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Observation of iron diffusion in the near-surface region of magnetite at 470 K
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Experiments are reported, which allow us to quantify the near-surface cation diffusion in (001) oriented

Fe; 0, single crystals at temperatures between 470 and 770 K. Thin homoepitaxial films of magnetite, grown
using isotopically labeled 3"Fe, were investigated by neutron reflectivity and time-of-flight secondary ion mass
spectrometry. By heating the thin films in high vacuum to different temperatures for a well-defined time and
determining the >'Fe distribution along the surface normal, the diffusion lengths are obtained. For the investigated

temperature range, diffusion constants of the order of 1072° m?/s are deduced. These results are important in
view of near-surface mass transport induced by oxygen chemical potential differences occurring when magnetite

is exposed to different gas atmospheres or by adsorbates.
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I. INTRODUCTION

Iron oxides are used in catalysis, material science, and
in the development of spintronic devices [1]. As corrosion
products, iron sources, and pigments, iron oxides are known
for centuries [1,2]. Magnetite (Fe;04) was one of the first
known magnetic materials and gave rise to the discovery of
ferrimagnetism [3]. It also proved to be an excellent catalyst
for the water-gas-shift reaction (CO + H,O — H; 4+ CO,) [4]
as well as the Fischer-Tropsch synthesis [5]. More recently,
Fe3;O4 was proposed as a material for spintronics, even though
the application is still challenging because of interface effects
[1,2,6-8]. Due to the good control of the synthesis process and
the wide functionalization possibilities, Fe;O4 nanoparticles
are used to assemble hierarchically structured materials of su-
perior mechanical properties [9,10]. The electronic character-
istics in spintronic applications and the adsorption behavior of
molecules like educts in catalytic reactions or nanoparticle’s
ligands strongly depend on the surface chemistry of Fe;O4 [1].
To tune the material’s properties for these applications, a pre-
cise description of the processes at the magnetite surface and
its interfacial chemistry is necessary [1,11]. These processes
include alterations of the Fe;O, surface through near-surface
mass transport [12—14].
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Magnetite (Fe3;O,4) consists of a face centered cubic (fcc)
oxygen sublattice containing Fe* in 1/8 of the tetrahedral
lattice sites and Fe®>" and Fe** occupying 1/4 of the octa-
hedral lattice sites, each. Above the Verwey temperature of
125 K, the charge of the octahedral cations can be considered
as equivalent to Fe;rczt'5 due to electron hopping in the octahe-
dral sublattice (Fe* + ¢~ = Fe?*) [1,15]. While the Verwey
temperature is highly sensitive to the chemical composition,
the inverse spinel structure of magnetite tolerates minor de-
viations from the ideal stoichiometry [16]. Under ultrahigh
vacuum (UHV), a (+/2 x +/2) R45° surface reconstruction is
formed on the (001) surface [1]. Having one extra interstitial
tetrahedral Fe ion and two octahedral subsurface Fe vacan-
cies the so-called subsurface cation vacancy stabilized (SCV)
surface is nonstoichiometric with one net iron vacancy per
unit cell [12,13]. The reconstruction is reported to get lifted
upon water, formic acid, and atomic hydrogen adsorption at
room temperature, in line with a reduction of the surface
[13,17-20]. Observations by low energy electron microscopy
(LEEM) revealed a regrowth of many Fe;O4 layers upon
exposure of the surface to 1.3 x 107® mbar oxygen at 1000 K
by diffusion of Fe cations to the surface [14]. Regrowth and
the formation and lifting of the surface reconstruction involve
near-surface diffusion of iron cations at low temperatures.
The details are so far not well understood. To the best of
our knowledge, cation diffusion in magnetite has been studied
only in the bulk at temperatures above 770 K [21].

Experiments on bulk diffusion using *°Fe and Fe as a
radioactive tracer for depth profiling were carried out for bulk
Fe;O4 in a temperature range between 1170 and 1670 K.
The oxygen activity ap, was varied from reducing to ox-
idizing conditions in these experiments. From the results,
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the point defect model for diffusion in Fe;04 with different
diffusion pathways for reducing and oxidizing conditions
was developed by Dieckmann and Schmalzried [22-25]. The
model was confirmed experimentally by Mossbauer spec-
troscopy and tracer diffusion experiments for temperatures
as low as 770 K [21,26,27]. A theoretical verification with
a description for the low temperature region was given by
computer coupling of phase diagrams and thermochemistry
(CALPHAD) [28]. Under oxidizing conditions at elevated
oxygen pressures, cation vacancies are reported to be the
predominant defects in magnetite [29]. Transport processes
are therefore proposed to be mediated via a vacancy mecha-
nism with cations moving through the crystal by hopping to
neighboring vacant sites [22,23]. Under reducing conditions
in the absence of oxygen, Frenkel pairs, the combination of a
cation vacancy at a regular lattice site and an interstitial atom,
are the predominant defects. In this regime, cation motion
is proposed to be mediated via an interstitial mechanism
with cations hopping along interstitial sites or, more likely,
an interstitialcy mechanism [27]. In the interstitialcy mecha-
nism, interstitial cations replace cations on regular lattice sites
which simultaneously become interstitial cations [30]. The
vacancy formation was found to scale with the oxygen activity
as ao,”* and the oxygen activity dependence for intersti-
tial formation as ap, >3 [22,23,29]. The formation enthalpy
of cation vacancies in Fe;O4 under oxidizing conditions is
negative [31], shifting the chemical equilibrium to a lower
number of cation vacancies for increasing temperatures and
constant oxygen pressures. Despite the higher mobility of the
vacancies for increasing temperatures, the cation motion via
the vacancy mechanism is decelerated due to the reduced
number of defects for increasing temperatures and constant
ao, resulting in a negative effective activation energy for the
vacancy process [31,32]. Accordingly, the transition point
from the vacancy to the interstitial mechanism is temperature
dependent and shifts to higher temperatures for increasing
oxygen pressures. The formation enthalpy of interstitials in
oxidizing and reducing conditions is in contrast strongly
positive. With the enhanced mobility of interstitials for higher
temperatures, this leads to an acceleration of the interstitial
diffusion at increasing temperatures [29]. Mossbauer spec-
troscopy studies showed that the vacancy mechanism mainly
involves octahedral cations and vacancies, while the inter-
stitial and interstitialcy mechanism predominantly involves
tetrahedral cations and vacancies. The diffusion process can
be considered to be charge independent as the observations
were made well above the Verwey temperature [26,27]. In a
recent DFT study the vacancy diffusion within the octahedral
lattice was studied at 1073 K. For the hopping between two
octahedral lattice sites, an activation energy of 0.70 eV was
calculated with an activation energy of 0.65 eV to hop to
an intermediate tetrahedral site and further 0.05 eV to hop
to a stable octahedral position [33]. The influence of oxygen
transport is small compared to the iron transport, as oxygen
anions form a rather perfect fcc lattice for stoichiometries
from FeO to y-Fe, 03 [26,29].

While the bulk cation diffusion at high temperatures is
extensively studied and quite-well understood, the transport
processes at low temperatures and particularly around the
near-surface region are still largely unknown. A better knowl-
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FIG. 1. Schematic description of the experimental procedure. By
subsequent annealing steps, the originally sharp interface between
the ’Fe;0, thin film and the substrate is more and more smeared
out resulting in an increased roughness of the isotopic composition
profile. The isotope distribution is determined by neutron reflectivity
and time-of-flight secondary ion mass spectrometry (ToF-SIMS).

edge of near-surface diffusion processes is particularly impor-
tant since devices utilizing surfaces and thin films are the main
objects for applications in catalysis and spintronics. Making
use of the specific neutron scattering lengths of different iso-
topes near-surface diffusion can be studied at the nanometer
scale using neutron reflectivity. The determination of diffusion
lengths below 1 nm was reported for isotopic Si'*N/Si">N
and Y’Fe/°°Fe multilayer systems [34-37]. In this kind of
experiment, the depth resolution depends on the quality of
the interface between the substrate and the isotope film. The
interfacial roughness between the isotopically labeled layers
has to be small to allow neutron interference effects at the
isotope interface while a chemically homogenous sample is
needed to model the diffusion correctly.

Here isotopically labeled >’Fe;Oy4 thin films grown ho-
moepitaxially on (001)-oriented natural Fe;O, crystals by
reactive molecular beam epitaxy (MBE) were used to study
the near-surface cation diffusion in magnetite in the catalyti-
cally relevant temperature range between 470 and 770 K [11].
The growth conditions of the thin films were chosen in order
to achieve a chemically nearly homogenous sample and the
lowest possible intermixing of 3’Fe and substrate during the
sample preparation. Taking advantage of the different neutron
scattering lengths of iron in the natural isotopic composition
natEe (b = 9.45 fm) and 3’Fe (b = 2.31 fm) [38], the diffusion
process perpendicular to the sample surface was followed by
neutron reflectivity (NR) averaging over the complete sample
surface after subsequent annealing steps (see Fig. 1). Com-
plementary time-of-flight secondary ion mass spectrometry
(ToF-SIMS) depth profiling was conducted after the neutron
experiments to obtain direct and more local information about
the 3’Fe distribution. We observed cation interdiffusion at
temperatures as low as 470 K and estimated near-surface
cation diffusion coefficients in the order of 1072 m?/s. Our
observations indicate the presence of a low temperature near-
surface diffusion process as proposed in conjunction with
the formation and lifting of the (ﬁ X ﬁ) R45° surface
reconstruction on Fe;04(001) [18] and a recently observed
reversible order-disorder phase transition upon heating the
Fe3;04(001) surface [19].
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II. EXPERIMENTAL DETAILS
A. Thin-film growth

Epitaxial >'Fe;0, thin films were grown by molecular
beam epitaxy (MBE) in the UHV system of the DESY
NanoLab [39] with a base pressure in the growth chamber of
3 x 107! mbar. The growth chamber is equipped with a low
energy electron diffraction (LEED) and Auger electron spec-
troscopy (AES) system. A (ﬁ X ﬁ) R45° reconstructed
(001) surface was prepared on (001) oriented natural single
crystalline Fe;O,4 substrates (10 x 10 mm, miscut <0.1°)
by multiple cycles of Art sputtering at 5 x 107® mbar at
1 keV and subsequent annealing at 930 K in UHV. The final
annealing step was carried out in 1 x 10~® mbar oxygen
as described elsewhere [12,13]. The thin films were grown
from a >’Fe rod (99.99% chemical purity, enriched to >95%
>7Fe) heated by electron bombardment at a growth rate of
0.025 A/s in 4 x 107 mbar oxygen (99.999% purity) at a
substrate temperature of 420 K. Iron flux and pressure were
kept constant (+£5%) during deposition, the heating station
was precalibrated for conducting substrates using a Ni-CrNi
thermocouple. The growth rate was precalibrated by x-ray
reflectivity measurements of a test sample on Al,Os3.

B. Post-growth characterization and annealing

The samples were precharacterized by LEED and AES
directly after growth before being transferred to air. For the
x-ray photoelectron spectroscopy (XPS) measurements, the
sample was transferred at ambient conditions and measured in
the XPS system at DESY NanoLab [39]. The measurements
were carried out using a high-resolution two-dimensional de-
lay line detector. Spectra were recorded in fixed transmission
mode using a monochromatic Al K, x-ray source (photon
energy 1486.6 eV /A = 8.34 A; anode operating at 15 kV).
A pass energy of 20 eV was chosen, providing an overall
energy resolution better than 0.4 eV. Charging effects were
compensated by using a flood gun. The binding energies were
calibrated based on the graphitic carbon s peak at 284.8 eV.
X-ray reflectivity (XRR) measurements were carried out ex
situ before and after the diffusion experiment with a com-
mercial x-ray diffraction system in 6/26 geometry using Cu
K, radiation (A = 1.54051 A) at the DESY outstation of the
Helmholtz Zentrum Geesthacht (HZG). The cation diffusion
was induced by annealing in UHV in the MBE system at the
Jiilich Center of Neutron Science (JCNS), Garching outstation
with a base pressure in the 10~ mbar range. After a warm-
up period of 10 min, the samples were kept at the desired
temperature for 15 min. During annealing pressure rose up to
1.2 x 1077 mbar, most likely resulting from water adsorbed
on the sample and the sample holder. The temperature was
controlled by a thermocouple at the heating station. Sample
transfer to the neutron instrument was performed under ambi-
ent conditions.

C. Neutron reflectivity

Neutron reflectivity (NR) studies were carried out ex situ
in ambient atmosphere at the MARIA instrument of the Jiilich
Centre for Neutron Science (JCNS) at the Heinz Maier-
Leibnitz Zentrum (MLZ) in Garching [40,41]. The reflec-

tometer is operated in an angular dispersive 6 /26 mode with
the neutron beam monochromatized by a velocity selector
with an energy resolution of 10% [40]. To optimize flux and
resolution, the reflectivity curves were acquired at a wave-
length of 10 A until g = 0.0395 A~! (1.8°) and at 5 A from
g =0.0351 A~! (0.8°) to the highest measured momentum
transfer g derived by ¢ = 4Tﬂ sin(@) with the incident angle
0. Integration times for the low g regime were between 30
and 350 s, for the high g regime between 300 and 550 s at
an angular resolution of 0.05°. For evaluation, the data were
footprint corrected.

D. ToF-SIMS

For measuring ToF-SIMS depth profiles the samples
were introduced into a UHV chamber with a pressure of
2 x 1078 mbar at TU Wien after the neutron experiments.
Bombarded with a pulsed 25 kV Bi] ion beam the sample
emits positive secondary ions which are extracted to the ToF
analyzer. The material was eroded by a continuous 2 kV
O5 ion beam. The analysis was performed with interlaced
settings of the primary gun, sputter gun, and analyzer in high-
current-bunched mode to provide a good mass resolution. The
measurements were obtained in an area of 100 x 100 pm?
with a spatial resolution of 64 x 64 pixels. This field of view
was centered into a sputtered crater of 300 x 300 pum?. For
the charge compensation the analysis area was flooded with a
21 V electron gun. The depth calibration of the ToF-SIMS
measurement was done with a mechanical profilometer to
correlate the sputter time with depth of the sputter crater.

III. RESULTS AND DISCUSSION
A. Growth of Fe;O4 on Fe;04(100)

Based on procedures established for the growth of
Fe;04 on MgO, the homoepitaxial growth of Fe;O4 on
Fe;O4 was performed. A relatively high oxygen pressure of
4 x 1079 mbar was chosen for the film preparation to prevent
the deposition of metallic iron within the films [42-44].
Growth studies of Fe;O4 on MgO suggest that interfacial dif-
fusion during growth increases at temperatures above 520 K,
indicating already significant cation exchange [45]. Growth
experiments on Fe;O4 single crystals were therefore per-
formed in a temperature range from room temperature up to
approximately 520 K, a temperature commonly chosen for
the growth of Fe;O4 on MgO [44,45]. Auger-electron spectra
(AES) of the as-prepared crystal and thin films deposited at
room temperature [see Fig. 2(a)], 420, and 520 K consistently
show a double peak instead of a sharp iron MNN line sug-
gesting the absence of metallic iron and formation of iron
oxide [46]. Nevertheless, a (ﬁ X ﬁ) R45° reconstruction
as formed on the clean substrate [see Fig. 2(b)] was only
observed by LEED for films grown at 520 K [see Fig. 2(c)]
and slightly weakened for the films grown at 420 K [see
Fig. 2(d)]. The sample grown at room temperature was un-
reconstructed with a clearly visible (1 x 1) unit cell pattern
of Fe;0,4 [see Fig. 2(e)]. X-ray photoelectron spectra (XPS)
of a thin film grown at 420 K at a reduced oxygen pressure
of 8 x 1077 mbar showed a good agreement in the signature
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FIG. 2. AES measurements and LEED patterns at 100 eV of Fe;O4 films grown on Fe;0,4 (001) substrates. (a) AES of the clean surface
(blue solid line), the Fe film (green dotted line), the Fe;O, film grown at room temperature (red dashed line), and the Fe;0, film grown at 420 K
(orange dashed-dotted line). The curves are displaced for the sake of clarity. (b) LEED pattern of the clean (v/2 x +/2)R45° reconstructed
substrate surface. The (1 x 1) and (v/2 x +/2) unit cells are highlighted in red and yellow. (c)—(e) LEED patterns of thin films grown at 520 K,
420 K, and room temperature, respectively. No reconstruction was observed for the sample grown at room temperature, while the reconstruction
spots are clearly visible for the clean surface and the samples grown at 420 and 520 K. (f) LEED pattern of a pure Fe(100) film grown at room

temperature for comparison.

of the 2p core level compared to the one of the pure Fe;O4
substrate (see Fig. S4 in the Supplemental Material [47]).

The results of the growth studies were crosschecked by
growing a pure iron film at room temperature in the absence
of oxygen. Already for film thicknesses of less than 10 A, the
smaller unit cell of Fe (001) [48] was observed by LEED in
Fig. 2(f) and the Fe MNN line observed by AES indicated the
presence of metallic iron on the surface as shown in Fig. 2(a).
The deposition of larger quantities of metallic iron in oxygen
atmosphere which might influence the near-surface diffusion
is therefore unlikely.

Two samples of different thicknesses were prepared for the
diffusion experiments (sample A: 175 A, sample B: 248 A).
A deposition temperature of 420 K was chosen to reduce
interdiffusion during deposition by lowering the temperature
while ensuring a stoichiometry close to Fe;O,4. For AES and
LEED data of samples A and B see Figs. S1, S2, and S3
in the Supplemental Material [47]. Weak oscillations were
observed in the x-ray reflectivities (XRR) of samples A and
B [see Figs. 3(a) and 3(b)]. Assuming a sample structure
consisting of the Fe30, substrate, a °'Fe;0, layer with a
slightly reduced density, a surface layer with a further reduced
density, and a layer of adsorbed water, the XRR data were
fitted using Parratt’s formalism [49]. As the oscillations in the
XRR of sample B had vanished after annealing, this curve
was fitted with only one 3TFe;04 layer. For all curves, the
fit parameters can be found in Table S1 in the Supplemental
Material [47]. Thicknesses of 175 and 248 A of the Fe;0,
layers on samples A and B, respectively, were obtained from

the fit. The fitted electron density profiles show a slightly
reduced electron density in the deposited film compared to
the substrate [see Figs. 3(a) and 3(b) inset] with electron
density differences of 3% for sample A and 4% for sample
B. From the electron density difference a cation deficit in
the layers of up to 7% was calculated, probably resulting
from morphological or stoichiometric deviations of the film
and the substrate. These deviations probably were caused
by the comparatively high O, pressure in the deposition
process. The inverse spinel structure of magnetite tolerates
stoichiometric deviations [16], however the presence of the
(v/2 x +/2) R45° surface reconstruction observed by LEED
suggests that the deposited °'Fe formed an epitaxial Fe30y4
film on the substrate. The interfacial and surface roughnesses
seemed to increase after annealing while the electron density
differences between film and substrate altered slightly for both
samples. No systematic change was observed for the water
layer resulting from air humidity. Nevertheless, reactions with
adsorbed water might have caused the surface roughening
observed after annealing [19].

B. Neutron reflectivity

The large scattering length density (SLD) difference be-
tween the >’Fe30, film (SLD = 0.407 fm/A?) and the Fe;04
substrate (SLD = 0.697 fm/A%) [38] is expected to result
in distinct oscillations in the NR of the samples A and B
(see simulations in Figs. S5 and S6 in the Supplemental
Material [47]). In the course of the annealing steps, these
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FIG. 3. XRR and electron density profiles (insets) of (a) sample
A before (blue circles, fit solid line, displaced by a factor of 10) and
after (red triangles, fit solid line) annealing at 470 K in UHV and
(b) sample B before (blue circles, fit solid line) and after (red trian-
gles, fit solid line) annealing at 470, 570, 670, and 770 K in UHV.
Weak oscillations of the reflectivities and the fitted electron density
profiles indicate a density difference between films and substrates
before (blue solid lines) and after (red dotted lines) the diffusion
experiments. For both samples, the surface notably roughened after
UHV annealing.

oscillations are expected to fade out due to the intermixing of
cations of the film and the substrate. A notable damping of the
oscillations’ amplitudes observed in the NR curves measured
before the annealing procedure indicated a rather blurred in-
terfacial distribution of 3’Fe already at the start of the neutron
scattering experiment (see Figs. 4 and 5). The isotopically
rough interface likely resulted from interdiffusion processes
over the whole film thickness during the 3'Fe deposition at
temperatures of about 420 K. This effect at comparatively low
temperatures might be related to the sensitive balance of O,
pressure and °’Fe deposition rate during the growth to obtain
a stoichiometric film. A regrowth process comparable to the
process described in [14] for annealing at about 800 K and
1.3 x 107% mbar O, might have taken place in parallel to
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FIG. 4. NR curves and fits of sample A (175 A "Fe;0, layer on
natural Fe;O,) before (blue circles/blue solid line) and after UHV
annealing at 470 K (green squares/green solid line). The curve’s
maximum intensities were normalized to 1 and the curve after
annealing was shifted by a factor of 4 for the sake of clarity. SLD
profiles (inset) before annealing (blue solid line) and after annealing
(green dotted line) were obtained from the NR curves. The SLD
profile of an ideally flat 3TFe;0,4 /Fe; Oy, interface is shown in black.

SLD [fm/A%
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FIG. 5. NR curves and fits of sample B (248 A *’Fe;0, layer on
natural Fe;0,) before (blue circles/blue solid line) and after subse-
quent UHV annealing steps at 470 K (green square/solid line), 570 K
(yellow hexagons/solid line), 670 K (orange triangles/solid line),
and 770 K (red stars/solid line). The curve’s maximum intensities
were normalized to 1 and for the sake of clarity, the curves after
annealing to 470, 570, 670, and 770 K were shifted by factors of
4, 16, 64, and 256, respectively. SLD profiles (inset) were fitted to
the NR curves. They are shown for the state before annealing (blue
solid line), and after annealing to 470 K (green dotted line), 570 K
(yellow dashed line), 670 K (orange dashed-dotted line), and 770 K
(red dashed-double-dotted line), respectively. The SLD profile of an
ideally flat "Fe;0,/Fe;0, interface is shown in black.
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the deposition of ’Fe at 420 K in 4 x 107® mbar O, and
explains the notable intermixing of the iron isotopes at the
film-substrate interface observed for both samples. However,
the density difference of film and substrate observed by XRR
after preparation indicates that no complete stoichiometric
equilibration between the layers took place. The thin film
either contains a high number of crystallographic defects
or the morphology of the film was not perfect reducing its
average density.

The NR curves were fitted using GenX [50] modeling the
SLD profile by three layers and a Fe;O4 substrate taking into
account the observed roughness effects. The layers represent
the three zones of the film: the interdiffusion zone of the
substrate where °'Fe was incorporated during the growth, the
mixed zone of the thin film, where iron from the substrate
was incorporated into the film, and the undisturbed zone at
the surface, which consists of nearly pure >’Fe;0y4. The fit
parameters are shown in Tables S2 and S3 in the Supplemental
Material [47], respectively.

The NR of sample A (see Fig. 4) contained a single
oscillation at about ¢ = 0.05 A~'. After annealing at 470 K
in UHV for 15 min, a minor damping of the oscillation’s
amplitude and a small shift of the oscillation to higher g values
were observed in NR indicating a slight further roughening of
the film-substrate interface and a decreasing effective thick-
ness of the >’Fe;0, film caused by ’Fe diffusion into the
substrate. Before annealing the fitted SLD at the surface of
sample A was identical to the SLD of "Fe;04 (0.407 fm/ A3).
From the surface, the SLD increased approximately linearly
throughout the film to 0.698 fm/A3. This is identical to
the SLD of Fe;O4 of the natural isotopic composition (see
Fig. 4, inset). The linear slope of the SLD profile with rough
interfacial regions points towards an intermixing of 3’Fe and
Fe ions during growth in contrast to the relatively sharp
interface as observed by XRR for the electron density [see
Fig. 3(a)]. After annealing, the overall SLD increased as a
result of the diffusion of natural Fe into the film. The slope
in the profile became steeper due to the smaller effective film
thickness.

Sample B was subsequently heated to 470, 570, 670, and
770 K for 15 min each. Neutron reflectivities measured ex
situ after each annealing step showed a progressive damping
of the oscillations until a Fresnel-like curve without any
observable oscillation appeared after heating to 670 K (see
Fig. 5). Further heating to 770 K yielded no change of the
reflectivity. The oscillations slightly shifted towards higher g
values, suggesting a decrease of the 3’Fe3;Oy-film thickness
during the annealing process. The SLD profile fitted to the
NR before annealing (see Fig. 5 inset) had a layered structure.
After increasing linearly from the sample surface to a plateau
at 0.6 fm/ A3 the SLD increased to the SLD of natural Fe;0y4.
The profile’s shape reflects the three layers assumed in the
fitting procedure. Annealing the sample at 470 K for 15 min in
UHYV had a small but significant effect. The overall increase of
the SLD while maintaining the profiles’s three zones suggests
a uniform diffusion of the iron cations from the bulk up to
the sample surface. Annealing to 570 K lead to a notable
increase of the scattering length density throughout the film.
After the annealing to 670 and 770 K nearly identical flat
SLD profiles were observed, indicating an equilibration of

the °'Fe concentrations in the film and the bulk after the
annealing step to 670 K. The characteristic shape of the SLD
profile disappeared as cations from the substrate reached the
film surface. The curves measured after annealing to 670 and
770 K were therefore fitted with a model consisting only of a
substrate and one layer instead of three.

For both samples A and B, a nearly uniform diffusion
front of mainly *°Fe cations from the substrate into the film
was observed for the different annealing temperatures. Hence
an inwards diffusion of >'Fe into the substrate is the logical
consequence.

C. ToF-SIMS

After the annealing experiments, complementary time-of-
flight-secondary ion mass spectroscopy profiling (ToF-SIMS)
of both samples in their final state was carried out. ToF-SIMS
profiling of sample A showed a decreasing °'Fe signal from
the sample surface towards the bulk after being annealed at
470 K for 15 min in UHV [see Fig. 6(a)]. This observation
is in agreement with the NR results showing an increase of
the SLD within the film from the surface to the substrate due
to the decreasing concentration of >’Fe. A reduced overall
intensity in the near-surface region corresponds well to the
film thickness supporting the assumption of a reduced density
of the film previously made based on the XRR measurements.
For sample B which was in total heated for 60 min at tem-
peratures up to 770 K, the ToF-SIMS profile is nearly flat
[see Fig. 6(b)]. NR and ToF-SIMS consistently show that the
"Fe304 concentration csig,o, between the film and the bulk
equilibrated after the annealing procedure. For ToF-SIMS,
Cs7ge,0, At a given position is calculated via Eq. (1):

1571::e

ey

CS7Fe3O4 = _I,“,,[F .
S

From the measured SLD (SLDpeqs) ¢s7ge,0, at a given depth
is calculated via Eq. (2), using the SLD of natural Fe;O4
(SLDuupe,0,) and the SLD of *"Fe304 (SLDsrge,0,):
SLDmeas - SLD““‘F6304
SLD57F3304 — SLDnmpe}()4 -

C5TFe;0, — (2)
As the SLD links scattering length and mass density, the pa-
rameters cannot be easily separated. A reduced sample density
or surface roughness have the same effect on the SLD as a
lower scattering length resulting from the sample’s isotopic
composition. This effect is negligible calculating csige,o, by
Eq. (2) as the determination of the tabulated scattering lengths
of natural Fe and its isotopes is not fully consistent due
to differing isotope compositions of the reference samples.
Taking this into account, an error of at least 10% has to be
considered for the calculation of the concentrations [38].
Nevertheless, the concentration profiles of sample A cal-
culated from the SLD profiles after growth and after heating
to 470 K and from the ToF-SIMS profile after annealing
are in good agreement (see Fig. 7). Note that the fraction
of isotopically labeled *’Fe;O4 decreases upon further an-
nealing, as seen by the decrease of the area underneath the
SLD profiles. The concentrations obtained from both NR
and ToF-SIMS consistently show the 3'Fe enrichment at the
sample surface and the decay of csp, at the film/substrate
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FIG. 6. ToF-SIMS profiling of (a) sample A after annealing to
470 K and (b) sample B after annealing to 770 K. The depth-
dependent intensities of >'Fe (orange dotted line), the other iron
isotopes (>*Fe, Fe, *®Fe, red dashed line), and the total iron intensity
of all isotopes (blue solid line) are shown. The interdiffusion zone
is clearly recognizable for sample A, whereas no *’Fe gradient was
observed for sample B.

interface. Comparing the profiles derived from NR before and
after annealing to 470 K, the decrease of csig. throughout
the film is clearly recognizable. For the film thickness and
the shape of the concentration profile within the film the
different methods yield nearly identical results. Differing from
the c¢s1pe,0, profiles obtained from NR, a region of constant
STFe;04 near the sample surface and an increased csige,o,
up to 200 A in the bulk are featured in the concentration
profiles calculated from ToF-SIMS. As the sputtering process
of the ToF-SIMS profiling not only removes material but also
causes intermixing of isotopes in the ablation region, °'Fe
might have been dragged deeper into the sample during depth
profiling. This might explain the region of constant csp,0,
at the sample surface and the increase of csipe,o, in the first
few A of the substrate compared to the profiles derived from
NR. Furthermore, a low cs7p,0, in the bulk cannot be resolved
by NR as reflectivity in general can only resolve scattering
length differences with an accuracy of a few percent. The
tailing of csige,, into the substrate observed by ToF-SIMS
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FIG. 7. Depth-dependent 3’Fe concentration profiles of sample
A calculated from the SLD-profile before (blue solid line) and
after UHV annealing to 470 K for 15 min (green dotted line) in
comparison with the profile calculated from the ToF-SIMS intensity
after annealing (orange open-dotted line).

therefore was not observable by NR. The smearing out of
the *"Fe profile in the first few A obtained by NR compared
to the profile obtained from ToF-SIMS is most likely related
to surface roughness effects and the layer model applied for
fitting the NR curves. As NR, unlike ToF-SIMS, probes an
extended surface area, the concentration profiles derived from
the SLD represent the average concentration profile of the
whole sample. Local inhomogeneities that might result from
the growth and temperature gradients during the annealing
process causing inhomogeneous diffusion might also strongly
influence the outcome of the ToF-SIMS profiling without
being instantly recognizable.

D. Estimation of diffusion coefficients

The results of the NR measurements obtained after sub-
sequent annealing steps, allow for estimating the diffusion
lengths and coefficients. The relative change in the SLD pro-
files after each annealing step needs to be determined. Since
the interface between the regions with and without >’ Fe is not
abrupt, but rather smeared out and also not identical in shape,
some representative average value needs to be determined.
To this end, first a single exponential function was fitted to
the SLD profiles from the different measurements (see Figs.
S7 and S8 in the Supplemental Material). It was found that
this function shape gives a rather accurate overall description
of the SLD change from the bulk towards the surface. The
choice for such a procedure and fit function was found to work
with the obtained SLD profiles in the investigated temperature
range and to be sufficient for the accuracy needed here. The
following fit function, containing one single parameter / for
the characteristic interface width, was used:

SLDpeas = SLDfe,0, — ASLDe 7. 3)

For sample A, the position of the interface of film and
substrate was set to xo = 175 A, for sample B, xo = 248 A.

023406-7



STEFFEN TOBER et al.

PHYSICAL REVIEW RESEARCH 2, 023406 (2020)

TABLE 1. Diffusion coefficients and diffusion lengths determined from the characteristic width.

Sample Temperature (K) Annealing time (s) Pressure (mbar) Characteristic width (A) xg (A) (fir) D (m?/s)
A175A 290 - 110 - -

A175A 470 900 1.8 x 1073 91 17£10 3 x 1072
B 248 A 290 - 130 - -

B 248 A 470 900 7.7 x 1078 91 36 £ 10 1x 10720
B 248 A 570 900 1.0 x 1077 56 35+7 1 x 1072
B 248 A 670 900 1.2 x 1077 9 46+ 3 2 x 10720

The measured SLD (SLDjeqs), the SLD of the substrate
(SLDge,0, = 0.69745 fm/A3) and the SLD difference of
Fe;0, and YFe;0; (ASLD = 0.29045 fm/A3) are fixed
parameters. The fitted curves are shown in Figs. S7 and S8
in the Supplemental Material [47]. Diffusion lengths for each
temperature step shown in Table I were derived by subtracting
the characteristic width at a given temperature step from the
characteristic width of the previous temperature step. An
experimental error of £5% resulting from the SLD sensitivity
of NR and fitting errors was added to the characteristic
widths. Temperature-dependent diffusion coefficients D were
calculated from the diffusion length x,; and the annealing time
t via Eq. (4):
2
p=1 4)
t

Due to the diffusion at low temperatures, the intermixing was
already completed after annealing to 670 K. The diffusion
distance determined for this heating step therefore has to be
considered as a minimum value, as ions from the substrate
already reached the sample surface. For the same reason, no
diffusion length was calculated for annealing at 770 K. The
variation of the calculated diffusion lengths for samples A
and B at 470 K gives an approximate order of the error bar.
It might result from the higher initial intermixing of >’ Fe;0y
and Fe;O,4 observed for sample A compared with sample B
hampering the precise determination of the diffusion length.

As can be seen in Table I, the presented method introduces
a relatively large error of the order of 50%. Nevertheless, it
is still instructive to discuss these results in view of earlier
results by Dieckmann and Schmalzried (DS) [22-25]. The
obtained diffusion constants of the order of 1072° m?/s are
found to be nearly constant in the investigated temperature
range of 470-670 K. A direct comparison of the present values
for D with those expected from the model developed by DS is
shown in Fig. 8(a).

Their model explicitly takes into account the equilibrium
concentration of interstitials and vacancies, which determine
the diffusion pathway and mechanism, as a function of oxygen
partial pressure. In our experiment, the oxygen partial pres-
sure during annealing is the parameter over which the least
control was gained. During heating, the maximum pressure
rose to around 107 mbar, which consists mostly of water.
Still, this value can be used as an upper limit for the oxygen
partial pressure to calculate the diffusion constants based on
DS, which are shown in Fig. 8(a). The oxygen activity ao, is
defined as ap, = po,/ p%2 with po, the partial oxygen pressure
and p%2 = 1000 mbar. Clearly the expected values are about
4-5 orders of magnitude higher than our experimental ones.

This discrepancy does not change in the investigated tempera-
ture range when using a more realistic oxygen partial pressure
of 10~'2 mbar. For the extremely low oxygen partial pressure
of 10723 mbar does the DS model predict diffusion constants
of the order of 1072 m?/s, as experimentally observed. Al-
though we cannot rule out completely that the oxygen partial
pressure reached such low values in our UHV system, it does
seem unlikely. Figure 8(b) also shows the diffusion constant as
a function of ap, for a constant temperature of 570 K, showing
the particular V shape, with its minimum around ag, = 1078,
The curve shows that the model predicts extremely low diffu-
sion coefficients for decreasing oxygen partial pressures. The
sign change of the slope of the partial derivatives 0D/dao,
and 0D/d(1/T) marks ranges where either the vacancy or
interstitial diffusion mechanism prevails. The experimental
data show a slope of —0.06 £ 0.04 eV, with respect to the
inverse temperature, of which the sign seems significant. The
sign of this slope corresponds with the DS model calculated
for oxygen partial pressures of 10~7 and 102, but not for
10~% mbar. At this particular pressure, the interplay between

(a) T[K]
0 1000 670 570 470
@ 15/
£
Q -201 ° o Q
(@]
Rs)
25 : : :
5 10 15 20 25
1/T [10* K]
(b) ,
-1 5 ]
o
E -20]
Q
8 -254
70 60 50 -40 -30 20  -10

log ag, []

FIG. 8. (a) Experimental values of the diffusion constants D of
sample A (orange circle) and sample B (blue circles) vs inverse
temperature as listed in Table I plotted with the values of D based
on the model by Schmalzried and Dieckmann, as explained in the
main text, for oxygen partial pressures of 10~ mbar (blue solid line),
10~'2 mbar (green dotted line), and 10725 mbar (orange dashed line).
(b) Diffusion coefficient D vs the oxygen activity (ao,) at a constant
temperature of 570 K, according to Schmalzried and Dieckmann.
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the equilibrium vacancy and interstitial concentrations leads
to an increase in D upon lowering the temperature in the
range of 470-670 K. This thus marks a special region in
the (7, ap,) space and shows that the diffusion critically
depends on the available defects and correlations between the
two different mechanisms [25]. This leads to the following
possible explanation for the observed low diffusion constants.
The UHV-grown thin films are not yet in equilibrium with
respect to the concentration of vacancies and interstitials, once
the annealing steps begin. Rather, the defect concentrations
are much lower than given by thermodynamic equilibrium.
Since the diffusion depends on the availability of defect sites,
these out-of-equilibrium samples show much lower diffusion
than expected. One way for the system to create and reach the
equilibrium defect concentrations is by expulsion of Fe ions,
which reoxidize at the surface [14,20]. The rate at which this
can occur depends on the intrinsic diffusion, which is already
low, and on the availability of oxygen. Since oxygen also
needs to dissociate before reoxidizing the iron, there will be
a kinetic barrier for this process, which may lower the overall
mobility of iron ions in the lattice even more.

IV. CONCLUSION

Exploiting the neutron scattering length difference of
57Fe;0y4 thin films and natural Fe;O4 substrates we observed
the near-surface cation diffusion in magnetite in a tempera-
ture range between 470 and 770 K by a combined neutron
reflectivity and ToF-SIMS study. The 5Fe;0y4 thin films were
homoepitaxially grown on natural (001)-polished Fe;O4 sub-
strates to label the near-surface cations. The formation of a
(v/2 x /2) R45 ° reconstructed surface observed by LEED
after the growth procedure indicated that the 3'Fe;0, thin
films consisted of nearly stoichiometric Fe;O4. Precharacter-
ization by ex situ XRR revealed a slightly reduced density
of the thin films compared to bulk Fe;04 which might result
from an incomplete coverage of the substrate and/or cation
deficient structure due to overoxidation during the growth
process.

Neutron reflectivity showed that interdiffusion of 5TFe;04
and Fe;0, already took place during sample preparation at
420K in4 x 10~° mbar O,. By stepwise annealing of the thin
films in UHV and subsequent NR, cation transport was ob-
served in the temperature range from 470 to 770 K. The cation
exchange between film and substrate was completed after

annealing to 670 K. The findings from NR were confirmed by
ToF-SIMS showing a good agreement of the >’Fe distribution
profiles calculated from NR and measured by ToF-SIMS. Our
results show that down to the relatively low temperature of
at least 470 K cation transport over several nanometers in the
near-surface region of magnetite occurs. Most likely, this pro-
cess also takes place at even lower temperatures, as concluded
from the measurements of the as-prepared samples at 420 K.

The diffusion lengths found in our study of around 2
to 5 nm at 470 to 670 K (D ~ 1072 m/s?) are consider-
ably smaller than diffusion lengths of up to 1 um (D =~
10716 m/s?) expected using the model by Dieckmann and
Schmalzried [22,25] extrapolated to lower temperatures and
assuming oxygen partial pressures of 107> mbar or higher.
Only by assuming a very low and unlikely oxygen partial
pressure, of the order of 10~% mbar, does the aforementioned
model predict as low diffusion constants as experimentally
observed. The large differences between the well-established
model for bulk diffusion and the present results, when assum-
ing that the oxygen partial pressure was not extremely low
in the experiments, may be an indication of very low out-of-
equilibrium defect concentrations in the grown films. In such a
scenario, the overall observed iron mobility is determined by
the intrinsic diffusion and by the rate at which point defects
form. The system may reach the equilibrium concentration of
point defects by changing the stoichiometry in the selvedge
and by forming new oxide material at the surface. As more
defects (vacancies and/or interstitials) are formed within the
selvedge, the diffusion will also increase. A rate limiting step
for this process will be the dissociation of oxygen, which is
needed to reoxidize the iron ions.

Diffusion over several nanometers down to 470 K has been
observed to take place in time spans of the order of 15 min.
These results show that near-surface cation diffusion needs
to be considered when discussing processes like catalytic
reactions and adsorption under different oxygen chemical
potentials at these temperatures.
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