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In situ nuclear forward scattering shows a thermally induced cation exchange between a 57Fe3O4 thin-film
and a Fe3O4 (001) substrate predominantly in the octahedral sublattice for a temperature range between 470
and 710 K. The overall activation barrier in this temperature range is found to be 19� 32 kJ=mol, which is
significantly lower than expected from extrapolating a bulk diffusion model. This observation can be
attributed to the large out-of-equilibrium cation deficit as determined by surface x-ray diffraction. Despite
the relatively low hopping barrier, the diffusion constant is about 5 orders of magnitude lower than expected
for magnetite having an equilibrium cation stoichiometry. The results are relevant for applications relying on
the near-surface structure and stoichiometry of magnetite, and we argue that the correlation between cation
diffusion and stoichiometry may play a role for a wider range of oxide materials.
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The properties of magnetite (Fe3O4) nanostructures,
intensively studied for applications in new materials,
medicine, and catalysis, are strongly influenced by the
defect structure and stability of their near-surface region
[1–7]. Near-surface cation transport is involved in restruc-
turing and phase transformations of nanoparticles [8,9] and
surfaces such as oxidative regrowth processes [10] or the
formation and lifting of the subsurface cation vacancy
(SCV) reconstruction on Fe3O4 (100) surfaces [11–13]. As
a mixed valence compound with a relatively variable
stoichiometry, Fe3O4 can easily incorporate adatoms at
the surface, making it a promising support material in
single atom catalysts [14–17]. Their performance, in turn,
depends crucially on their near-surface cation dynamics
[18,19]. Considering the rich chemistry of cubic iron
oxides, cation transport in Fe3−δO4 related to the temper-
ature- and pressure-dependent nonstoichiometry δ is

described by the so-called point defect model, based on
bulk diffusion models and data from single- and poly-
crystalline samples [20–23]. Tuning the shape and chemi-
cal properties of Fe3O4-based materials, nanoparticles,
catalysts, and devices therefore requires additional knowl-
edge about the near-surface defect structure and cation
migration as well as its relation to structural disorder and
chemical gradients [24–26]. Fe3O4 has an inverse spinel
structure with a face-centered cubic oxygen sublattice. As
shown in Fig. 1(a), 1

8
of the 64 tetrahedral (tet) sites are

occupied by Fe3þ, and 1
4

each of the 32 octahedral (oct)
lattice sites are filled by Fe3þ and Fe2þ. They exhibit a
ferrimagnetic spin order between the Verwey transition
at 125 K and the Néel temperature at 870 K [27,28].
Owing to fast electron hopping in stoichiometric Fe3O4,
(Fe3þ þ e−⇌Fe2þ) the oct cations correspond on average
to Fe2.5þ [29,30]. Nonstoichiometric ðFe3−δO4Þ, further
oxidized maghemite (γ-Fe2O3), or more reduced wüstite
(FeO) are formed without relevant changes in the rigid
oxygen sublattice (see the Supplemental Material, Fig. S1
[31]) [29]. In the following, we present a sublattice-
resolved observation of near-surface cation transport at
the interface of 57Fe3O4 thin films and a Fe3O4 substrate by
nuclear forward scattering of synchrotron radiation (NFS),
taking into account its near-surface defect structure
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determined by in situ surface x-ray diffraction (SXRD) of a
similar Fe3O4 thin film.
Natural (001) oriented natFe3O4 single crystal substrates

(10 × 10 mm;miscut < 0.1°) were prepared by subsequent
cycles of Arþ sputtering at 5 × 10−6 mbar=1 kV, followed
by annealing at 930 K in ultrahigh vacuum (UHV). The last
annealing step was carried out in 1 × 10−6 mbar O2 to
form the (

ffiffiffi

2
p

×
ffiffiffi

2
p

) R45° pattern of the SCV reconstructed
surface [12]. Thin films were homoepitaxially grown by
reactive molecular beam epitaxy (MBE) at a substrate
temperature of 420 K in 8 × 10−7 mbar O2 (99.999%
purity) with a growth rate of 0.015 Å=s.
To label the cations of the near-surface region, a

70 Å57Fe3O4 thin film on natFe3O4 was grown from a
57Fe rod (99.99% chemical purity, enriched to 95% 57Fe)
and precharacterized after transfer through air by x-ray
photoelectron spectroscopy (XPS) at DESY NanoLab [38].
The near-surface defect structure of homoepitaxial mag-

netite thin films was studied at the SixS beamline of
SOLEIL [39]. A 52 Å natFe3O4 on natFe3O4 (001) sample

was prepared. Eight independent crystal truncation rods
(CTR) and their symmetry equivalents were measured
in situ. The CTRs were fitted by ROD from the
ANAROD package to a model consisting of three unit
cells with a lattice constant of a ¼ 8.394 Å based on the
SCV reconstructed magnetite surface with the structural
motif of an interstitial tet cation in the first atomic layer and
two oct vacancies in the layer below (see the Supplemental
Material Fig. S2 [31]) [12,27,40]. Comparison of the data
with simulated CTRs of bulk truncated and SCV surfaces in
Fig. 1(b) suggests that the SCV reconstruction is present,
but coexists with regions without long-range SCVorder. A
similar observation was made for surfaces annealed above a
critical temperature of 745 K [13]. The SCV reconstruction
is also lifted by formation of an iron rich octahedral pair
surface (partially) after deposition of a few monolayers of
iron on Fe3O4 [17]. At temperatures of 523 K as used
herein, iron diffusion from the surface into the crystal was
observed [17]. Low-energy electron diffraction (LEED),
probing a smaller surface area, confirmed the (partial)
presence of the SCV reconstruction for a comparable
50 Å thin film in Fig. S4‚ in the Supplemental Material
[31]. Only minor atom displacements compared to the
model were observed, but a substantial cation deficit of
up to 10% in the oct and tet sublattices was found, as shown
in Fig. 1(c); similar findings were reported for Fe3O4 thin
films on MgO and (001)-oriented spinel (MgAl2O4) surfa-
ces [41–43]. The approximate sum formula in the first three
unit cells therefore is Fe2.7O4 [42]. X-ray reflectivity (XRR)
suggests a cation deficit for the full depth of the thin film
(see Fig. S3 [31]). The Fe3O4-like structure was formed due
to kinetic stabilization by the substrate, although thermo-
dynamically unfavorable under the given conditions
[44,45]. A more detailed description of the homoepitaxial
growth of Fe3O4 will be given elsewhere.
Cation migration between the 70 Å 57Fe3O4 thin film and

its natFe3O4 (001) substratewas monitored by NFS at the P01
beamline of PETRAIII, operated in a 40-bunch mode with a
bunch separation of 192 ns. The photon energy was adjusted
to the 57Fe Mössbauer resonance at 14.413 keV by a high
resolution silicon monochromator with an energy resolution
of ∼1 meV [46]. Resonantly and nonresonantly scattered
photons were detected by four stacked avalanche photo
diodes. In situ annealing experiments were done in a UHV
chamber with a base pressure of 1 × 10−9 mbar, equipped
with a precalibrated ceramic heater and Fe-free Be windows.
NFS combines the spatial sensitivity of x-ray scattering

methods due to the temporal and spatial coherence of the
synchrotron beam with the isotope and chemical sensitivity
of Mössbauer spectroscopy probing the hyperfine inter-
actions of 57Fe. Time spectra (TS), the temporal evolution of
the signal due to an interference of the decays of excited
nuclear states, provide information about the composition
of the sample. They were measured at incidence angles
of 0.13° and 0.19° (below and above the critical angle

(a)

(b) (c)

FIG. 1. (a) The bulk unit cell of Fe3O4. Oxygen is shown in red,
Fetet in yellow, Feoct in light blue. (b) The (2,2) and (4,4) CTRs
(purple symbols) of the 52 ÅnatFe3O4 thin film on natFe3O4 (001).
The fit (light blue solid line) is compared with simulations for a
bulk truncated (yellow dotted line) and the SCV reconstructed
surface (green dashed line). (c) Layer-resolved cation occupancy
profile for iron tet (yellow) and oct (light blue) in the topmost
three unit cells of the thin film with the tet interstitial and oct
vacancies of the SCV surface.
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αc ¼ 0.175°), thus varying the probing depth around the
film/substrate interface. Nuclear resonant reflectivity (NRR)
probes the isotope depth profile on the subnanometer scale
and is therefore sensitive to subtle changes, as expected for
near-surface cation transport at modest temperatures
[24,47]. The sample was annealed stepwise respectively
at 470, 530, 600, 640, and 710 K for 15 min, reaching
pressures in the 10−7 mbar range due to residual molecules
desorbing from the sample environment. NRR and TS
were collected after each annealing step at room temper-
ature in UHV. Simultaneously measured XRR from
nonresonant photons enabled disentangling the isotope
depth-distribution determined from NRR and the electron
density. For the as-grown sample, XRR showed a minor
reduction of the electron density at the surface, maybe due
to surface oxidation. This is in agreement with the cation
deficit observed by SXRD and the slightly increased
amount of Fe3þ observed by XPS (see the Supplemental
Material, Figs. S5 and S6 [31]).
During annealing, the featureless XRR in Fig. S6

remained nearly unchanged whereas the single damped
oscillation of the NRR in Fig. 2(a) resulting from the
isotope contrast shifted toward higher angles. The cation
deficit in the near-suface region seemingly was maintained
despite the cation exchange across the thin-film/substrate
interface. Only subtle changes were observed in the TS in
Fig. 2(b).
The 57Fe depth distribution shown in Fig. 2(c) was

derived form a joint fit of NRR and TS with REFTIM,
based on the remodeled electron density profiles obtained
from XRR fitted with GenX [48–50]. The sample was
modeled by four slabs of variable thickness on the infinite
natFe3O4 substrate. From the sample surface, the slabs I

and II represent the 57Fe3O4 thin film, III the thin-film/
single crystal interface, and IV the top part of the natFe3O4

single crystal. To account for the progressing diffusion of
57Fe into the single crystal, a fifth slab was added below
for the annealing steps at 640 and 710 K. Two multiplets
are associated with the Fe3þ and on average Fe2.5þ cations
of the tet and oct sublattices in Fe3O4. For them, hyperfine
interactions, slab thicknesses, and roughnesses were fitted
separately. The deviating isomer shifts and hyperfine
fields of 48.9 T and 45.9 T for tet and oct cause two
characteristic, interfering beating patterns in the TS.
Fitting the TS thereby allows one to distinguish the lattice
sites. A third multiplet with maghemitelike hyperfine
interactions was allowed, but had no significant impact,
suggesting a formation of maghemite only below the
detection limit. All fit parameters and reference values of
the hyperfine interactions are given in the Supplemental
Material, Tables SI–SIV, densitiy normalized profiles in
Fig. S7 [31]. Isomer shift, hyperfine fields, and their
distributions stayed close to the values for Fe3O4 within
the typical experimental error, showing that no major
chemical transformation was caused by the annealing [51].
Initially, about 75% of the cation sites in slabs I and II

were populated by 57Fe. Remaining cation sites were
occupied by nonresonant isotopes, in the following termed
as nonFe. The 57Fe concentration in slabs III–V gradually
increased compared to natural Fe3O4, because deposited
57Fe and nonFe ions from the substrate likely intermixed
during deposition [52]. Annealing at 470 K decreased the
57Feoct concentration in slab III as well as the overall
concentration of 57Fe in slabs I and II, indicating 57Fe
transport toward the bulk. This trend continued for the
following annealing steps.

(a) (b) (c)

FIG. 2. (a) NRR curves (symbols) and corresponding fits (light blue solid lines) of a 70 Å57Fe3O4 thin film on Fe3O4. Time spectra
were measured at the angles indicated by dashed lines. For clarity, the curves are plotted with a y offset. (b) Time spectra (symbols) at
incidence angles of 0.13° and 0.19° measured after the heating steps and the corresponding fits (solid lines). Simulations with a 1∶2 ratio
of Fetet and Feoct using the fit parameters obtained for the sample after growth (top) and after annealing (bottom) at 710 K are shown as
dark blue solid lines for comparison. (c) Depth-dependent site-selective 57Fe distribution after the respective annealing step obtained
from NFS. The 57Fetet is shown in yellow, 57Feoct in light blue. The remaining iron sites are assumed to be occupied by nonresonant
isotopes shown in dark blue; 100% Fe refers to the density at the respective depth.
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The apparent 57Fetet=57Feoct ratio in the first two slabs
was close to 1∶1, with the amount of 57Fetet exceeding 33%
of the total iron in slab II. This partly is a result of site-
selective cation transport during deposition. As the for-
mation of 57Fe3þtet interstitials is highly unlikely in the given
chemical environment, the excess of 57Fetet beyond the
structural limits of Fe3O4 in slab II is attributed to charge
trapping effects observed in earlier Mössbauer spectros-
copy studies of understoichiometric Fe3−δO4 thin films
[53]. Electron hopping in the oct sublattice is faster than
the lifetime of the nuclear excitation. NFS therefore probes
the convoluted hyperfine interactions of 57Fe3þoct and 57Fe2þoct ,
termed 57Fe2.5þoct . These hyperfine interactions are clearly
distinguishable from those of 57Fe3þtet [30,53]. In under-
stoichiometric Fe3−δO4, five Feoct per vacancy are trapped
in a Fe3þoct state to compensate for the nominal −2.5 charge
of the vacancies in the oct sublattice. Thus, they do not
participate in the electron hopping. The hyperfine inter-
actions of Fe3þoct and Fe3þtet are strongly overlapping and
therefore barely distinguishable. The amount of 57Fe3þtet is
overestimated, and that of 57Fe3þoct is underestimated by the
fit [53]. The apparent surplus of Fetet estimated from NFS
largely agrees with the Feoct deficit of 10% suggested by
SXRD and also with earlier observations by x-ray resonant
magnetic reflectivity and Mössbauer spectroscopy [30,41].
To illustrate the cation transport process, the tet and oct

cation distribution profiles after the respective annealing
steps were subtracted from the initial state and plotted in
Fig. 3. Thermally induced cation transport across the thin-
film/substrate interface mainly takes place in the oct
sublattice, visible by the persistently decreasing 57Fe
concentration in slab II and increasing 57Fe concentration
in slabs III–V from 470 to 710 K. Significant cation
exchange in the tet lattice seems to start only at 640 K.
Two seemingly counterintuitive observations may result

from oxidation and reduction processes within the magnetite
structure. After annealing at 470 K, the 57Fetet amount
decreases. This can result from a reduction of the sample

surface. Being transferred through air, the sample was
slightly oxidized during the measurement at room temper-
ature, enhancing charge trapping and causing a seemingly
increased 57Fetet concentration due to the presence of 57Fe

3þ
oct .

Vacuum annealing reduced the 57Feoct, and thus caused the
seeming decrease of Fetet and the corresponding increase of
Feoct in slab I. The back diffusion of 57Fetet to the thin-film
surface at 710 K may be related to the onset of oxidative
regrowth of Fe3O4 reported for similar conditions [10]. This
process can partly compensate for the 57Fe migration into the
substrate, but also leads to oxidation and charge trapping
causing the increase of the 57Fetet-like hyperfine interactions.
For comparison of near-surface and bulk cation transport

in Fe3O4, diffusion coefficients were estimated by fitting
diffusion profiles to the overall 57Fe depth profiles at the
thin-film/substrate interface, as shown in the Supplemental
Material, Fig. S8 and Table SV [31].
Cation transport in bulk Fe3O4 in dependence of temper-

ature T and oxygen activity aO2
is described by the point

defect model by Dieckmann and Schmalzried [20,21,54].
Under reducing conditions, cations migrate via an inter-
sticialcy process in the tet sublattice, under oxidizing
conditions via a vacancy mechanism in the oct sublattice,
mainly depending on the vacancy formation that saturates
under oxidizing conditions outside the thermodynamic
stability range of Fe3O4 [20–22,54]. Further details are
given in the Supplemental Material [31]. The measured
near-surface diffusion coefficients are up to 5 orders of
magnitude smaller compared to the point defect model, but
in agreement with previously reported near-surface diffu-
sion coefficients determined in a similar temperature range
by neutron reflectivity, and larger than diffusion coefficients
expected under fully stoichiometric conditions. The latter
are considered as the lower limit for cation transport in
magnetite [52,55]. Near-surface diffusion coefficients are
plotted in Fig. 4 together with the point defect model for
similar conditions and for perfectly stoichiometric magnet-
ite without formation of additional defects [21]. Obviously,
our kinetically stabilized, cation deficient sample, as proved
by SXRD and NFS, is not described accurately by the point
defect model, even in view of its limited reliability at low
temperatures [56]. Considering the nearly linear relation of
temperature and diffusion coefficients in the small probed
temperature range and the observation of cation transport
mainly in the oct sublattice, the vacancy part of the point
defect model can be reverted to the basic diffusion equation
in its Arrhenius form in Eq. (1) [57]:

D ¼ D0e
−Ea
RT ¼ γfd2xvacνe

−ΔSm
RT e

ΔHv
RT e

ΔHm
RT ð1Þ

From the Arrhenius plot in Fig. 4 EA ¼ 19� 32 kJ=mol
and D0 ¼ 3.5 × 10−20�3 m2=s were estimated. Despite the
considerable error, they are clearly smaller than the bulk
values of EA ¼ 86 kJ=mol and D0 ¼ 4.43 × 10−15 m2=s

FIG. 3. Occupancy difference in the tet and oct sublattice
between the initial 57Fe distribution and after annealing at the
respective temperature. The vertical line marks the center of thin-
film/substrate interface at a depth of a 90 Å.
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from the point defect model [54]. The decrease of both D0

and EA is in good agreement with the more general
correlation of EA and D0 described by Faupel et al. for
crystalline but also amorphous materials and the data for
metallic glasses found by Gupta et al. [24,25,58].
While the precise mechanistic distinction between

near-surface and bulk transport remains unclear, splitting
Eq. (1) into its components allows one to identify
influences reducing D0 and EA, as previously demon-
strated by Stelter et al. [59].
Depending on the crystal geometry, the lattice specific

geometric factor γ and the jump distance d are not expected
to change significantly in the near-surface region. The
correlation factor f, 0 for random and 1 for fully correlated
jumps, cannot cause a difference in D0 of several orders of
magnitude. Instead the increased vacancy concentration xvac
in the near-surface region, leading to electronic changes
visible as charge trapping in NFS and structural distortions
in SXRD, may have decreased EA, consisting of the entropy
of motion ΔSm, as well as the vacancy formation and
motion enthalpies ΔHv and ΔHm, by reduction of ΔHv.
Charge trapping also may have significantly reduced the
attempt frequency ν that commonly is on the order of
1013 1=s, causing the reduction of D0. This is well in line
with the vacancy diffusion mechanism suggested by
Muhich et al.During migration, an Fe3þ cation neighboring
a vacancy is partly reduced requiring charge redistribution
in the oct lattice that is hindered by charge trapping in
understoichiometric Fe3O4 [23]. This may also explain the,
albeit to a lower extent, experimentally observed slower
cation migration in understoichiometric bulk Fe3O4 [60]. In
the near-surface region, oxidative regrowth at the surface, as
observed by Nie et al., may have further counteracted the
cation exchange between bulk and tracer film, without
affecting the actual diffusion mechanism [10].

In summary, we used a 57Fe3O4 tracer film to probe
temperature induced near-surface cation transport by NFS
and evaluated the results with respect to the defect structure
of homoepitaxially grown Fe3O4, determined by SXRD.
Site selective monitoring of composition and 57Fe depth
distribution indicated cation transport starting at 470 K from
the thin film to the substrate, mainly via the octahedral
sublattice in agreement with the vacancy mechanism in the
point defect model, although with considerably smaller
diffusion coefficients. Arguably, this can be attributed to
the high near-surface defect concentrations affecting the
vacancy transport mechanism. The proposed interplay of
near-surface defect structure and cation transport is particu-
larly relevant for thin-film preparation, nanostructured
catalysts, and nanoparticles with their high surface-to-
volume ratio. As the probed MBE-grown thin film, these
structures are to a large extent kinetically stabilized [2,9].
The slow cation migration may be a reason for the formation
of Fe3O4 even under thermodynamically unfavorable con-
ditions in heteroepitaxial thin-film growth [45,61] or, in
general, kinetically hinder the transformation of metastable
perovskite phases [62]. Slowing down cation transport by
defect engineering helps to prevent the structural degrada-
tion of nanoparticles in medical applications, as well as to
stabilize catalytic sites in heterogeneous catalysts improving
their performance.
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