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Role of structural defects in mediating disordering processes at irradiated
epitaxial Fe3O4/Cr2O3 interfaces
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Disordering processes in oxide materials are complicated by the presence of interfaces, which can serve as
either point defect sinks or accumulation sites; the response depends on factors such as interfacial structure,
chemistry, and termination. We have characterized the disordering of epitaxial Fe3O4(111)/Cr2O3(0001) thin
film heterostructures after 400 keV Ar2+ radiation at room temperature. The density of misfit dislocations in both
the Fe3O4 overlayer and Cr2O3 buffer layer is varied by changing the thickness of Cr2O3 to be pseudomorphically
strained to the Al2O3 (0001) substrate (5 nm thick) or partially relaxed (20 nm thick), as confirmed by
Bragg filtering analysis of scanning transmission electron microscopy images. In both cases, irradiation leads
to damage accumulation on the Fe3O4 side of the heterointerface, as shown by Rutherford backscattering
spectrometry measurements in the channeling geometry. However, the interface with more misfit dislocations
exhibits disordering at a faster rate than the less-defective interface. Likewise, layer-resolved electron energy
loss spectroscopy reveals interfacial reduction of Fe after irradiation at the more defective interface. Intermixing
of Cr across the interface is observed by atom probe tomography, which is likely facilitated by the generation of
Cr interstitials in Cr2O3 under irradiation.

DOI: 10.1103/PhysRevMaterials.7.093604

I. INTRODUCTION

Understanding the mechanisms of disordering and recov-
ery in crystalline materials is critical to predict their behavior
under external stimuli. For example, one initial response of
materials to energetic ion irradiation is disordering via the
formation of Frenkel pairs as atoms are knocked off their
lattice sites. In metals and alloys, these primary knock-on pro-
cesses are reasonably well understood [1], but the evolution
of the resulting nonequilibrium point defect population and
its interaction with defects and imperfections can be complex
and difficult to predict [2]. Irradiation of oxides introduces
additional complications [3–6] including the potentially sig-
nificant ionizing and thermal effects of inelastic electronic
energy loss processes; the different responses of the anion
and cation sublattices to both primary knock-on events and
inelastic energy loss processes; and the generation, recombi-
nation, and/or transport of charged point defects. Therefore,
in addition to nonequilibrium point defect and defect cluster
populations, in oxides, these processes lead to global elec-
tronic and structural changes that are poorly understood.

Interfaces (e.g., grain boundaries, free surfaces, or phase
boundaries) in irradiated oxides can serve as defect sinks,
providing sites for efficient point defect recombination or,

*tiffany.kaspar@pnnl.gov

conversely, defect accumulation sites that result in more
significant disordering [7,8]. Heterostructures consisting of
epitaxial oxide thin film(s) on a single-crystal substrate can
be systematically manipulated to explore the effect of in-
terface structure, chemistry, and termination on disordering
processes in a model system where the tailored heteroint-
erface is the dominant (but not the only) defect. We and
others have previously studied the effect of interface con-
figuration on radiation response, observing widely varying
behavior [9–15]. For example, irradiation of epitaxial SrTiO3

deposited on LaAlO3(001) with 260–400 keV Ne2+ induced
amorphization in LaAlO3 first followed by amorphization of
SrTiO3; in both cases, the amorphization started at the in-
terface and proceeded outward [16]. Chemical changes were
also observed at the interface in the form of accumulated
oxygen on the LaAlO3 side of the interface. Atomistic sim-
ulations suggested that thermodynamic driving forces exist
for defect flow across the heterointerface, and these driving
forces were speculated to be responsible in part for the oxygen
accumulation. In contrast to the behavior of SrTiO3/LaAlO3,
amorphization of irradiated BaTiO3 on SrTiO3(001) pro-
ceeded from the film surface and did not progress as far
as the heterointerface, although defect agglomerates and dis-
location loops were observed in the interfacial region [17].
The heterointerface was also observed to play an important
role in the radiation response of anatase TiO2 deposited on
SrTiO3(001): A denuded zone was observed on the TiO2
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side of the interface, while SrTiO3 amorphization proceeded
from the interface [18,19]. The different response of TiO2 vs
SrTiO3 may be related to the ease with which TiO2 can ac-
commodate nonstoichiometry, particularly oxygen deficiency
via the formation of Ti3+ interstitials. We have also observed
more complex percolation of disorder during in situ irradi-
ation in the electron microscope, observing the emergence of
local regions of disorder that progress toward fully amorphous
films in the case of LaMnO3/STO [20]. In these studies,
structural defects, such as misfit dislocations arising from
epitaxial lattice mismatch, were not considered but can serve
as nanoscale imperfections that further influence irradiation
behavior [7,21,22].

Oxides are one of the primary corrosion products of many
nuclear structural materials in service conditions [23]. In con-
tact with aqueous coolants, these corrosion products develop
into complex duplex layers of Fe-rich (outer) and Cr-rich
(inner) oxides [24]. To understand how these layers develop
in the early stages of oxidation, a model Fe-Cr-Ni steel alloy
was oxidized by in situ O2, resulting in a layered structure
of Fe3O4/Cr2O3/Ni/base alloy observed by atom probe to-
mography (APT) [25]. Understanding the response of oxide
corrosion products to irradiation is of practical importance to
predict corrosion rates over service lifetimes, improve ma-
terial design, and establish component inspection schedules.
The irradiation response of the iron oxides prevalent in corro-
sion products is particularly complex, and therefore, the iron
oxides provide a rich system to study structural and stoichio-
metric changes upon irradiation. Irradiation of nanoparticle
films composed of a metallic Fe core and magnetite, Fe3O4,
shell with 5.5 MeV Si2+ ions was found to result in reduction
to wüstite, Fe1−xO, due to oxygen loss [26], but irradiation of
Fe/Fe3O4 with 1 MeV Ar+ resulted in oxidation of the metal-
lic Fe layer while appearing to preserve the stoichiometry and
crystallinity of the Fe3O4 layer [27]. A nanoscale study of the
irradiation of Fe/Fe3O4 with 1 MeV Kr2+ revealed, via ob-
servation by in situ transmission electron microscopy (TEM),
that defect mobility in Fe3O4 was unexpectedly high, surpass-
ing that of defects in Fe metal [28]. A deeper understanding
of defect mechanisms underpinning the stoichiometry and
oxidation state changes of the iron oxides under irradiation
is necessary to predict their behavior in real-world environ-
ments.

In this paper, the radiation response of the Fe3O4/Cr2O3

interface is studied in a model epitaxial thin film heterostruc-
ture. We vary the misfit dislocation density in the epitaxial
Fe3O4 and Cr2O3 thin films via control of Cr2O3 buffer layer
thickness relative to the critical thickness for epitaxial strain
relaxation on Al2O3(0001) substrates. These heterostructures
are then irradiated to a low fluence with 400 keV Ar2+.
Lattice-scale structural disorder, nanoscale crystallinity, and
spatially resolved electronic structure of the irradiated Fe3O4

are correlated to gain insights into the mechanism of initial
disordering processes and reveal the role of interfaces and
crystalline defects on damage accumulation.

II. METHODS

Epitaxial Cr2
18O3 films were deposited on Al2O3(0001)

substrates by oxygen-plasma-assisted molecular beam epi-

taxy (OPA-MBE) as described previously [29]. Briefly,
Al2O3(0001) substrates were heated to the deposition temper-
ature of 730 ◦C while maintaining a flow of activated oxygen
through the electron cyclotron resonance (ECR) microwave
plasma source at an oxygen pressure of 2 × 10−5 Torr. The
gas source was then switched from natural abundance (NA)
O2 (>99.7% 16O2) to 99% enriched 18O2 by reducing the
NA O2 gas flow through the plasma until the chamber pres-
sure reached ∼1 × 10−5 Torr, then introducing the 18O2 gas
flow to bring the chamber pressure back to 2 × 10−5 Torr
as the NA O2 flow was reduced to zero. The flow of 18O2

through the plasma was allowed to equilibrate for 3 min before
deposition began. NA Cr was evaporated from an electron
beam evaporator at a deposition rate of 0.1 Å Cr2

18O3 s−1 to
a final film thickness of 5 or 20 nm. The same gas handling
procedure was then followed to switch back to NA O2 for the
deposition of NA Fe3O4. While maintaining the deposition
temperature of 730 ◦C, the ECR plasma was turned off, and
the oxygen partial pressure was reduced to 1 × 10−5 Torr in
preparation for the deposition of Fe3O4. NA Fe was evapo-
rated from an electron beam evaporator at a deposition rate
of 0.24 Å Fe3O4 s−1 to a final film thickness of 30 nm. The
depositions were monitored with reflection high-energy elec-
tron diffraction (RHEED). At the end of the deposition, the
Fe3O4/Cr2O3 heterostructures were cooled in vacuum. Epi-
taxial orientation and strain state of the films were measured
ex situ using x-ray diffraction (XRD) collected using a Rigaku
SmartLab diffractometer with a rotating Cu anode operated at
45 kV and 200 mA. The incident beam (Cu Kα) was filtered
using a two-bounce Ge(220) monochromator, and a matching
monochromator was employed for the diffracted beam.

Areas of ∼5 × 2.5 mm2 of the as-grown films were irra-
diated at Los Alamos National Laboratory in the Ion Beam
Materials Lab with 400 keV Ar2+ at room temperature in
vacuum to a fluences of 2.8 × 1014 and 1.4 × 1015 ions cm−2.
SRIM simulations [30] using full cascade mode (displacement
energies of 40 eV for Fe and Cr, 28 eV for O, and 27 eV for
Al) indicated that the displacements per atom (dpa) at a depth
of 30 nm (at the Fe3O4/Cr2O3 interface) were 0.1 and 0.5
dpa, respectively, for the two fluences. Rutherford backscat-
tering spectrometry (RBS) data were then collected from both
as-grown and irradiated regions of each film using 2.3 MeV
He+ from a 3 MV Pelletron accelerator. The backscattering
Si detector was located at 165° in reference to the incident
beam in the IBM geometry [31], and channeling data were
collected along the [0001] direction of the corundum structure
(Al2O3, Cr2O3) and, equivalently, the [111] direction of the
spinel structure of Fe3O4.

Cross-sectional scanning TEM (STEM) samples were pre-
pared using a FEI Helios NanoLab DualBeam Ga+ focused
ion beam (FIB) microscope with a standard lift-out procedure.
STEM images were acquired on a probe-corrected Thermo
Fisher Themis Z microscope operating at 300 kV, with a
convergence semiangle of 25.2 mrad and an approximate
collection angle range of 65–200, 16–62, and 8–14 mrad
for high-angle annular dark field (STEM-HAADF), medium-
angle annular dark field (STEM-MAADF), and low-angle
annular dark field (STEM-LAADF), respectively. STEM
energy-dispersive x-ray spectroscopy (STEM-EDS) composi-
tion maps were acquired using a SuperX detector. Electron
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FIG. 1. Heterostructure schematic and reflection high-energy electron diffraction (RHEED) patterns captured after deposition of Cr2O3

(at growth temperature) and deposition of Fe3O4 (after cooling to room temperature) for (a) 5 nm and (d) 20 nm Cr2O3 buffer layers. X-ray
diffraction (XRD) direct space maps of the Al2O3 and Cr2O3 [1010] direction for (b) thin and (e) thick Cr2O3 buffer layers. White cross in (e)
indicates the d spacings of relaxed Cr2O3. Out-of-plane XRD patterns for (c) 30 nm Fe3O4/5 nm Cr2O3/Al2O3 (0001) and (f) 30 nm Fe3O4/20
nm Cr2O3/Al2O3 (0001). Positions for the bulk Fe3O4 (222) and Cr2O3(0006) reflections are indicated by solid and dashed lines, respectively.

energy loss spectroscopy (STEM-EELS) measurements were
performed with a GIF Continuum Spectrometer using the
DualEELS mode, a 0.3 eV ch−1 dispersion, and a 130× bin-
ning in the nondispersive direction. Data were subsequently
corrected for energy drift, and a power-law background cor-
rection was applied prior to each edge of interest for final
analysis. The STEM-HAADF images of crystalline lattices
were analyzed using Bragg filtering analysis methods, includ-
ing geometric phase analysis [32], implemented in custom
MATLAB scripts. First, we computed the image Fourier trans-
form, then defined a two-dimensional (2D) Gaussian mask
with a standard deviation equal to 0.003 Nyquist units that
spanned the Bragg peaks of interest from the film and/or
substrate. From the inverse Fourier transform of the masked
image, we computed the phase (after removing the carrier
wave) to identify misfit dislocations at the film-substrate in-
terface from spiral phase singularities and used the real value
of the filtered images to find the positions of the lattice planes.

APT specimens were prepared using both a FEI Helios
NanoLab DualBeam Ga+ FIB and a FEI Quanta 3D FEG
FIB according to established procedures [33]. Specimens
were analyzed with a CAMECA LEAP 4000X HR at a
base temperature of 40 K and a pressure of <2.7 × 10−9 Pa.
Laser-assisted field evaporation (λ = 355 nm) was used to
analyze the samples at a pulse rate of 250 kHz and a pulse
energy of 60 pJ. Detection rates were kept at 0.003 detected
ions per pulse by varying the applied voltage. All data were

reconstructed using the CAMECA Integrated Visualization
and Analysis Software (IVAS 3.8.8). Films were grown epi-
taxially on Al2O3(0001) substrates, allowing for the (0001)
and (111) poles of the Cr2O3 and Fe3O4, respectively, to
be captured. Reconstructions were made using the bilayer-
to-bilayer spacing of the Cr2O3 (2.3 Å) and Fe3O4 (every
other layer at 4.8 Å) when available. We discuss the resolution
limits of this method elsewhere [34]. Cr2O3 spacing was more
challenging to resolve in the 5-nm-thick film. Representative
mass spectra, bilayer spacings, and 18O enrichment are pro-
vided in the Supplemental Material [35].

III. RESULTS

A. Structure of as-grown films

The epitaxial deposition of isostructural Cr2O3(0001)
(a = 4.97 Å) on Al2O3(0001) (a = 4.76 Å) is well es-
tablished [36]. The bulk lattice mismatch is δ = (aCr2O3

−
aAl2O3

)/aAl2O3
× 100% = 4.4%. Chambers et al. [37] reported

on the deposition of Cr2O3 on Al2O3(0001) by OPA-MBE
and showed that, based on analysis of RHEED streak spacing,
Cr2O3 initially grows pseudomorphically on Al2O3(0001) but
begins to relax as the thickness increases. The critical thick-
ness for Cr2O3 to relax to nearly the bulk lattice parameters
was found to be <∼12 nm. As shown in Figs. 1(a)–1(c), the
deposition of 5 nm Cr2O3 on Al2O3(0001) by OPA-MBE
results in a pseudomorphically strained film, with in-plane
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lattice parameters equivalent to those of Al2O3. However,
deposition of 20 nm of Cr2O3 under the same conditions
[Figs. 1(d)–1(f)] results in a partially relaxed film, with in-
plane lattice parameters that have fully relaxed to the bulk
values in some regions of film. The existence of residual
strain in the film is indicated by both the range of in-plane
lattice spacings detected and the out-of-plane (OOP) lattice
parameter, which remains considerably larger than the relaxed
value [cCr2O3 = 13.59 Å compared with cmeasured ≈ 13.9 Å in
Fig. 1(e)]. Analysis of the RHEED streak spacing on im-
ages collected after the deposition of Cr2O3 confirm that the
spacing is ∼2.5% larger after deposition of 20 nm than after
deposition of 5 nm of Cr2O3 (provided in the Supplemental
Material [35]). This means that the in-plane lattice parameters
at the film surface have relaxed by 2.5% toward the bulk
values. Although this is less than the 4.4% expected if the
thicker Cr2O3 film had fully relaxed, it indicates that the
lattice mismatch between the thicker, partially relaxed Cr2O3

buffer layer and the subsequent Fe3O4 film will be less than
that between the thinner, pseudomorphically strained Cr2O3

buffer layer and Fe3O4.
The in-plane spacing on the Fe3O4(111) surface is

d = 5.14 Å, and therefore, deposition of Fe3O4(111) on
Cr2O3(0001) will result in compressive in-plane strain in the
Fe3O4 film with a lattice mismatch (assuming bulk lattice
parameters for both) of δ = 3.46%. This mismatch increases
to δ = 8.03% if the Cr2O3 is fully pseudomorphically strained
to the Al2O3 substrate. Deposition of Fe3O4(111) on the
pseudomorphically strained 5 nm Cr2O3 buffer layer shown
in Figs. 1(a)–1(c) is expected to result in a mismatch close
to 8.03%, whereas deposition on partially relaxed 20 nm
Cr2O3 [Figs. 1(d)–1(f)] likely results in a lower mismatch
(but not as low as the predicted 3.46%). As shown in the
OOP XRD patterns in Figs. 1(c) and 1(f), 30 nm Fe3O4 films
on both thicknesses of buffer layer are (111) oriented and
exhibit finite-thickness fringes indicative of well-crystallized
films with smooth surfaces and interfaces. The OOP lattice pa-
rameter of both films is nearly identical at d(222) = ∼2.41 Å,
which is slightly smaller than the bulk value of d(222) =
2.424 Å. In-plane tensile strain that would lead to this OOP
lattice compression is not expected to occur for deposition
on Cr2O3(0001). Instead, the compressed OOP lattice pa-
rameter may indicate that the Fe3O4 films are fully relaxed
and somewhat overoxidized, forming a magnetite/maghemite
(γ -Fe2O3) solid solution [38].

Figures 2(a) and 2(b) present RBS data collected
in random (off-normal) and channeling (aligned along
Fe3O4[111]/Cr2O3[0001] film normal direction) geometries
for both Fe3O4/Cr2O3 heterostructures. The backscattering
signal from Fe in the Fe3O4 film is reasonably well sepa-
rated from that of Cr in the Cr2O3 buffer layer, allowing
them to be analyzed separately. In the channeling geome-
try, a lower backscattering intensity corresponds to increased
crystalline order (such as a lower extent of mosaic spread
and/or a lower concentration of defect structures such as
dislocations) [39]. In Figs. 2(a) and 2(b), the backscattering
signal from Fe appears as two peaks. The higher-channel peak
originates from backscattering from the film surface, while
the lower-channel peak arises from Fe backscattering at the
interface with Cr2O3. The lower backscatter signal between

the two peaks represents the bulk of the Fe3O4 film. Given
the depth resolution of RBS, the surface, bulk, and interface
regions of the Fe3O4 film are each ∼ 1

3 of the total film
thickness. The minimum yield χmin is used to quantify the
degree of crystalline order in the Fe3O4 overlayer and the
Cr2O3 buffer layer. Taking the intensity (I) at the centroid
of the Fe backscatter peak in the random direction and the
same position in the channeling direction, the minimum yield
is χmin = Ichanneling/Irandom = 11.2% for Fe3O4 deposited on
5 nm Cr2O3 and χmin = 12.3% for Fe3O4 deposited on 20
nm Cr2O3. These values compare favorably with previous
RBS/channeling measurements of epitaxial Fe3O4 films de-
posited on MgO(001) [27]. The minimum yields for Cr in the
Cr2O3 buffer layers are significantly worse: χmin = 65.5% for
5 nm Cr2O3 and 34.6% for 20 nm Cr2O3.

B. Crystalline disordering with irradiation

After irradiation with 400 keV Ar2+, the random backscat-
tering yield for Fe does not change (provided in the
Supplemental Material [35]), indicating that no appreciable
sputtering occurred at the low doses employed here. However,
an increase in disorder is observed in the channeling yields
for both Fe and Cr after irradiation. As shown in Fig. 2(c),
the channeling yield of Fe remains nearly constant at the
Fe3O4 surface but increases with increasing dose near the
interface with Cr2O3. Notably, the increase in channeling
yield at the interface is fairly linear with dose but exhibits a
larger slope for the Fe3O4/5 nm Cr2O3 heterostructure than
for the Fe3O4/20 nm Cr2O3 stack. The channeling yield of Cr
in the Cr2O3 buffer layers [Fig. 2(d)] increases significantly
after a dose of 0.1 dpa. For the 5 nm Cr2O3 buffer layer, the
0.1 dpa channeling yield increases to the random value. For
the 20 nm Cr2O3 buffer layer, increasing the dose to 0.5 dpa
further increases the channeling yield, maintaining a nearly
linear relationship of yield with dose.

C. Local microstructural evolution with irradiation

To further evaluate initial film quality and the evolution
of local microstructure with irradiation, we have conducted
detailed STEM analysis. Figure 3 and the Supplemental Ma-
terial [35] show cross-sectional STEM-HAADF images of the
as-grown samples. For both buffer thicknesses, we observe
fully crystalline as-grown films with nominally expected layer
thicknesses. Bragg-filtering analysis of the STEM-HAADF
images [40–42] shows the presence of misfit dislocations in
the Cr2O3 and Fe3O4 films. Bragg-filtering analysis of the
Cr2O3 buffer layers, shown in Figs. 3(b) and 3(d), indicates
significant differences in the starting quantity of misfit dislo-
cations, as expected from the target film thicknesses (greater
than and less than the critical thickness for epitaxial strain
relaxation). Specifically, we observe a low density of struc-
tural defects in the 5 nm Cr2O3 layer [Figs. 3(a) and 3(b)],
as reflected in the continuous uniform stripes in Fig. 3(b) in
the lower half of the image corresponding to the Cr2O3 layer,
confirming that this film is pseudomorphically strained to
the Al2O3 substrate and few misfit dislocations have formed.
In contrast, numerous misfit dislocations are found at the
Cr2O3/Al2O3 interface for the 20 nm Cr2O3 layer (Figs. 3(c)
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FIG. 2. 2.3 MeV He+ Rutherford backscattering spectrometry (RBS) spectra of Fe3O4/Cr2O3/Al2O3(0001) thin film heterostructures
with (a) 5 nm Cr2O3 and (b) 20 nm Cr2O3 buffer layers. Data are collected in both the random geometry and channeling along the
[0001]corundum/[001]spinel direction. Symbols indicate surface (cross) and interface (hexagon) regions of Fe backscattering. Channeling yield of
(c) Fe at the Fe3O4 surface and interface, and (d) Cr in the Cr2O3 buffer layer, for heterostructures with 5 nm (solid) and 20 nm (dashed) Cr2O3

layers.

and 3(d), see also the Supplemental Material [35]) as indicated
by the spiral phase singularities [broken stripes in the Cr2O3

region of Fig. 3(d)]. This is expected for a film that has
exceeded the critical thickness and has partially relaxed. Like-
wise, we observe a high density of dislocations in Fe3O4 at the
Fe3O4/Cr2O3 interface on the 5 nm buffered heterostructure
[each marked by T in Fig. 3(b)], which is expected given
the larger lattice mismatch between Fe3O4 and the pseu-
domorphically strained Cr2O3 buffer layer. We observe 23
misfit dislocations within this field of view (∼71 × ∼53 nm)
as well as an apparent antiphase boundary [indicated by the
arrow in Fig. 3(b)] running through the Fe3O4 layer from
the film-substrate interface. It is not possible to determine the
integrated dislocation length per unit volume of the film based
on the analysis of this single cross-sectional image, but the
total dislocation density is assumed to be proportional to the
number of observed dislocations.

In contrast, the Fe3O4/Cr2O3 interface on the 20 nm
buffered heterostructure [Fig. 3(d)] exhibits just 16 mis-
fit dislocations in a similar field of view (∼71 × ∼61 nm).
This is approximately a 30% reduction in dislocation density
compared with the Fe3O4 film on the thinner Cr2O3 buffer
layer. A lower density of misfit dislocations is expected given

the smaller lattice mismatch of Fe3O4 with partially relaxed
Cr2O3 in this case.

After irradiation, both heterostructures exhibit more disor-
der at the Fe3O4/Cr2O3 interface and more extensive defects
in the Fe3O4 layer, as shown by the high-resolution STEM-
HAADF images before and after irradiation in Fig. 4 and
in the Supplemental Material [35]. The irradiated 20 nm
buffered heterostructure [Fig. 4(d)] shows less disorder at
the Fe3O4/Cr2O3 interface than the heterostructure with 5
nm Cr2O3 [Fig. 4(b)], despite the presence of preexisting
extended defects running from the film-substrate interface
into the Fe3O4. The fast Fourier transforms (FFTs) in Fig. 4
show increasing diffuse scattering after irradiation. Although
surface contamination may contribute to diffuse scattering in
the FFT, there is no reason to suspect that the level of contam-
ination would be higher for the irradiated samples since they
were prepared using the same approach as for the unirradiated
samples. FFTs collected from selected areas that avoid visible
extended defects are still found to exhibit diffuse scattering
rings. Therefore, the increased diffuse scattering is indicative
of underlying lattice disorder, which is commensurate with
the lattice disorder observed in the RBS channeling measure-
ments [Figs. 2(a) and 2(b)].
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FIG. 3. Scanning transmission electron microscopy (STEM)-
high-angle annular dark field (HAADF) images of the as-grown
Fe3O4/Cr2O3 heterostructures along the Fe3O4 [110] zone axis with
(a) 5 nm and (c) 20 nm Cr2O3 layers. Bragg filtering analysis (see
Supplemental Material [35]) reveals dislocations (marked T’s) in the
Fe3O4 layers for (b) 5 nm and (d) 20 nm Cr2O3 layers. The intensity
scale in (b) and (d) covers the range of 2π radians (360°). Arrows
in (b) and (d) indicating apparent antiphase boundaries, indicated
by π (180°) phase discontinuities, running from the film-substrate
interface into the bulk.

To determine whether radiation-enhanced intermixing oc-
curred at the Fe3O4/Cr2O3 interfaces, we conducted both
STEM-EDS (shown in the Supplemental Material [35]) and
STEM-EELS compositional mapping (Fig. 5) of the cation
distribution before and after irradiation. Using both tech-
niques, we observe increases in cation interface widths after
irradiation. Because of the proximity of the O K and Cr L
edges in the EELS composition maps, a model-based back-
ground fitting approach was used. Integrated signals were
computed for each edge, and then the spectra were normalized
to the maxima of each signal for the line profiles. We note
that, although signal delocalization in EELS can increase the
apparent interfacial width [43], we would expect the magni-
tude of this delocalization to be similar for all four measured
samples. As shown in Fig. 5, the interface widths for both
Cr and Fe at the interface before irradiation are similar at
∼1.3 ± 0.1 nm, as determined by fitting each profile to a
sigmoidal function to minimize artifacts arising from the noise
in the data; the interface width is then defined as the distance
between 90 and 10% of the full intensity of the fitted curve.
After irradiation to 0.5 dpa, the Fe interfacial width increases
to ∼1.8–1.9 nm, whereas the Cr interfacial width increases
more significantly to ∼2.3–2.4 nm. In all cases, the interfacial
intermixing profiles appear to be largely symmetrical.

To evaluate chemical state changes associated with ra-
diation damage, layer-resolved STEM-EELS spectra were
collected near the Fe3O4/Cr2O3 interface for both buffer layer
thicknesses before and after irradiation, as shown in Fig. 6. At
the Fe L edge, the L3 peak exhibits a shift to lower energy
after irradiation, at both the Fe3O4/Cr2O3 interface and 3–4
unit cells into the Fe3O4 film, for the Fe3O4 film deposited
on the 5 nm Cr2O3 buffer layer [Fig. 6(a)]. This shift to lower

energy indicates a reduction in average Fe valence. In contrast,
the Fe3O4 film on the 20 nm Cr2O3 buffer layer exhibits no
shift after irradiation [Fig. 6(b)]. Similar evidence of reduction
in the Fe3O4 film deposited on the 5 nm buffer layer is seen
in the O K-edge spectra in Fig. 6(c). In the iron oxides, the
O K-edge EELS spectra consists of a prepeak at ∼530 eV and
a primary peak at ∼539 eV. The valley between the pre-edge
peak and the primary peak is most well defined (i.e., the deep-
est) for iron oxides that consist entirely of Fe3+ and becomes
less well defined with a lower intensity ratio of the pre-edge
peak to the primary peak, as the proportion of Fe2+ increases
[44,45]. Adapting the method described by Varela et al. [46],
we integrated the measured (not fitted) O K-edge pre- and
main-peak signals for each spectrum and calculated their ratio,
as shown in the Supplemental Material [35]. We observe that
this ratio decreases upon irradiation for the Fe3O4 film on the
5 nm Cr2O3 buffer layer, whereas it does not for the Fe3O4

film on the 20 nm Cr2O3 buffer layer. This behavior indicates
an overall reduction in the average Fe valence after irradiation
for the former that is consistent with the shift of the Fe L edge
to lower energy. Since the analysis of the O K-edge features
can depend on the exact position of the integration window,
we emphasize that the peak area ratios must be considered in
concert with the behavior of the Fe L-edge spectra.

APT reconstructions across the heterointerface provide
a high spatial resolution measurement of intermixing due
to irradiation. As shown in Fig. 7, line profiles taken
from one-dimensional (1D) proxigrams of the as-grown het-
erostructures with 5 and 20 nm Cr2O3 buffer layers show
narrow interface widths with a low level of intermixing for
both the anion and cation sublattices. The interface width is
quantified as described above for the STEM-EELS profiles:
first fitting each profile to a sigmoidal function to minimize
artifacts arising from the noise in the data; the interface width
is then defined as the distance between 90 and 10% of the full
intensity of the fitted curve. At the Cr2

18O3/Fe3O4 interface,
the interfacial width of the oxygen sublattice [defining the
isotopic fraction of 18O as f18O = N18O/(N18O + N16O), where
N is the number of O1+ ions] is on the order of ∼0.5–1.5 nm
for both as-grown samples, as shown by the dark shading
in Fig. 7. The interfacial width on the cation sublattice for
both as-grown heterostructures is ∼1.5–2 nm for Cr and ∼1
nm for Fe. After irradiation to 0.5 dpa, intermixing increases,
as suggested by the STEM-EDS results above. On the anion
sublattice, the extent of intermixing of 18O and 16O depends
on the buffer layer thickness: The interfacial width increases
to ∼5 nm for the Fe3O4/20 nm Cr2O3 interface and ∼3 nm for
the Fe3O4/5 nm Cr2O3 interface. In contrast, no significant
differences in the extent of cation intermixing at the two
interfaces are observed after irradiation. For both heterostruc-
tures, the interfacial width for both Cr and Fe increases to
∼4 ± 0.5 nm. The increase in interfacial width after irradi-
ation is qualitatively consistent with and the same order of
magnitude as the width determined from STEM-EELS line
profiles shown in Fig. 5. Although the intermixing appears in
Fig. 7 to be biased toward Cr diffusion into Fe3O4, with less
Fe diffusion into Cr2O3, this conclusion cannot be definitively
drawn from comparison of the APT composition profiles. As
described in the Supplemental Material [35], scaling chal-
lenges in the APT data at the heterointerface due to differences
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FIG. 4. Cross-sectional scanning transmission electron microscopy (STEM)-high-angle annular dark field (HAADF) images (right) and
fast Fourier transforms (FFTs) of the entire stack (left) of as-grown Fe3O4/Cr2O3 heterostructures and the same heterostructures after
irradiation to 0.5 dpa, with (a) and (b) 5 nm and (c) and (d) 20 nm Cr2O3 layers. Arrows indicate the presence of a diffuse ring in the
FFT after irradiation.

in field evaporation of Cr2O3 compared with Fe3O4 make
it impossible to place the as-grown and irradiated datasets
on an absolute scale such that the exact distances can be
compared between samples. Therefore, we cannot definitively
establish the location of the original Fe3O4/Cr2O3 interface in

FIG. 5. Scanning transmission electron microscopy (STEM)-
electron energy loss spectroscopy (EELS) maps (top) and integrated
line profiles (bottom) of the Cr (green) and Fe (blue) L edges at the
Fe3O4/Cr2O3 interface for the films with (a) and (b) 5 nm Cr2O3 and
(c) and (d) 20 nm Cr2O3. Profiles are taken from (a) and (c) unirra-
diated films and (b) and (d) after irradiation to 0.5 dpa. Interfacial
widths are indicated for both Cr and Fe in each figure.

either irradiated dataset. These scaling challenges are likely
also responsible for the apparent increase in quantitative in-
terface widths measured by APT (Fig. 7) compared with
STEM-EELS (Fig. 5).

IV. DISCUSSION

Ion irradiation in vacuum has been shown previously to
reduce Fe3O4 to crystalline wüstite, Fe1−xO, at high dose
due to oxygen transport from Fe3O4 to nearby metallic Fe
[26]. As shown in the spatially resolved STEM-EELS spectra
in Fig. 6, in this paper, we have captured the initial stages
of Fe3O4 reduction in which the fraction of Fe2+ increases
relative to Fe3+ in the magnetite crystal structure. Both the
Fe valence reduction measured by EELS and lattice disor-
der observed by RBS channeling (Fig. 2) are localized near
the Cr2O3 interface, indicating increased radiation damage
accumulation at the interface compared with the film bulk
or surface. This reduction of Fe3O4 is consistent with both
the generation of oxygen vacancies in the lattice and the
formation of a (Fe, Cr)3O4 spinel due to radiation-induced
cation intermixing in the interfacial region. In (Fe, Cr)3O4

spinels, Cr3+ substitutes for Fe3+ in octahedral sites of the
spinel lattice [47]. We cannot determine to what extent the
intermixing of Cr3+ is a driving force for the reduction of
Fe in Fe3O4 vs the radiation-induced generation of oxygen
vacancies in the spinel lattice.

A comparison of the EELS spectra for Fe3O4 on 5 nm
Cr2O3 and 20 nm Cr2O3 at a dose of 0.5 dpa reveals more
reduction in the film deposited on the thinner Cr2O3 buffer
layer [Figs. 6(c) and 6(d)]. Likewise, the lattice disorder
at the Fe3O4/5 nm Cr2O3 interface increases more quickly
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FIG.6. Scanning transmission electron microscopy (STEM)-
electron energy loss spectroscopy (EELS) spectra at the Fe L edge
and O K edge, respectively, for the Fe3O4/Cr2O3 heterostructure
with (a) and (c) 5 nm and (b) and (d) 20 nm Cr2O3. Layer-resolved
spectra were collected at the Fe3O4/Cr2O3 interface (Int.) and in the
Fe3O4 film 3–4-unit cells away from the interface (Fe3O4), for both
the as-grown heterostructure (0 dpa) and after irradiation to 0.5 dpa.
Vertical dashed lines in are guides to the eye of the Fe L3 and O K
prepeak positions. The lower-intensity data point at ∼721 eV in some
spectra is an artifact of the detector.

with dose than does the disorder at the Fe3O4/20 nm Cr2O3

interface [Fig. 2(c)], correlated with a larger extent of Cr
intermixing into Fe3O4 at the Fe3O4/5 nm Cr2O3 interface
[Fig. 7(c)]. High-resolution STEM imaging of the two Fe3O4

films before irradiation confirms that more misfit dislocations
are present in the Fe3O4 film deposited on pseudomorphically
strained 5 nm Cr2O3 [Fig. 3(b)], as expected from the larger
lattice mismatch in this system. The role of misfit dislocations
as a sink or antisink for radiation-induced point defects is
complex [21], but in the case of Fe3O4 on Cr2O3, it appears
that the presence of structural defects such as misfit disloca-
tions at the interface increases the accumulation of disorder
at the interface of Fe3O4, at least under these conditions. We
have shown previously that the nature of the misfit disloca-
tions matters and that their simple presence is not enough
to enhance defect annihilation [21]. This result confirms that

key finding in another context, highlighting the generality
of this behavior and suggesting that the irradiation response
of heterophase materials can be modified by controlling the
nature of the interface.

Lastly, we note that the Cr2O3 buffer layers exhibited sig-
nificantly different backscattering channeling behavior than
that observed for the Fe3O4 overlayers. The minimum yield of
the as-grown buffer layers of both thicknesses (5 and 20 nm)
was considerably larger than that of the Fe3O4 overlayers
[Figs. 2(a) and 2(b)]. These higher yields are not attributed
to dechanneling through the Fe3O4 overlayers because of
the low minimum yields in these overlayers but instead are
reflective of a combination of disorder in the Cr2O3 layers
and dechanneling that may occur at misfit dislocations at
the Fe3O4/Cr2O3 interface. After irradiation to 0.5 dpa, the
5-nm-thick Cr2O3 buffer layer exhibits a significant increase
in channeling yield, reaching a value equivalent to the random
yield. This behavior is often interpreted as full amorphiza-
tion of the film. However, complementary STEM imaging
of the irradiated heterostructure reveals that clear crystalline
order is retained in the 5-nm-thick Cr2O3 buffer layer after
irradiation [Fig. 4(b)]. A high channeling minimum yield in
conjunction with crystalline order suggests that irradiation of
Cr2O3 has produced a significant population of interstitials
that occupy the channels in the crystalline lattice; interstitials
are not easily visible by STEM imaging. The production of
Cr interstitials during irradiation may also have contributed
to the intermixing observed at the Fe3O4/Cr2O3 interface
after irradiation. Cr interstitials have been predicted to en-
counter smaller diffusion barriers along the c direction of the
corundum lattice compared with the perpendicular direction
[48], facilitating transport of Cr interstitials to the Fe3O4

interface. Cation diffusion in Fe3O4 is relatively fast [49],
even in the absence of irradiation, enabling intermixing. As
discussed above, this intermixing is further enabled by the
presence of defects (misfit dislocations, oxygen vacancies)
in Fe3O4.

V. SUMMARY

The disordering response of epitaxial Fe3O4(111) thin
films was studied before and after 400 keV Ar2+ irradia-
tion to 0.1 and 0.5 dpa. The misfit dislocation density in
the Fe3O4 films was varied by controlling the thickness of
the underlying Cr2O3(0001) epitaxial buffer layer to be be-
low (5 nm) and above (20 nm) the critical thickness for
epitaxial strain relaxation on Al2O3(0001). STEM-HAADF
imaging and Bragg-filtering analysis confirmed a higher
misfit dislocation density in the Fe3O4/5 nm Cr2O3 het-
erostructure compared with the Fe3O4/20 nm Cr2O3 het-
erostructure, as expected from the larger lattice mismatch in
the former case. After irradiation, both structures exhibited
increased disorder in both the Fe3O4 and Cr2O3 layers, but
the highest damage accumulation was observed in the Cr2O3

buffer layer. On the Fe3O4 side of the interface, damage accu-
mulation, Fe valence reduction, and Cr intermixing into Fe3O4

were all observed to occur to a greater extent in the Fe3O4

film with the higher misfit dislocation density (Fe3O4/5 nm
Cr2O3 heterostructure). This result indicates that misfit dis-
locations at the interface do not act as defect recombination
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FIG. 7. One-dimensional (1D) fractional isotopic and composition profiles of 18O, Cr, and Fe taken from atom probe tomography (APT)
reconstructions of as-grown and irradiated Fe3O4/Cr2

18O3 heterostructures with (a) 5 nm and (b) 20 nm Cr2O3 buffer layers. Profiles are
aligned to the Al2O3/Cr2O3 interface at a distance of 0 nm, with distance increasing to the film surface. Dark vertical shading and values
indicate the intermixing region (90–10% of full intensity) in the as-grown heterostructure, and light shading and values indicate the intermixing
region after irradiation. Statistical counting error is shown as shading around data (error is too small for shading to be observed in Cr and Fe
profiles).

centers and instead increase the accumulation of damage at
the interface of Fe3O4. The significant damage accumulation
in the Cr2O3 buffer layers observed by RBS channeling but
not confirmed by STEM-HAADF images that indicated that
the crystal structure was intact suggest the formation of Cr
interstitials under irradiation. A large population of Cr inter-
stitials may have contributed to the intermixing observed at
the Fe3O4/Cr2O3 interface.
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