptions to be able to decompose their spectra into several
sextets. However, the choice of suitable assumptions is difficult
from both fundamental and practical points of view since
subsequent analysis of the results is bound within the limits
determined by the assumptions and a comparison of different
studies is complicated if different decomposition approaches
are used. Thus, the aim of the present work is to understand
the Mössbauer spectra in the context of current knowledge.
The ab initio calculations based on the density functional
theory (DFT) are employed as a primary source of hyperfine
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parameters for spectrum simulation. The calculation outputs
are supplemented with the hyperfine data extracted from
57Fe NMR experiments [2,12,13]. Finally, the analysis of
the simulation results allows for an appropriate fit of the
experimental Mössbauer spectrum.

II. CALCULATIONS

In order to obtain the hyperfine parameters necessary
for the simulation of the Mössbauer spectrum, the WIEN2K

software [22] was utilized for the DFT calculations of the
electronic structure of the Cc phase of magnetite. We used
9500 (RKmax = 6.0) basis functions and 9 k points in the
irreducible part of the Brillouin zone. The density of charge
was Fourier expanded to Gmax = 16 Ry

1
2 . The generalized

gradient approximation plus U method with Ueff = 4.5 eV,
RMT(Fe) = 2 a.u., and RMT(O) = 1.5 a.u. was employed. The
spin-orbit coupling was included in the calculations.

The calculations used the crystal-structure parameters of
the Cc phase of magnetite published by Senn et al. [15].
Structure optimization was not performed in order to avoid
the risk of reaching an incorrect total energy minimum.
Thus, consistency with the calculations in Ref. [2] was kept.
The average force acting on the ions in the experimental
structure was 9.8 mRy a.u.−1, while the maximum force was
19.3 mRy a.u.−1.

A. Charge density at iron nuclei and isomer shift

The electron charge density at the iron nuclei manifests
itself in the Mössbauer spectra as an isomer shift relative to
the reference (metallic bcc α-Fe). The charge densities at the
iron nuclei at 8 nonequivalent A sites and 16 nonequivalent
B sites were determined from the DFT calculations as the
density at the radial grid point R0 closest to the nucleus position
(this density is assumed to be constant over the corresponding
sphere with radius R0). The value of R0 = 5 × 10−5a0 (a0 ≈
5.292 × 10−11 m is the Bohr radius) was comparable to the
nuclear radius. The resulting charge densities ρ0 at iron nuclei
(and corresponding isomer shifts) are provided in Table I.

Isomer shift δ (expressed in γ source-velocity units) is
related to the charge density ρ0 at the nucleus [23]:

δ = c

E0

1

10ε0
Ze[(R�)2 − R2](ρ0 − ρ0,Fe), (1)

where ρ0,Fe is the electron charge density at the nuclei in α-Fe,
ε0 denotes vacuum permittivity, E0 represents the energy of the
first excited state of the 57Fe nucleus, c is the speed of light, Z
stands for the proton number, and R and R� are nuclear charge
radii of the 57Fe nucleus in the ground state and the first excited
state, respectively. Unfortunately, this relation does not allow
us to directly obtain the isomer shift from calculated charge
densities due to the significant uncertainty of the 57Fe nuclear
charge radius R� in the excited state [24]. Instead, the following
expression has to be used:

δ = α(ρ0 − ρ0,Fe), (2)

where the coefficient α is determined by a calibration proce-
dure described, e.g., in Ref. [25]. Our calibration required
a calculation of charge densities at iron nuclei in various

TABLE I. Electron charge density ρ0 at iron nuclei in magnetite
obtained from the DFT calculations together with isomer shift δ

derived using Eq. (2) [the ±4% error of the isomer shift is determined
by the calibration error of α (see text); a0 ≈ 5.292 × 10−11 m denotes
the Bohr radius]. The site numbering is the same as in Ref. [2] and
corresponds to site listing order in Ref. [15].

Nominal
DFT site valence ρ0 (e a−3

0 ) ρ0 − ρ0,Fe (e a−3
0 ) δ (mm s−1)

state [15]

A1 3+ 15308.964 −1.233 0.350
A2 3+ 15308.964 −1.233 0.350
A3 3+ 15308.951 −1.245 0.354
A4 3+ 15308.982 −1.215 0.345
A5 3+ 15308.975 −1.222 0.347
A6 3+ 15308.991 −1.206 0.342
A7 3+ 15308.994 −1.202 0.341
A8 3+ 15308.985 −1.211 0.344
B1 2+ 15306.875 −3.322 0.943
B2 2+ 15306.844 −3.352 0.952
B3 2+ 15306.924 −3.273 0.929
B4 2+ 15307.382 −2.815 0.799
B5 3+ 15308.316 −1.880 0.534
B6 3+ 15308.095 −2.101 0.597
B7 2+ 15306.885 −3.311 0.940
B8 3+ 15308.513 −1.684 0.478
B9 3+ 15307.812 −2.385 0.677
B10 3+ 15308.095 −2.101 0.597
B11 3+ 15308.063 −2.133 0.606
B12 3+ 15308.347 −1.849 0.525
B13 2+ 15306.805 −3.392 0.963
B14 2+ 15307.029 −3.167 0.899
B15 3+ 15308.499 −1.697 0.482
B16 2+ 15306.790 −3.406 0.967

compounds (including iron oxides) in the same way as for
the data in Table I. These values of charge density were
then paired with published experimental isomer shifts (see
Table II) and utilized for fitting the dependence (2) (see
Fig. 1). The fit determined the coefficient value of α =
−0.284 ± 0.011 mm s−1 e−1 a3

0 (a0 ≈ 5.292 × 10−11 m is
the Bohr radius), which is in agreement with the values
obtained in Ref. [25] (α = −0.291 ± 0.014 mm s−1 e−1 a3

0 for
halides and TiFe using the full-potential linearized augmented
plane-wave and augmented plane-wave plus local-orbital
methods implemented in the WIEN2K software) and Ref. [26]
(α = −0.278 ± 0.028 mm s−1 e−1 a3

0 for iron complexes using
quasirelativistic DFT within the zero-order regular approxima-
tion). It should be noted that despite the good agreement with
the published coefficient values, it was necessary to perform
the calibration with our particular DFT calculation method
(including specific parameter settings) rather than just using
some of published values because the resulting α value is
influenced by the applied DFT calculation method [32,33].

The values of isomer shift obtained from Eq. (2) for
particular iron sites in magnetite are included in Table I. The
values exhibit a sensitivity to the configuration of 3d electrons
[30]: δ = 0.34–0.35 mm s−1 for Fe3+ ions at the A sites, while
at the B sites δ = 0.48–0.68 mm s−1 for Fe3+-like ions and δ

= 0.80–0.97 mm s−1 for Fe2+-like ions.
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TABLE II. Calculated electron charge density ρ0 at iron nuclei
accompanied by experimental isomer shift δexp for various compounds
of iron (a0 ≈ 5.292 × 10−11 m denotes the Bohr radius).

Compound ρ0 (e a−3
0 ) ρ0 − ρ0,Fe (e a−3

0 ) δexp (mm s−1)

TiFe 15310.829 0.632 −0.145 ± 0.007 [27]
α-Fe 15310.196 0 0
FeAl 15309.133 −1.064 0.272 ± 0.015 [28]
Fe2O3 15308.139 −2.058 0.47 ± 0.03 [29]
FeF3 15307.628 −2.568 0.489 [23]
YIG (a) 15308.219 −1.978 0.57 ± 0.05 [30]
YIG (d) 15308.996 −1.200 0.26 ± 0.05 [30]
Fe3O4(A) 15308.866 −1.330 0.36 [7]
(above TV) 0.34 [8]

0.27 ± 0.03 [9]
Fe3O4(B) 15307.608 −2.589 0.78 [7]
(above TV) 0.66 [8]

0.67 ± 0.03 [9]
FeS 15307.176 −3.020 1.1 ± 0.1 [30]
FeF2 15305.414 −4.783 1.467 [31]

1.40 ± 0.05 [30]

B. Electric field gradient at iron nuclei

Another characteristic of the electronic structure influenc-
ing the Mössbauer spectra is the electric field gradient (EFG)
tensors at particular iron sites. The EFG tensors obtained from
the DFT calculations are provided in Table III, expressed in
the orthorhombic coordinate system [34] (as tensor elements
Vαα′ ; α,α′ = a,b,c) as well as in a canonical form (as diagonal
elements Vzz, Vyy , and Vxx), together with the asymmetry
parameters [η = (Vxx − Vyy)/Vzz] and principal axes (�vzz, �vyy ,
and �vxx) of the tensors. Visualization of the EFG tensors is
shown in Fig. 2 for the B sites and in Fig. 1 of the Supplemental
Material [35] for the A sites: the tensors are represented by
objects drawn in the elementary cell; the following formula
determines the distance r of the object surface from a particular
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FIG. 1. Isomer shift calibration. The values from Table II are
represented by the points; the line corresponds to a fit of expression
(2). The a and d crystallographic sites of yttrium iron garnet (YIG)
are distinguished. The labels Fe3O4 (A) and Fe3O4 (B) refer to the A
and B sites of the high-temperature phase of magnetite, respectively.
(a0 ≈ 5.292 × 10−11 m is the Bohr radius.)

FIG. 2. Visualization of the EFG tensors at Fe(B) sites in the
elementary cell (scaling coefficient C = 0.05 Å × 10−21 V−1 m2).
Trimerons [15] are highlighted by the green lines. The site numbering
is the same as in Ref. [2] and corresponds to site listing order in
Ref. [15]; primes denote the sites generated by the ac-glide symmetry.
(Surface color corresponding to the z coordinate is to improve clarity.)

iron-ion site:

r = C[Vaaϑ
2
a + Vbbϑ

2
b + Vccϑ

2
c

+ 2(Vabϑaϑb + Vacϑaϑc + Vbcϑbϑc)], (3)

where ϑα, α = a,b,c, stands for direction cosines with respect
to the orthorhombic axes and C is a scaling coefficient
(common for all sites in the plot). The figures illustrate the
size of the EFG at particular sites, as well as the orientation
of the principal axes of the tensors. The EFG at the Fe3+(A)
ions is small because of the nearly spherical symmetry of their
electronic configuration. The complex situation concerning
the B sites, which is depicted in Fig. 2, can be understood
in the context of trimerons. Obviously, the EFG at the
trimeron central ions is much larger than at the end ions,
and the principal axis related to the smallest eigenvalue of
the corresponding EFG tensor of the central ion is roughly
collinear with the axis of the trimeron. This conforms well
with the assumptions based on the electronic structure of
trimerons: the minority-spin charge density encompassing the
central Fe2+-like ions is significantly anisotropic as the charge
is located in the t2g orbital corresponding to the trimeron
axis. Concerning the Fe3+-like end ions, the approximately
spherical symmetry of the electron density is impacted only
by the partial charge donated by the central ions. (When the
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end ion is a part of multiple trimerons, the donated charges
from different central ions enter different orbitals; thus, the
symmetry of the end ion is affected still only to a small
extent.) In the case of Fe3+-like ions B8 and B15, which do
not participate in any trimeron, the EFG is the smallest among
the B sites as no transferred charge perturbs the symmetry of
their electronic configuration.

On the other hand, the results do not support the model
of Patterson [17], as can be seen from the Fe(B) pairs not
included in the zigzag chain (e.g., B5′–B7): one would expect
a relatively similar charge configuration of these ions due to
the one-electron bond, but the difference in the EFG at these
sites is striking.

C. Hyperfine magnetic fields

The parameters of the hyperfine magnetic field obtained
from the DFT calculations and from the 57Fe NMR data [14]
were published in our previous work [2] in the form of isotropic
parts and anisotropy tensors of the hyperfine field. The present
work has to rely on the parameters from the DFT results
since they are assigned to particular iron sites with known
coordinates in the elementary cell, unlike the data from the
NMR experiment, where an attempt at such an assignment
was successful only to a limited extent. However, the DFT
calculations tend to systematically overestimate isotropic parts
Biso as well as the anisotropy characterized by the following
parameter:

Bani =
√

B ′2
a + B ′2

b + B ′2
c , (4)

where B ′
a , B ′

b, and B ′
c denote elements of the hyperfine field

anisotropy tensor in a canonical form. This effect can be
compensated for by a renormalization of these parameters in
order to match their average with the average of parameters
extracted from the experimental data (i = 1, . . . ,8 for the A
sites, while i = 1, . . . ,16 for the B sites):

ciso =
∑

i B
exp
iso (i)∑

i B
calc
iso (i)

,

cani =
∑

i B
exp
ani (i)∑

i B
calc
ani (i)

.

The following values of the renormalization coefficients
were found: ciso = 0.96 and cani = 0.32 [36] in the case of
the A sites; ciso = 0.94 and cani = 0.65 for the B sites. Now,
the hyperfine field Bhf for a particular magnetization direction
(denoted by direction cosines ϑα , α = a,b,c, with respect to
the orthorhombic coordinates) can be calculated:

Bhf = cisoBiso + cani[Baaϑ
2
a + Bbbϑ

2
b + Bccϑ

2
c

+2(Babϑaϑb + Bacϑaϑc + Bbcϑbϑc)],
(5)

where Bαα′ (α,α′ = a,b,c) are elements of the hyperfine field
anisotropy tensor expressed in the orthorhombic coordinates.

D. Correlations of hyperfine parameters

Hyperfine properties of particular iron ions are closely
related to their electronic configuration; thus, their comparison
may illustrate how these parameters are mutually correlated in
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FIG. 3. Renormalized isotropic and anisotropic parts of the
hyperfine magnetic field Vani =

√
V 2

zz + V 2
yy + V 2

xx parameter of EFG
and isomer shift δ of the B-site iron ions plotted as a function of
oxidation state determined by the AIM method in Ref. [2]. The site
numbering is the same as in Ref. [2] and corresponds to site listing
order in Ref. [15]. The lines serve only to guide the eye.

the context of the valence character of the iron ions (quantified
in Ref. [2] using the atoms in molecules (AIM) method [37]).
While the situation is fairly simple for the A sites, the case of
B-site ions is much more interesting (see Fig. 3). The right part
of Fig. 3 shows Fe3+-like ions exhibiting a higher isotropic part
Biso, smaller anisotropy Bani, lower EFG [represented by the
parameter Vani =

√
V 2

zz + V 2
yy + V 2

xx , where Vββ,β = z,y,x,
are EFG tensor eigenvalues, in analogy to Eq. (4)], and smaller
isomer shift than the Fe2+-like ions in the left part. This is
caused by low minority-spin 3d populations of Fe3+-like ions
leading to higher spin moment and, consequently, to higher
Biso. At the same time, orbital moments of these ions are small,
resulting into a low hyperfine field anisotropy. The relatively
high symmetry of the 3d electron distribution of Fe3+-like ions
is responsible for the low EFG. An opposite description can
be used for the Fe2+-like ions. The overall valence character
of the iron ions is reflected by the isomer shift. Clearly, all
parameters plotted in Fig. 3 exhibit roughly linear dependence
on the valence state of a particular iron ion.

III. SIMULATION

The hyperfine parameters obtained in Sec. II allowed for
a simulation of a zero-field 57Fe Mössbauer spectrum of the
Cc phase of magnetite using the FITSUITE 1.1.0.RC.11 software
[38]. A single crystal consisting of a single domain (with the
magnetization along the easy c axis) in an orientation with
the [201] direction parallel to the γ beam was considered.
This special orientation results in sextet line-intensity ratio
of 3:2:1:1:2:3 [39]. The line broadening was set equal to the
natural linewidth �N for the A sites and to twice the natural
linewidth in the case of the B sites, where more significant
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FIG. 4. Simulation of a zero-field 57Fe Mössbauer spectrum
(referenced to α-Fe) of a single-domain single-crystal sample of
magnetite (in the low-temperature phase) oriented in the [201]
direction along the incident γ ray. The site numbering is the same
as in Ref. [2] and corresponds to site listing order in Ref. [15].
Black, red, and blue indicate the three groups of Fe(B) subspectra
corresponding to the three groups of Fe(B) ions identified in Ref. [2].
The experimental data (see Sec. IV) are given for comparison.

charge fluctuation can be expected. The result of the simulation
shown in Fig. 4 can be compared to the experimental spectra
of the single-domain crystal, as well as of a powder sample or
a sample presented in Sec. IV because the configurations of
these samples yield the same sextet line-intensity ratio [39].

The result reveals contributions of four groups of iron sites
identified in Ref. [2] to the spectrum. Namely, the line near
3 mm s−1 described by Pasternak et al. [8] as a characteristic
feature of the Cc phase spectrum can be attributed to the group
of B7, B13, and B16 Fe2+-like ions. The apparent difference
between the subspectra of this group of ions and subspectra
of other Fe2+-like(B) ions illustrates the differences between
the electronic configurations of these two groups of ions (see
Ref. [2] for details) [40].

The spectral contributions of Fe(B) sites from the same
group are very similar. This suggests a decomposition of exper-
imental 57Fe Mössbauer spectra into four sextets [8 × Fe3+(A),
8 × Fe3+-like(B), 5 × Fe2+-like(B), and 3 × Fe2+-like(B)] as
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FIG. 5. Comparison of the four-sextet approximation (thick lines)
with the subspectra calculated by considering individual sites in the
groups (thin lines); see text for details. Black, red, and blue indicate
the three groups of Fe(B) subspectra corresponding to the three
groups of Fe(B) ions identified in Ref. [2]. The experimental data
(see Sec. IV) are given for comparison. The spectra are referenced to
α-Fe.

a suitable approach, while indicating that identifying individ-
ual iron sites in experimental spectra is virtually impossible.

In a simple approximation, a subspectrum of each of
the groups of iron ions can be replaced by a single sextet
described by hyperfine parameters calculated as the average
of the corresponding parameters [41] within the group (see
Table IV; a detailed listing of the average EFG tensors is
provided in Table V). A comparison of these four sextets with
the subspectra calculated by considering individual sites in the
groups is shown in Fig. 5. The correspondence is particularly
good for the 8 × Fe3+(A), 8 × Fe3+-like(B), and 3 × Fe2+-
like(B) groups, while it is still acceptable for the group of
five Fe2+-like(B) ions, where the hyperfine parameters of the
B3 and B4 sites make the subspectra of these sites slightly
different from the rest of this group.

Even better agreement of the simulation with the exper-
iment can be reached by calculating the average hyperfine
magnetic fields directly from the zero-field NMR measurement
at 4.2 K [12,13]; the result can be found in Fig. 6. The increased
magnetic splitting of the four sextets leads to an apparent
overall improvement of the match with the experimental data.

IV. EXPERIMENT

The measurement of the 57Fe Mössbauer spectrum was
carried out at 4 K using a thin-plate single-crystal magnetite
sample. The single crystal was prepared using the skull-
melting method [42] followed by subsolidus annealing in
CO/CO2 atmospheres in order to achieve the appropriate
stoichiometry [43,44]. The quality of the sample was checked
by the ac magnetic susceptibility measurement (the result is
shown in Fig. 2 in the Supplemental Material [35]); the Verwey
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TABLE IV. Average hyperfine parameters assigned to the four sextets representing the four groups of iron ions in the simulated Mössbauer
spectrum (see text). See Table V for the details of the EFG tensors including principal-axis orientation.

8 × Fe3+(A) 8 × Fe3+-like(B) 5 × Fe2+-like(B) 3 × Fe2+-like(B)
(A1, A2, A3, A4, (B12, B15, B8, B5, (B4, B14, B3, (B7, B16, B13)

Parameter A5, A6, A7, A8) B10, B11, B6, B9) B1, B2)

Isomer shift δ̄ (mm s−1) 0.347 0.562 0.905 0.957
Hyperfine magnetic field B̄hf (T) 50.59 50.53 47.62 35.39
Hyperfine magnetic field based on NMR B̄NMR

hf (T) 50.74 51.72 49.87 36.06
EFG V̄zz (×1021 V m−2) −0.316 −0.489 −6.428 13.699
EFG η̄ 0.392 0.348 0.610 0.039
Line broadening (�N) 1 2 2 2

transition was found at 123.1 K, indicating an almost perfect
sample structure, close to the ideal stoichiometry.

The measurements of 57Fe Mössbauer spectra were per-
formed in the transmission geometry using a constant-
acceleration-type spectrometer with a 57Co in Rh source kept
at room temperature. The spectrometer was calibrated at room
temperature with a 10-μm-thick α-Fe foil. The thin plate
(approximately 0.1 mm) of the magnetite crystal cut along the
(001) plane (in cubic notation) was glued to the sapphire plate
by wax and placed in a helium cryostat with the [001] direction
(in cubic notation) parallel to the γ ray. (The Mössbauer
spectrum measured above the Verwey transition temperature
is presented in Fig. 3 of the Supplemental Material [35].) The
sample was then cooled down to 4 K.

All possible structural domains originating from the or-
thorhombic and monoclinic twinnings were present in the
sample since no magnetic field was used during the cooling and
spectrum measurement. Taking into account the magnetization
directions (close to the local c axis) in these domains with
respect to the direction of the γ ray, the ratio of total line
intensities of particular sextets is expected to match the one
found in the simulation [45]. Note, however, that since the
sample was glued to the sapphire plate, the resulting strain
might affect the domain structure to some extent.

The spectrum was analyzed by means of a least-squares
fitting procedure which entailed calculations of the positions
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FIG. 6. The four-sextet approximation improved by taking the
average hyperfine magnetic fields directly from the zero-field NMR
measurement at 4.2 K [12]; see text for details. Black, red, and blue
indicate the three groups of Fe(B) subspectra corresponding to the
three groups of Fe(B) ions identified in Ref. [2]. The experimental data
(see Sec. IV) are given for comparison. The spectra are referenced
to α-Fe.

and relative intensities of the absorption lines by numerical
diagonalization of the full hyperfine interaction Hamiltonian
[46]. The absorption line shape of the spectrum was described
using a transmission integral formula [47]. The final fit was
carried out in the same FITSUITE software as the simulation.
The acquired spectrum is presented in Fig. 7 together with a
decomposition into four components corresponding to the four
groups of Fe ions. The hyperfine parameters in Table IV (using
the NMR-based magnetic field values) were used as starting
parameters for the decomposition fit. The fitted parameters
comprised isomer shifts, hyperfine magnetic fields, EFG V̄zz

values [48], line broadenings, and total absorption, while other
parameters (namely, the EFG asymmetry parameters η̄ and
the orientations of the EFG principal axes, as well as the
γ -ray direction and relative spectral contributions of the four
sextets) remained intentionally fixed. The resulting output
parameters of the fit are provided in Table VI. [The EFG
V̄zz values corresponding to the groups of 8 × Fe3+(A) and
8 × Fe3+-like(B) ions were kept fixed because their variation
within reasonable limits had a negligible impact.] Clearly,
the fit reproduces all significant features of the experimental
spectrum well. The small deviations from experimental peak
intensities can be attributed to the influence of the strain
(caused by gluing the sample) on the abundance of particular
structural domain types.

Compared to the initial values, the fit yielded systematically
larger isomer shifts (by up to 11%; the estimated error of
isomer shift values obtained by the DFT calculations is ±4%)
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FIG. 7. Experimental Mössbauer spectrum (referenced to α-Fe)
of magnetite at 4 K decomposed into four sextets by the fit (see text).
The gray line denotes the sextet corresponding to the group of Fe(A)
ions, while the black, red, and blue lines indicate the three sextets
representing the three groups of Fe(B) ions identified in Ref. [2].
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TABLE VI. Average hyperfine parameters assigned to the sextets representing the four groups of iron ions after a refinement by the fit of
the experimental Mössbauer spectrum (see text). Free parameters of the fit are in bold, and the percentage in parentheses denotes the relative
difference compared to the starting values in Table IV (hyperfine magnetic fields are related to the NMR-based values); all other parameters
(except total absorption) were kept fixed. See Table V for the details of the orientation of principal axes of the EFG tensors.

8 × Fe3+(A) 8 × Fe3+-like(B) 5 × Fe2+-like(B) 3 × Fe2+-like(B)

(A1,A2,A3,A4, (B12,B15,B8,B5, (B4,B14,B3, (B7,B16,B13)

Parameter A5,A6,A7,A8) B10,B11,B6,B9) B1,B2)

Isomer shift δ̄ (mm s−1) 0.386 (+11%) 0.577 (+3%) 0.985 (+9%) 1.018 (+6%)

Hyperfine magnetic field B̄hf (T) 50.88 (+0.3%) 52.58 (+1.6%) 50.32 (+0.9%) 36.23 (+0.5%)

EFG V̄zz(×1021 V m−2) −0.316 −0.489 −4.34 (−33%) 11.90 (−13%)

EFG η̄ 0.392 0.348 0.610 0.039

Line broadening (�N) 0.88 (−12%) 3.31 (+65%) 2.48 (+24%) 2.13 (+7%)

and hyperfine magnetic fields (by up to 1.6%). On the other
hand, the fitted EFG V̄zz parameters are lower in absolute
values than the starting ones. The significant difference of
−33% in the case of the group of 5 × Fe2+-like(B) ions can
be caused by a wide range of hyperfine fields at iron sites
in this group, which slightly complicates the approximation
of the group subspectrum by the single sextet. Resulting
line broadening values are relatively close to the initial
estimation used for the simulations in the case of the groups
of 8 × Fe3+(A) and 3 × Fe2+-like(B) ions, whereas they
reach higher values for the groups of 8 × Fe3+-like(B) and
5 × Fe2+-like(B) ions, most likely due to the broader ranges
of hyperfine fields at particular ions in these groups. The
fitted total absorption is smaller than the value used for the
simulation by just 3% of the value.

V. CONCLUSIONS

We have carried out DFT calculations of isomer shifts
and EFG tensors for all 24 crystallographic iron sites in the
low-temperature structure of magnetite. The results support
the concept of trimerons [15]. The calculated data together
with corresponding hyperfine magnetic fields derived from our
previous work [2] form a complete set of hyperfine parameters,
allowing for a simulation and deeper analysis of the Mössbauer
spectrum of this compound. We have simulated Mössbauer
sextets for each of the 24 iron positions and, comparing
these results with the experimental spectrum, have found that
the experimental line positions and all spectral subtleties are
reproduced. Thus, every feature visible in the experimental
Mössbauer spectrum is understood and can be explained by
the ab initio calculated electronic structure.

Based on the 24 sextets, we have also verified our previous
finding [2] that the 24 iron sites naturally break into four
groups: 8 × Fe3+(A), 8 × Fe3+-like(B), 5 × Fe2+-like(B), and
3 × Fe2+-like(B) ions. The hyperfine parameters of the ions
within each group share common characteristics, which means
that any effort to identify individual iron sites in Mössbauer
spectra is futile. On the other hand, it also allows us to
approximate the spectrum by four sextets, as we demonstrated.
The parameters of these four sextets, which we derived from

the hyperfine parameter sets of the 24 iron positions, were
further improved by determining the corresponding hyperfine
magnetic fields from zero-field NMR experiments [12,13]. We
thus propose those parameters as starting values for a fit of the
experimental Mössbauer spectrum of magnetite.

Trying to check how good our suggestion is, we performed
a Mössbauer spectroscopy measurement of a high-quality
single-crystalline synthetic sample of stoichiometric mag-
netite. When fitting the acquired spectrum, we paid special
attention to keeping the number of free parameters low to
demonstrate the suitability of the four-sextet approximation.
The fit matched the experimental spectrum very well, and the
final hyperfine parameters are not far from the initial ones.
The only limitations concerning the usability of the fit results
are the probable impact of the relatively broad range of
hyperfine fields at particular ion sites in the 5 × Fe2+-like(B)
group on the EFG V̄zz value corresponding to this group and
also the low sensitivity of the fit to the rather small EFG V̄zz

values of the 8 × Fe3+(A) and 8 × Fe3+-like(B) groups, which
was the reason for keeping them fixed.

We believe that our results will serve not only for a deeper
understanding of the fundamental problem of the electronic
structure of magnetite but also as a tool for experimentalists
who usually work from a different side of the problem trying
to fit the experimental data to get parameters that give the best
possible description of the processes the sample undergoes.
Indeed, there are numerous situations where Mössbauer
spectroscopy was used not only to solve basic problems of
magnetite but also just to check for the existence of this
mineral, as in many geological studies, or to suggest how
geological conditions changed magnetite structure.
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