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The effects of polar surface stabilization mechanisms on the film growth, phase composition, surface and
interface structure, and magnetic properties are explored for polar oxide interfaces formed by the epitaxial growth
of hematite films on magnesia and alumina single crystals. Growth of α-Fe2O3(0001) on the (

√
3×√

3)R30◦ and
(2 × 2) reconstructed MgO(111) surfaces results in formation of a self-organized Fe3O4(111) interfacial nano
buffer that persists after growth. The interfacial magnetite-like phase is absent from the hematite films formed on
hydrogen-stabilized unreconstructed MgO(111)-(1 × 1) and on Al2O3(0001)-(1 × 1) surfaces under equivalent
conditions. This study suggests that in addition to the customary strain, spin, and band-gap engineering, control
of surface polarity stabilization could also be important for electronic and magnetic device engineering.
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I. INTRODUCTION

Ionic metal oxide surfaces fall into three basic categories:
neutral, charged, and polar.1By definition, bulk-terminated
polar oxide surfaces have a net charge in each plane and a
net dipole moment in the repeat unit perpendicular to the
surface. The stability of polar oxide surfaces has long been
a problematic question, as discussed in several books and
reviews.2–6 The structure of polar oxide surfaces appears to
be determined by the tendency to cancel, or at least minimize,
the net electric dipole moment perpendicular to the surface.
Different surface stabilization models have been proposed and
studied, with reconstruction7–14 and hydrogen adsorption12–17

being the two relevant mechanisms for the present study of
growth on the prototypical MgO(111) polar oxide surface
with the rocksalt structure. This surface has been shown to
display (

√
3 × √

3)R30◦7,10,11,13 and (2 × 2)10,12,13 surface
reconstructions upon high-temperature annealing, and (1 × 1)-
OH termination when prepared at lower temperatures.13,16,17

Water evolution appears to play an important role in the
structures of the reconstructed surfaces even when these are
prepared in the ultrahigh vacuum (UHV.)14

The question of the stability of polar interfaces is closely
related to that of polar surfaces, both by the physics of the
problem and also because polar interfaces can be created by
film growth on polar surfaces. It is reasonable to hypothesize
that: (1) The polar surface stabilization solution would be
perturbed by each new layer of the growing film, resulting in
atomic and electronic structures that would likely be defined
by the need to minimize, in a dynamic way, the net dipole
of the film-substrate system within its growth environment,
on the way to a static terminal state solution. (2) The system
dipole minimization might be accomplished by structural and
electronic changes at the solid-solid interface, the film surface,
and/or within the film. (3) Different initial surface stabilization

mechanisms of the polar oxide substrate could affect the
structure and properties of the final heterointerface polar oxide
system in different and observable ways.

Initial investigation of growth of polar magnetite (Fe3O4)
films on the hydrogen stabilized unreconstructed MgO(111)
surface18,19 has shown marked differences in compari-
son with magnetite growth on the corresponding neutral
MgO(001) surfaces20,21 and on metal Pt(111) surfaces,22

suggesting that the substrate surface polarity drives phase
separation with nucleation of Fe nanocrystals. Phase sep-
aration was also found in the growth of iron oxides on
the corundum structure α-Al2O3(0001) substrates,23 with
single-phase growth of magnetite achieved under much more
oxidizing conditions than those needed for single-phase
growth on the neutral MgO(001) surface. These results
inspire the first question for the present study: Is it pos-
sible to grow the terminal oxidation phase of iron [i.e.,
hematite α-Fe2O3(0001) film] on the strongly polar MgO(111)
surfaces?

The second question this study seeks to address is whether
or not the surface stabilization mechanism for a polar oxide
substrate has any noticeable effect(s) on the growth, structure,
and properties of the polar hematite films. Prior studies
of GaN growth on the unreconstructed MgO(111)-(1 ×
1)-OH terminated surface revealed that the higher-energy
GaN(111) cubic polymorph can be stabilized when the surface
hydrogen is replaced by nitrogen in the initial stages of
growth. In contrast, hexagonal GaN(0001) nucleates under
identical conditions when growth is initiated with gallium
on the hydrogen-terminated surface.24 The present study
compares and contrasts the structure and magnetic properties
of iron oxide films grown under equivalent highly oxidizing
conditions on unreconstructed MgO(111) and Al2O3(0001)
and on reconstructed MgO(111) surfaces.
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II. MATERIALS BACKGROUND

The controlled growth of hematite and magnetite films
has been a subject of intense studies inspired by their many
technological applications in catalysis, gas sensing, seques-
tration of toxic metals, and magnetic devices (e.g., reviews,
Refs. 25–27 and references therein). Bulk hematite is a high
Néel temperature (953 K) canted antiferromagnetic oxide,
with 2.2-eV band gap, with potential uses in exchange-biased
devices and sensors to pin the magnetization of an adjacent
ferromagnetic layer. Magnetite is a high Curie temperature
(854 K) ferrimagnet that is of interest as a source of spin-
polarized electrons. The bulk spin polarization, as estimated
by spin-polarized photoemission, is ∼50–65% for Fe3O4(001)
epitaxial films grown on MgO(001).28,29 In combination with
a tunneling barrier from an insulating oxide such as MgO or
Al2O3, magnetite and hematite are of interest for spintronic
devices such as magnetic tunnel junctions.30 Hematite is also
studied as promising photoanode material for conversion of
sunlight into hydrogen as clean source of renewable energy
(Ref. 31 and references therein).

This combination of materials is also of great interest
due to the close lattice match that allows controlled epitaxial
growth of the active layers. Bulk hematite (α-Fe2O3) has the
rhombohedral corundum structure (bulk unit cell dimensions:
a = 0.504 nm and c = 1.375 nm) with a close-packed
hexagonal O2− sublattice and with Fe3+ in distorted oxygen
octahedral sites [Fig. 1(a)]. In the polar 〈0001〉 direction,
the corundum structure of α-Fe2O3 (and α-Al2O3) consists
of alternating planes of oxygen monolayers, with three O2−
anions per unit cell, and metal bilayers with one Fe3+
(Al3+) cation per each layer. The surface is charged but
nonpolar when bulk terminated with a cation monolayer;
it is charged and polar when terminated with oxygen or
a complete cation bilayer. The semantics can be confusing
because the cation bilayer is called a monolayer in some
references; hence, half a monolayer is needed for a nonpolar
termination.

Magnetite (Fe3O4) has the cubic inverse spinel structure
(a = 0.840 nm) with oxygen forming an fcc sublattice and
with Fe2+ cations in octahedral sites and Fe3+ in octahedral
and tetrahedral sites. The {100} and {111} faces of magnetite
are polar where, in the 〈111〉 direction, magnetite consists
of close-packed oxygen monolayers, separated by alternating
iron monolayers with Fe3+ and trilayers with Fe2+ Fe3+ Fe2+
stacking, as illustrated in Fig. 1(b). Bulk maghemite (γ -
Fe2O3), while sharing the same stoichiometry as the hexagonal
hematite, is ferrimagnetic due to its cubic structure that shares
many similarities with magnetite shown in Fig. 1(b), with all
or most Fe in the trivalent state. It has a cubic unit cell (a =
0.824 nm), which contains 32 O2− ions, 64/3 Fe3+ ions, and
7/3 vacancies. The cations are distributed randomly over the 8
tetrahedral and 16 octahedral sites, while the vacancies (which
are also randomly distributed) are confined to the octahedral
sites.32 Consequently, the {111} planes of maghemite are also
polar.

In addition to externally imposed stoichiometry (i.e.,
through control of cation and anion delivery rates at the growth
surface), the phase composition of iron oxide films is also
affected by kinetics, thermodynamics, and elastic constraints.

FIG. 1. (Color online) Atomic models in side and top view of
(a) α-Fe2O3(0001)—corundum (also α-Al2O3), (b) Fe3O4(111)—
spinel, and (c) MgO(111)—rocksalt slabs with bulk-terminated
polar surfaces. The side view illustrates alternate stacking of planes
of oxygen anions (O2− in green/gray) and magnesium (Mg2+,
orange/light gray) or iron (Fe3+ and Fe2+, purple/medium gray)
cations needed for polar oxide surface and/or interface creation. In
all (111) cubic planes and in the α-Al2O3 (0001) hexagonal planes,
the O2− ions are in a close-packed hexagonal lattice, with in-plane
distortions from the perfect lattice sites for hematite (0001) planes.
Iron (aluminum) is stacked in bilayers of Fe3+ (Al3+) in the α-Fe2O3

(α-Al2O3) polar (0001) direction and in alternating monolayers
of Fe3+ and trilayers of Fe2+Fe3+Fe2+ in the Fe3O4 polar (111)
direction. Top-view drawings of the unreconstructed surface unit
cells for all three structures illustrates that the α-Fe2O3(0001)-(1 ×
1) cell is nearly commensurate with MgO(111)-(

√
3 × √

3)R30◦ and
Fe3O4(111)-(1 × 1) with MgO(111)-(2 × 2).

Therefore, controlled growth of iron oxides of desired phase
composition is no small feat.25–27

Magnesia (MgO) has the cubic rocksalt structure (a =
0.421 nm) typical for extremely ionic materials, with fcc
Mg and O sublattices. Its polar 〈111〉 direction consists of
alternating close-packed layers of Mg2+ and O2− as shown
in Fig. 1(c). The small in-plane lattice mismatch between
a relaxed α-Fe2O3(0001) film and α-Al2O3(0001) substrate
(5.32%) or MgO(111) substrate (−2.25%), and between
Fe3O4(111) film and MgO(111) substrate (−0.24%) is attrac-
tive for applications in electronic and magnetic devices.

III. EXPERIMENT

Iron oxide films were grown on magnesia and alumina
substrates by oxygen plasma-assisted molecular beam epitaxy
(OPA-MBE) in a custom-built system26 designed specifically
for oxide growth. Films were grown with the same iron flux and
oxygen partial pressure on unreconstructed and reconstructed
MgO(111) substrates and on unreconstructed Al2O3(0001)
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TABLE I. Summary of substrate surface structure and deposition conditions for five films grown under identical iron flux (∼0.01 nm/s),
oxygen partial pressure (∼2 × 10−5 torr), and substrate temperature (∼400 ◦C) on unreconstructed (U) and reconstructed (R) magnesia (M)
and alumina (A) single crystals in continuous (c) or start-stop (s) fashion.

Sample Substrate surface Deposition time (min) Nominal film thickness (nm)

MUc MgO(111)-(1 × 1) 172 200
MUs MgO(111)-(1 × 1) 12 + 108 180
AUc Al2O3(0001)-(1 × 1) 180 200
MRc MgO(111)-(

√
3 × √

3)R30◦&(2 × 2), (
√

3 × √
3)R30◦ dominant 70 80

MRs MgO(111)-(
√

3 × √
3)R30◦&(2 × 2), (2 × 2) dominant 17 + 80 + 82 200

substrates, as summarized in Table I. During growth of all
samples, an e-beam evaporated Fe source was used, with the
metal beam flux of ∼0.1 Å/s monitored and controlled by
atomic absorption spectroscopy. Plasma discharge activated
oxygen gas was generated at a constant partial pressure
of ∼2 × 10−5 torr.

Epi-polished single-crystal MgO(111) and Al2O3(0001)
surfaces (10 mm × 10 mm × 0.5 mm) were cleaned with
acetone and isopropanol. The magnesia crystals were annealed
in a tube furnace of flowing oxygen at 800 ◦C (for 1 h) and
1100 ◦C (3 h) for the preparation of unreconstructed (MU) and
reconstructed (MR) surfaces, respectively. Preparation of the
unreconstructed single crystal alumina (AU) substrates did not
require initial annealing. All three substrate types were treated
in a UV ozone cleaner immediately prior to insertion in the
UHV growth chamber and then exposed in situ to activated
oxygen (55 mA at 2 × 10−5torr O2 partial pressure) at room
temperature between times of 30 min (AU and MR substrates)
and 1 h (MU) to remove carbon. Additional in situ annealing at
∼500 ◦C for 20 min was performed for the MR substrates. All
films were grown under nominally identical iron flux, oxygen
partial pressure, and substrate temperature conditions.

In situ characterization of the substrate and film sur-
faces was performed using reflection high-energy electron
diffraction (RHEED) and x-ray photoelectron spectroscopy
(XPS). RHEED was used to verify the substrate quality and
surface reconstruction prior to growth and to monitor the
film crystallinity and surface morphology during and after
growth. The composition and Fe charge state of each film
surface was measured in an appended XPS chamber using a
Gammadata/Scienta SES 200 photoelectron spectrometer with
a monochromatic Al Kα x-ray source.

Upon removal from the UHV, a Lakeshore 7400 Vibrating
Sample Magnetometer (VSM) was used to characterize the
magnetic properties of the films at room temperature. The film
crystal structure was characterized with high-resolution x-ray
diffraction (XRD) using a Philips X’Pert four-circle diffrac-
tometer, as well as with selected area diffraction (SAD) and
high-resolution transmission electron microscopy (HRTEM)
performed in a Hitachi H-9000NAR electron microscope oper-
ated at 300 keV. Cross-sectional samples were prepared in two
mutually perpendicular azimuths with tripod mechanical pol-
ishing followed by low-angle Ar ion milling methods. The film
and interface morphology was studied by bright-field trans-
mission electron microscopy (TEM) in the same instrument,
and the film surface morphology was studied by atomic force
microscopy (AFM) using a Digital Instruments Nanoscope

IIIa multimode scanning probe microscope with Si cantilevers.
The film composition was characterized by electron energy
loss spectroscopy (EELS) in a Tecnai F20ST TEM/STEM an-
alytical microscope operated at 200 keV in an energy-filtered
TEM mode. X-ray magnetic circular dichroism (XMCD) and
x-ray absorption spectroscopy (XAS) synchrotron studies
were performed at beamline 4-ID-C at the Advanced Photon
Source to obtain additional magnetic and compositional
information about the buried substrate-film interface.

IV. RESULTS AND DISCUSSION

A. Macroscopic Film Structure and Magnetic Properties

Magnetic hysteresis loops obtained by VSM measurements
are shown in Fig. 2. In all cases the predominantly antifer-
romagnetic films possess nonzero coercivity, indicating the
presence of a small ferro(ferri)magnetic component in films
grown on unreconstructed surfaces (MU, AU) and markedly
higher saturation magnetization and coercivity for films grown
on reconstructed surfaces (MR). The magnetic properties
of these films are summarized in Table II. The thickness-
normalized saturation magnetization in Fig. 2 is larger by a
factor of 6 in MRc than MUc samples and the coercivity by a
factor of 3. In all three film types, the ratio of the remanence to
saturation magnetization (Mr/Ms) falls within the (∼0.05–0.5)
range typical for pseudo-single-domain (PSD) magnetite, as
does the ratio of the field to remove remanence to the coercive
field (Hcr/Hc: ∼1.5–4.0 PSD).32

FIG. 2. (Color online) Thickness-normalized VSM magnetiza-
tion curves for films grown on magnesia and alumina polar surfaces
in continuous fashion. Saturation moment and coercivity data are
presented in Table II with a drastically higher magnetic moment for
the film grown on reconstructed magnesia (MR).
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TABLE II. Magnetic properties for hematite films from Table I: Ms—saturation magnetization at external field of 1 T; Mr—remanence
magnetization; Hc—coercivity; Hcr—magnetic field needed to remove remanence.

Sample Ms (10−6 Am2) Mr/Ms Hc (10−4 T) Hcr/Hc Ms/ thickness (103 Am) Interfacial band

MUc 305 0.195 106 2.73 2.72 No
AUc 330 0.425 388 2.58 1.65 No
MRc 1173 0.326 338 1.90 16.76 Yes

The above property measurements lend the first evidence
in support of the hypothesis that “different initial surface
stabilization mechanisms of the polar oxide substrate could
affect the structure and properties of the final heterointerface
polar oxide system in different and observable ways.” It is
important to find out if this difference in magnetic properties
is driven by differences in structure and/or composition.
Three iron-based structures would give hysteresis loops with
substantial coercivity and saturation magnetization: Fe metal,
Fe3O4, and/or γ -Fe2O3. We next present the macroscopic
structural characterization by x-ray diffraction to probe if any
of these magnetic phases are present.

In Fig. 3 we compare the XRD intensity profiles of films
grown on reconstructed (MR) and unreconstructed (MU)
magnesia showing that both films can be indexed as hematite
growing with its (0001) planes parallel to the magnesia
(111) polar planes. Although in other systematic studies
with lower oxygen pressures, we could detect epitaxial Fe
(110), Fe3O4(111) and γ -Fe2O3(111) film reflections, these
are absent from Fig. 3, demonstrating that the films are
α-Fe2O3(0001) within the XRD detection limit. Hence, it is not
possible to explain the large differences in magnetic properties
by macroscopic differences in the film crystal structure.

FIG. 3. (Color online) XRD intensity profiles of iron oxide films
grown in continuous mode on unreconstructed (MU) and recon-
structed (MR) MgO(111) surfaces displaying hematite reflections in
α-Fe2O3 (0001) epitaxial orientation. Lines indicate peak positions
for magnesia, hematite, magnetite and maghemite.

XAS and XMCD studies were undertaken to study the
composition and magnetic properties of the films in search
of an explanation for the vastly different VSM results. The
Fe L edge XAS data [Fig. 4(a)] are indicative of Fe3+ as
expected for Fe2O3. The very weak XMCD signal [bottom
curves in Fig. 4(a)], calculated as the difference between the
absorption of x-rays with left and right circular polarization,
is also consistent with the antiferromagnetic nature of the
dominant hematite phase. The weak magnetic signal (∼0.7%
of XAS intensity for MUc, ∼0.6% for MRc, and ∼4.5%
for AUc), recorded with the samples in remanence, shows
small but potentially significant differences. A triplet of lines,
indicated as features a, b, and c in the XMCD AUc spectrum,
has peak height ratios representative of maghemite (a < c
for bulk γ -Fe2O3). The XMCD signal is smaller for the
films grown on magnesia, yet the discernible triplet in the
MUc sample has a reversed peak ratio suggestive of a small
magnetite-like component (a > c in bulk Fe3O4). The line
shape in MRc is different from the known maghemite and
magnetite line shapes, but the signal is too small to allow
definite identification. Due to strong self-absorption effects at
the Fe L resonances, these data were taken via electron yield
detection, which is sensitive to the top ∼5 nm of the film,
including any changes that might be introduced by transport
through air. It will be shown later, however, that the same Fe3+
result was obtained from in situ XPS (Fig. 5) of the as-grown

FIG. 4. (Color online) Fe L (a) and O K (b) XAS and Fe L
XMCD (a) spectra of hematite films grown by continuous OPA-MBE
deposition on hydrogen-stabilized MgO(111) and Al2O3(0001) un-
reconstructed surfaces (MUc, AUc) and on reconstruction-stabilized
MgO(111) polar surfaces (MRc).
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FIG. 5. (Color online) In situ Fe 2p XPS spectra from hematite
films grown by continuous OPA-MBE on unreconstructed (MU)
and reconstructed (MR) MgO(111) and unreconstructed (AU) Al2O3

(0001) polar surfaces. Dashed lines denote positions of Fe3+ peaks in
close agreement with bulk Fe2O3 values of 711 eV for Fe 2p3/2 and
719 eV for the satellite.

film surfaces measured under UHV and is therefore unlikely
to be due to postgrowth exposure to air.

The oxygen K-edge XAS data [Fig. 4(b)] were recorded in
fluorescence yield, providing increased depth sensitivity (top
∼100 nm). All films show two sharp features (a,b), derived
from mixing of the O 2p and Fe 3d states. The films on
unreconstructed magnesia and alumina have similar a:b ratios,
but the film on the reconstructed magnesia surface shows
markedly lower a:b intensity ratio, suggestive of a buried
interface layer with different Fe/O stoichiometry. The broader
features (c,d) at higher energy, due to the more diffuse 4s
and 4p states, are also visible on all three films with some
subtle differences in intensity and position. The highest energy
features (e, f, g) differ substantially between the films on
alumina (only f and g peaks present in AUc) and magnesia
(e peak is present in the MU and MR films, but small f
and g contributions are seen only in MUc). These features
likely arise from multiple scattering contributions; thus, they
point to significant differences in the oxygen local environment
between the alumina and magnesia-grown films.

B. Surface Composition, Structure and Morphology

In situ XPS Fe 2p spectra from the as-grown films are
consistent with Fe3+ (Fig. 5), indicative of Fe2O3 formation.
Upon correction for charging effects using the O 1s peak,
the experimentally measured Fe peak positions are in close
agreement with the bulk hematite values of 711 eV for Fe
2p3/2 and 719 eV for the satellite peak. Although phase
separation with formation of Fe0 and Fe2+ valence states had
been observed in iron oxide films grown on polar magnesia18

and alumina23 surfaces, the top regions of the films appear to

be pure Fe3+, presumably because of the strongly oxidizing
conditions. O 1s XPS (not shown here) display symmetric
peaks indicative of lattice oxygen and no surface OH, which
typically appears as a shoulder ∼1.5 eV to higher binding
energy. Substrate cation outdiffusion was of concern at the
higher growth temperatures (250–500 ◦C) needed to form
Fe2O3. For example, Mg segregation to the film surface
has been found for γ -Fe2O3 grown on neutral MgO(001)
substrates,33–36 but no Al has been detected at surfaces of
α-Fe2O3 films grown under similar conditions on Al2O3(0001)
substrates.36–38 In the present study we do not find detectable
amounts of Al or Mg at the surface of any of our films.

Figure 6 shows in situ RHEED patterns from magnesia
and alumina substrates upon surface preparation for growth
(top row) and from respective film surfaces upon completion
of OPA-MBE growth (bottom row). The substrate patterns
are streaky in both MgO cases, indicative of flat surfaces,
and the sharpness of the streaks is indicative of extended
reconstruction domains. The spotty nature of most film
patterns is indicative of development of surface roughness
in the films; the smoothest surface being obtained for the
MRc film grown on the reconstruction stabilized MgO(111)
surface [Fig. 6(b)]. All film surfaces are consistent with an
unreconstructed α-Fe2O3(0001)-(1 × 1) structure. Referring
back to the atomic models in Fig. 1, it is evident that the

FIG. 6. (Color online) In-situ RHEED patterns from magnesia
and alumina substrates after surface preparation for growth (top
row) and from respective hematite film surfaces after completion
of the continuous OPA-MBE growth (bottom row): (a) MU film on
unreconstructed MgO(111) substrate; (b) MR film on reconstructed
MgO(111)-(

√
3 × √

3)R30◦ with minority (2 × 2) domains; and
(c) AU film on unreconstructed Al2O3(0001) surface. (d) RHEED
in-plane intensity profiles of above films are consistent with α-
Fe2O3(0001)-(1 × 1) termination structure. The rods and their
intensity profiles are indexed; arrows in patterns denote location of
magnesia (green/gray), alumina (blue/medium gray), and hematite
(orange/light gray) reflections, lines of same color indicate the
substrate 1 × 1 rods.
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hematite (0001) plane fits on the alumina (0001) plane without
any rotation [Fig. 1(a)], but it fits on the magnesia (111) plane
with a 30◦ rotation and

√
3 × √

3 relationship between the
surface unit cells [Fig. 1(c)]. This orientation relationship
produces the same number of RHEED rods for the alumina
[Fig. 6(c)], the reconstructed MgO(111)-(

√
3 × √

3)R30◦
substrate [Fig. 6(b)], and the hematite films. The fit to the
unreconstructed MgO(111)-(1 × 1) is via overlap of its (11)
rod with the hematite (30) rod, with the (10) and (20) rods
trisecting the distance [Fig. 6(a)]. If the films were terminated
with epitaxial magnetite or maghemite, their (11) rods would
bisect the distance to the magnesia (11) rods, but this is
not observed in the experimental RHEED patterns, nor in
their intensity profiles. The in-plane (hk) intensity profiles
[Fig. 6(d)], obtained by mirror averaging of the above RHEED
patterns around the (00) specular reflection and by averaging
over ∼6 nm−1 along the l direction of each (hk) rod, indicate
that the film on alumina is compressed compared to the films
on magnesia. The bulk MgO d220 = 0.1488 nm lattice spacing
was used for calibration of the RHEED patterns, corresponding
to the first rod of the MgO(111)-(1 × 1) pattern. This substrate
reflection is close to the third-order hematite film rods based
on epitaxial constraints; experimentally we find 0.140 nm for
MUc, 0.141 nm for MRc, and 0.136 nm for AUc, smaller by
3.3, 2.9, and 6.1%, respectively, from the closest bulk α-Fe2O3

lattice spacing of 0.1452 nm.
In situ x-ray reflectivity studies by Lee et al.39 have found

initially flat but compressed hematite films (RMS ∼0.3–0.4 nm
for thicknesses less than ∼16 nm) that roughen abruptly as they
relax (RMS increases to ∼1.0 nm for film thicknesses between
16 and 21 nm), followed by slower roughening rate as hematite
dc sputtering growth continues on alumina (0001) substrates.
Weiss and Ritter40 have reported vertical roughness ranging
from 3 to 15 nm in hematite films grown by metal monolayer
deposition and oxidation on Pt(111) surfaces. In comparison,
quantitative AFM investigations of our OPA-MBE-grown
hematite film surfaces find RMS roughness that is similar for
films on hydrogen-stabilized magnesia and alumina (∼1.2 nm)
and somewhat smaller on the reconstructed magnesia (∼0.9
nm), consistent with the RHEED observations in Fig 6. In all
cases the film surfaces do not display signs of faceting into
larger angle neutral faces.

Combined with the XAS and XPS data presented above,
the RHEED data confirms that the surface structure of all
films is hematite and that the observed differences in magnetic
properties of the films are not likely due to composition,
structural, or morphological differences in the near-surface
region. We turn our attention, therefore, to the substrate-film
interfacial region as a possible explanation for the observed
changes in magnetic properties.

V. INTERFACE COMPOSITION, STRUCTURE
AND MORPHOLOGY

The low-magnification bright-field TEM image of an MU
film (Fig. 7) is recorded in a weakly diffracting condition
for the MgO substrate, emphasizing the difference in mass
thickness between the substrate and the film. Similar imaging
conditions have been used previously18 to visualize phase
separation within magnetite films grown on unreconstructed

FIG. 7. (Color online) Bright-field TEM image of MUc film,
imaged in cross section under weakly diffracting conditions, allows
measurement of film thickness and ascertains absence of dense Fe
nanoparticles.

MgO(111) surfaces in which Fe nanocrystals were detected
through their higher mass density contrast at the interface and
in the film. Such metallic nanocrystals, however, are absent
from all films studied here. The film thickness is uniform,
except for the minor surface roughness, but the actual average
thickness (112 ± 3 nm) measured by TEM is drastically
smaller than the nominal thickness (200 nm) predicted during
growth, which was based on calibrations for Fe2O3 growth on
alumina (0001) and on neutral magnesia (001) surfaces. The
difference between the actual and nominal thickness, as well as
the average surface corrugations measured by TEM, appears
to depend strongly on the polar substrate stabilization mech-
anism. For the film grown on reconstructed magnesia (MRc),
the actual thickness (70 ± 1 nm) is closer to the nominal
thickness (80 nm). The above pattern regarding film thickness
is also seen for the start-stop films on magnesia substrates.

Figure 8 shows electron diffraction patterns from cross-
sectional samples of hematite films grown on the unre-
constructed [Fig. 8(a); MUc] and reconstructed [Fig. 8(b);
MRc] polar magnesia surfaces. These diffraction patterns
are recorded from selected area sample regions that are
∼500 nm in diameter, with the MgO(111) substrate oriented
in a [11-2] zone. The magnesia and hematite reflections
are clearly visible in both patterns, as denoted by their
unit cells. The orientation relationship between the substrate
and the dominant hematite film phase can be summa-
rized as 〈0001〉α−Fe2O3 ‖ 〈111〉MgO; 〈11−20〉α−Fe2O3 ‖
〈11−2〉MgO and 〈1−100〉α−Fe2O3 ‖ 〈1−10〉MgO; in the
case of hematite grown on alumina, all directions in
both corundum structures are in alignment. These three-
dimensional relationships are consistent with the two-
dimensional in-plane orientations seen at the hematite film
surface by RHEED (Fig. 6) and the one-dimensional growth
direction orientation seen by XRD (Fig. 3).

Additional spots, half way between the MgO Bragg beams,
are visible only in the pattern from the MR films [Fig 8(b)],
providing the first evidence for presence of a cubic iron
oxide structure that could provide an explanation for the
measured ferromagnetic properties. Both Fe3O4 and γ -Fe2O3

are ferrimagnetic and have unit cells close to double in size of
the MgO unit cell. Detailed lattice spacing measurements from
SAD patterns confirm that the structure of the interfacial band
in the MRc samples is consistent with Fe3O4 growing with its
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FIG. 8. (Color online) Selected area diffraction patterns from
films grown on (a) unreconstructed (MUc) and (b) reconstructed
(MRc) magnesia surfaces recorded with the incident beam parallel to
MgO [11-2] direction. The hematite (orange/light gray) and magnesia
(green/gray) unit cells are denoted on the experimental patterns,
showing that additional reflections, due to magnetite (lilac/medium
gray), are present only in the MRc sample.

(111) planes parallel to the substrate and film surface in simple
cube-on-cube orientation relationship with MgO. The Fe3O4

phase was not seen by RHEED, indicating that it is absent at
the film surface. Upon detecting it with the strongly scattering
high-energy electrons in transmission, it is possible to discern
a very noisy broad peak at the position for the cubic (333)
(Fe3O4 or γ -Fe2O3) Bragg reflection in the MR film (Fig. 3),
suggesting that the magnetic phase constitutes a small fraction
of the entire iron oxide film volume. We next employ TEM
and HRTEM to find the location of the magnetic phase and
position-resolved EELS to compare its composition to that of
the dominant hematite phase.

Figure 9 shows cross-sectional HTREM images (top) from
the interface regions of films grown on magnesia and numerical
diffractograms (bottom: shown with reversed contrast) from
selected image regions. The interface appears straight and
fairly abrupt in both cases, but in the MUc film [Fig. 9(a)], the
hexagonal hematite structure initiates at the interface and prop-
agates throughout the film. In contrast, the MRc film [Fig. 9(b)]
initiates with an interfacial cubic phase and then transforms
abruptly into the dominant hexagonal (hematite) phase, as con-
firmed by the indexed numerical Fourier transforms [Fig 9(c)]
of the MgO substrate, Fe3O4 interfacial band and α-Fe2O3 film
regions. Table III summarizes the experimentally measured
lattice spacing and interplanar angle values and compares them
to the relevant iron oxide bulk standards. Cubic γ -Fe2O3 has
similar lattice parameters as Fe3O4, but with additional allowed
(1-10), (3-30), (201) reflections that fall within the resolution
limits of the microscope. Such maghemite-specific reflections

FIG. 9. (Color online) HRTEM images of interface regions
of MUc (a) and MRc (b) samples and indexed digital diffrac-
tograms (c) from MgO substrate (green/gray), Fe3O4 interfacial band
(lilac/medium gray), and α-Fe2O3 film (orange/light gray) image
regions. The self-assembled interfacial nano buffer with magnetite
structure is seen in the films grown on reconstructed MgO(111).
Cubic γ -Fe2O3 is not present, as demonstrated by absence of (1-10)
and (201) reflections (red/dark gray).

were not observed in our experimental SAD and fast Fourier
transform (FFT) patterns (as denoted by the dotted red unit
cell with empty red squares). We also did not detect Fe metal
and FeO lattice spacings.

Recent electron diffraction studies have reported Ar+
sputtering-induced reduction of geological hematite single
crystals with creation of subsurface spinel layers, but the
effect was not observed in hematite crystals that are impurity
free.41 In our extended HRTEM imaging and SAD diffraction
studies of samples milled with different Ar+ energies, and
under different angles of incidence, we have found evidence
for sputtering-induced surface reduction of the ultrapure OPA-
MBE-created hematite not only to defective epitaxial spinel
but also to rocksalt surface layers upon excessive milling. This
phenomenon contributes faint reflections in the FFT patterns
from hematite film regions [denoted with squares in the right
panel in Fig. 9(c)] where the sputtering results in reduction
of the top and bottom ion-milled surfaces through which the
electron beam passes as it enters and exits the hematite film.
Double diffraction of the magnetite {3-11} reflections by the
hematite {0-11-2} planes results in 1

2 (01-12) reflections that
are kinematically forbidden. The sputtering-induced magnetite
reflections and their associated 1

2 (01-12) double diffraction
reflections are visible only from the extremely thin specimen
areas, such as those needed for phase contrast lattice imaging,
when the damaged entry and exit layers encompass sizable
fraction of the total electron beam propagation length. These
reflections are negligible in thicker specimen regions, such
as those used for the SAD patterns in Fig. 8, where the
interfacial magnetite band is observed only in the MR samples
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TABLE III. Results from lattice spacing and interplanar angle measurements utilizing experimental numerical diffractograms [Fig. 9(c)]
from HRTEM image regions of sample MRc [Fig. 9(b)]. Phase identification of magnetite interfacial band and hematite film is obtained by
comparison with bulk spacing and angles of iron oxides.

h k l Spacing (nm) Angle (deg) Bulk spacing (nm) Bulk angle (deg)

Substrate: MgO(111) in [11-2] zone
2-2 0 0.147 0 0.1488 0.0
1 1 1 0.242 89 0.2431 90.0

Interfacial band: Fe3O4 (111) in [11-2] zone
2-2 0 0.297 0 0.2967 0.0
4-4 0 0.149 1 0.1485 0.0
1 1 1 0.496 90 0.4852 90.0
2 2 2 0.242 90 0.2424 90.0
3-1 1 0.252 32 0.2532 31.5
6-2 2 0.127 31 0.1266 31.5

Film: α-Fe2O3(0001) in [2-1-10] zone
0 3-3 0 0.144 0 0.1452 0.0
0 0 0 6 0.233 89 0.2285 90.0
0 1-1 2 0.366 32 0.3660 32.4
0-1 1 4 0.271 128 0.2690 122.4
0 3-3 6 0.183 32 0.1226 32.4

and not in the MU hematite samples milled under equivalent
conditions. The self-assembled interfacial magnetite layer
is substantially better ordered than the sputtering-induced
surface magnetite layer. The hematite surface reduction was
found to be minimized when sputtering is performed with
low-energy (300 –500 eV) Ar ions at very low grazing angles
of incidence (1–3 degrees), without affecting the thickness of
the interfacial magnetite band.

The digital diffractograms of start-stop film MRs was also
found to contain an interfacial magnetite band but of a smaller
thickness (1.63 ± 0.19 nm) compared to the MRc film (6.25
± 0.12 nm). This is likely due to the difference in their
substrate surface terminations, with dominance of the (2 ×
2) reflections in MRs and (

√
3 × √

3)R30◦ reflections in MRc.
The mode of growth (continuous vs start-stop) and temperature
gradients across the substrate might have also contributed to
the differences in the local width of the interfacial magnetite
band, as well as the ultimate film thickness that is finally
achieved. Nevertheless, by comparison to the MU films, the
interfacial magnetite band is clearly related to the surface
reconstruction of the substrate. The hematite film grown on
unreconstructed alumina does not contain interfacial bands of
different structure, but it hosts a periodic network of misfit
dislocations as reported in prior HRTEM studies.38

HRTEM studies of the middle and top regions of all films
find them to be single-phase hematite, confirming that the main
differences in structure occur at the interface during the initial
stages of growth. This observation of interfacial magnetite
bands in films grown on the reconstruction-stabilized polar
magnesia surface explains why they have markedly higher
coercivity and saturation magnetization than the films grown
on unreconstructed (hydrogen stabilized) polar magnesia and
alumina surfaces.

Position resolved EELS studies of cross-sectional samples
were undertaken to probe the composition of the interface

band seen in the hematite films grown on the reconstruction-
stabilized magnesia surfaces. The EELS spectra shown in
Fig. 10 are recorded with an electron probe of ∼2 nm in
diameter positioned on representative film (a) and interfacial
(b) regions of sample MRc. The Fe L3/L2 ratios obtained from
the background-corrected spectra show a marked difference,
indicative of changed oxidation states.42,43 The experimental
ratio for the Fe2O3 of 4.6 is in agreement with literature
values.42 The ratio at the interface is significantly lower and
close to the value measured for Fe3O4.42 The lower oxidation
state of Fe measured for the interface is confirmed by the
larger full width at half maximum (FWHM) of the L3 peak:
3.9 eV for the Fe2O3 film and 4.5 eV for the interface region.
All EELS results indicate that the interface iron oxide has
markedly lower oxidation state than the remainder of the film,
conclusively proving that this cubic structure is Fe3O4, not
γ -Fe2O3.

Interfacial bands with different phase composition have
been detected in many in situ studies during the initial stages of
growth, but most are of a transient nature. These “ghost” phases
disappear as the film grows and cannot be detected with postde-
position characterization methods that are sensitive to buried
interfacial films, unlike the “real” magnetite interface band
observed in this work when hematite is grown on the recon-
structed magnesia polar surface. For example, extensive sys-
tematic studies of epitaxial hematite growth on single-crystal
Pt(111) surfaces, have shown complex “ghost” phase behavior:
FeO(111) forms as an initial transient phase (�2.5 ML),
transforming into Fe3O4(111) for continued growth (at 870 or
1000 K), and into hematite by oxidative postannealing (1000
K; 10−1 mbar O2).40 Using the same metal substrate, OPA-
MBE studies have found transient γ -Fe2O3(111) that grows in
a layer-by-layer mode up to ∼2 nm and in island mode up to
∼3 nm, then transforms into α-Fe2O3(0001), and continues to
grow in columnar mode.44 These morphological and structural
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FIG. 10. Position-resolved EELS spectra of the Fe-L transition
from (a) hematite regions of film MRc; and (b) interfacial magnetite-
like band of the same film grown on reconstruction-stabilized
MgO(111)-(

√
3 × √

3)R30◦ polar surfaces. The grey area was
subtracted prior to L3/L2 calculation. The L3/L2 ratio and the FWHM
values of the L3 peak indicate a lower Fe oxidation state at the
interface. Background-subtracted spectra.

transformations were correlated with ferrimagnetic to antifer-
romagnetic transition and progressive structural relaxation.

Hematite growth on lattice-matched oxides is even more
complex. Comparative OPA-MBE studies on alumina and
neutral magnesia surfaces have found that α-Fe2O3(0001)
grows on α-Al2O3(0001)45 but cubic γ -Fe2O3(001) forms
on MgO(001).23,45 In situ structural studies have uncovered
transient γ -Fe2O3

39 or 2 ML of FeO phase46 in the initial
stages of OPA- or atomic oxygen-assisted (OA)-MBE hematite
growth on alumina. By switching from the neutral (001) to the
polar (111) magnesia surface, the present work demonstrates
that α-Fe2O3(0001) can be grown on the polar face of a
cubic MgO crystal, both as a virtually pure phase on the
unreconstructed surface and with an Fe3O4(111) interfacial
band on the reconstructed MgO(111) surface. It remains to be
explored if “ghost” phases form during hematite growth on the
unreconstructed MgO(111) surface.

Referring to the bulk atomic models in Fig. 1, it is not
surprising that we can grow a hexagonal corundum structure
on a cubic rocksalt structure, considering the nearly perfect
match between their oxygen sublattices, and the hexagonal
in-plane symmetry of the close-packed Mg and O (111) planes
that is maintained in the MgO(111)-(1 × 1)-OH termination.
The same logic could be used to argue that the interfacial
Fe3O4(111) forms because it provides the correct lattice orien-

tation and a better lattice match to a reconstructed MgO(111)-
(2 × 2) surface. However, this elastic constraint argument
fails to explain why we see an interfacial band of magnetite
on the MgO(111)-(

√
3 × √

3)R30◦ reconstructed surface that
is ideally oriented for the growth of the hematite lattice.
Moreover, the elastic constraint argument cannot provide an
explanation for the lower oxidation state of the self-assembled
interfacial Fe3O4 layers, especially when γ -Fe2O3 would
provide the same elastic relief as magnetite while keeping the
same oxidation state as hematite. Therefore, we believe that
our experimental results can only be understood within the
polarity hypothesis framework presented in the Introduction.

VI. DISCUSSION

The most surprising and significant finding of this study
is the dependence of the hematite film morphology, atomic
structure, and transport properties on the polar magnesia
stabilization mechanism. The simplest explanation for the
observed differences is provided by the discovery of interfacial
magnetite bands in hematite films grown on reconstructed
magnesia surfaces. Such a magnetite layer can act as a
structural buffer, providing better lattice match with the
substrate and hence a smoother film surface morphology.
Its presence also explains the mixed ferri/antiferromagnetic
film properties. This buffer layer is not engineered by any of
the customary external control mechanisms but self-organizes
to exclude incorporation of oxygen even under (strongly
oxidizing) kinetic and thermodynamic conditions designed
for growth of hematite. Such expulsion of oxygen away
from the polar interface is consistent with our previous
observations of Fe nanoparticles at the interface of magnetite
films grown by OPA-MBE on unreconstructed MgO(111)19

and Al2O3(0001)23 surfaces. This behavior may also be
explained by recent density functional theory predictions of
outward motion of oxygen at hematite/magnesia interfaces.47

Drastic structural relaxations were predicted at the interface,
triggered by an expulsion of oxygen toward the surface and
collapse of the interfacial Fe-bilayer in ultrathin films. The
relaxed structure was found to consist of alternating planes of
Fe2-FeO3, which is a nonbulk iron oxide phase. Such behavior
was not observed in model calculations of hematite films on
metallic Ti(0001) and Al2O3(0001) substrates.48

Returning to the starting hypothesis, it is reasonable to
propose that this natural magnetite buffer self-assembles in
response to the reconstructed-substrate polarity, providing
a new compensation solution as the film growth starts to
interfere and alter the stabilization mechanism of the bare
polar oxide surface. This hypothesis is further supported by
the observation that the magnetite buffer self-assembles on
the reconstruction-stabilized magnesia surfaces but not on
the hydrogen-stabilized unreconstructed surfaces. Hydrogen
has also been shown to stabilize the unreconstructed (0001)
alumina surfaces and affect the initial stages of growth by
promoting laminar growth in place of the usual island growth
of ultrathin Co films.49 It remains to be determined if this
natural magnetite buffer will form when hematite is grown on
other reconstruction-stabilized polar surfaces or even on the
hydrogen-stabilized 1 × 1 surfaces under less overengineered
kinetic and thermodynamic conditions. It is also unknown
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at this time how this polarity-induced self-assembled buffer
compares to conventional buffers in its detailed structural and
electronic properties.

This study also demonstrated that hematite films can be
grown on the (1 × 1) terminated MgO(111), as has been
achieved previously on Al2O3(0001) surfaces. Although both
types of hematite films have antiferromagnetic macroscopic
properties, their short-range spin ordering differs, as revealed
by our XMCD studies. These changes in the local crystal field
of the Fe3+ ion could be attributed to magnetoelastic inter-
actions that are further affected by differences in local strain
relaxation around defect structures. Indirect evidence for this
phenomenon is provided by experiments that show thickness-
dependent magnetic properties, including the absence of a
Morin transformation, for ultrathin (2 and 8 nm) α-Fe2O3 films
on Al2O3(0001).50 In addition to finite size effects, changes
in the local crystal field of the Fe3+ ion and magnetoelastic
interactions, it is plausible that the difference in polarity
between MgO(111) and Al2O3(0001) further contributes to
the difference in the hematite magnetic ordering. Our detailed
theoretical study on the growth of thin hematite films on polar
MgO(111) and unsupported hematite(0001) slabs, showed the
presence of metastable magnetic states in both cases.47 Further
theoretical modeling is under way to explore the magnetic
ordering in hematite films grown on Al2O3(0001) substrates.

VII. CONCLUSIONS

This study shows that different modes of polar surface sta-
bilization can have profound effect on the growth mode, phase

composition, and magnetic properties of polar hematite films
grown on polar magnesia and alumina single crystal substrates.
Growth on reconstruction-stabilized magnesia results in the
formation of an interfacial band of magnetite, opening oppor-
tunities to create novel magnetic heterostructures. This self-
organized magnetite buffer persists after growth, in contrast
to the transient maghemite detected by recent in situ studies
during early stages of growth on unreconstructed alumina sur-
faces. Indeed, virtually pure phase α-Fe2O3(0001) is obtained
on the hydrogen-stabilized unreconstructed MgO(111) and
α-Al2O3(0001) surfaces, with antiferromagnetic macroscopic
properties, but with differences in the microscopic defect
structure and spin ordering.
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