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We present a first-principles investigation of the structural, electronic, and magnetic properties
of ultrathin Fe;O3(0001) films on a polar MgO(111) substrate. The results imply that the hetero-
interface is atomically abrupt with oxide-like stacking for film thicknesses between ~1.5-8.5A. The
Fe-Fe bilayer (nominal separation of 0.59 A in FesO3) at the interface collapses into an “Fey”
monolayer. Both electronic polarization and structural relaxations effectively screen the dipole
field of the polar interface system. The structural relaxations — consisting of interpenetration,
separation, and merger of Fe and oxygen planes — are particularly drastic in the three and four
bilayers thick films, giving rise to barrierless movement of oxygen towards the surface and the
formation of an “Fez|FeOs” layer structure not seen in hematite. Comparisons to calculations of
unsupported polar Fe2O3(0001) slabs demonstrate that these unusual changes in stacking sequence
and electronic structure are associated with the polar nature of this oxide hetero-interface.

PACS numbers: 68.35.Ct,75.70.Cn,73.22.-f

I. INTRODUCTION

The polar interfaces between different crystalline oxides (hetero-interfaces) are interesting — and controversial —
because of their unique local atomic and electronic structure and novel properties.”* For example, in the hetero-
interface between LaAlO3/SrTiO3, which has been extensively studied both experimentally® ® and theoretically®, the
polar discontinuity is accommodated by interface electronic and atomic reconstructions;'® moreover, by controlling
the termination layer at the interface it is possible to have insulating (hole-doped) or conducting (electron-doped)
interfaces.!! Another important class of polar materials are the iron oxides, which are some of the most abundant
minerals on earth and find applications as oxidation catalysts, gas sensors, photonic devices and magnetic storage
media.'? In studies of the epitaxial growth of Fe3O4(111) polar films on polar MgO(111) substrates,'? the films were
found to be stabilized by the formation of Fe nanoparticles in the magnetite film and at the interface. Such phase
separation is not observed when polar Fe3O4(111) is grown on a metallic Pt(111) substrate.'* First-principles studies
of the Fez04(111)/MgO(111) hetero-interfaces'® predict metal-induced gap states in the interface oxygen and an
energetic preference for an abrupt oxide-like interface initiated with Fe in the octahedral sites.

In this paper we report a first-principles study of the hetero-interface between polar magnesia (MgQO) substrate and
polar hematite (a-FeoOs) ultrathin films in order to probe the effects of substrate polarity on the trends in atomic
and electronic structure at the interface. Bulk hematite is an antiferromagnetic insulator that has a polar surface in
the (0001) direction. Over the years there have been a number of electronic structure calculations of FeaOg, both for
the bulk'6!? and for the free surface.?? 23 The correlated nature of the Fe 3d electrons, and their role in the structural
properties of the iron oxides, has been of interest, particularly in relation to the spectroscopic i.e., band gap data. In
spite of this issue, structural properties calculated at the GGA2?? and the GGA+U?? level give generally consistent
results in broad agreement with the experimental results.

The issues to be addressed here are how, if at all, the polarity of the substrate affects the layer-by-layer growth
of the film, the factors that lead to stable films, and the resulting structure at the interface. To distinguish between
effects induced by the polar interface from those driven by the polar surface of the film, we compare equivalent
unsupported slabs of FeoO3(0001). The calculations for thin FeoO3(0001) films on polar MgO(111) substrates show
that the properties of the films are thickness-dependent and differ significantly from bulk FesO3. In particular, we
find large structural relaxations in the film that result in changes in the stacking of Fe and O planes, as well as a
variety of magnetic configurations. To see if this behavior is unique to the polar hetero-interface, we compare model
calculations for unsupported FesO3(0001) polar slabs and find distinct differences in the structure and properties
between the slabs and the hetero-interfaces. In Sec. II we describe the computational details and the known structure
of bulk hematite. Discussions of the results on our model calculations for bulk Fe2O3, FeoO3(0001)/MgO(111) polar
interface and unsupported Fe;O3(0001) slabs are presented in Sec. IIT and concluding remarks and open key questions
are discussed in Sec. IV.
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FIG. 1: (Color online) Structure of bulk hexagonal a-Fe;Os. The green (light) and purple (dark) spheres represent the O and
Fe atoms, respectively. (a) Bulk unit cell in a (1100) projection: + and — indicate the relative magnetic ordering of Fe atoms.
(b) {1120) crystal projection showing the ABAC stacking sequence with Fe atoms in A sites and O atoms alternating between
B and C sites.

II. METHODS AND STRUCTURAL MODELS

a-Fe, O3 crystallizes in the corundum structure, space group R3¢, with 6 formula units in the conventional hexagonal
cell (two in the primitive rhombohedral cell), consisting of slightly distorted hexagonal close-packed layers of oxygen
ions with two-thirds of the octahedral sites occupied by Fe ions. The stacking sequence along the [0001] direction
can be represented as ABACABAC. .. with “bilayers” of Fe atoms in A sites (with the “missing” Fe also following a
rhombohedral sequence in the three possible A sites) and alternating B and C planes of oxygen as shown in Fig. 1.
Fe-Fe nearest neighbors (nn) correspond to Fe atoms between two successive bilayers separated by a layer of oxygen
atoms (df¢~F¢ =2.86 A). The separation between Fe planes in the bilayer is diefF ¢ =0.59 A and between successive
Fe and O planes is dfefo = 0.83 A; the Fe-O bond length is d¥¢~© = 1.93 A. MgO has a rock salt structure with
experimental lattice constant of 4.217A. The MgO stacking along the [111] direction has alternating Mg and O planes
stacked in the characteristic ABC fcc stacking. Both FesOs and MgO have hexagonal in-plane symmetry in their
polar {0001} and {111} directions. The Fe;O3(0001) unit cell fits well on the v/3 x /3 30° rotated MgO lattice with
a lattice mismatch of ~3% on the rotated hexagonal plane.

Spin-polarized DFT calculations were done in a slab geometry using the full-potential linearized augmented plane
wave (FLAPW) method?42?5 as implemented in flair.?6 For the majority of the calculations, exchange-correlation



TABLE I: Total energies (eV/Fe atom) of different magnetic orderings for bulk a-Fe2O3 as a function of the spin configuration
relative to AFp (antiferromagnetic unit cell with parallel intralayer and antiparallel interlayer Fe moments).

Magnetic ordering Spin configuration AFE
AFp +4+|-- 0
AF; +—]—+ 0.22
AF1r +—|+- 0.22
FM ++ |+ + 0.32
NM 0.44

was treated using the generalized gradient approximation (GGA) parametrization of Perdew-Burke-Ernzerhof.?” The
Brillouin zone sampling was adjusted to maintain constant density in the reciprocal space, corresponding to ~2500-
4000 k points for an equivalent monotonic solid. The wave functions were expanded in spherical harmonics up to
lmaz = 8 inside the atomic spheres (Rpe amrg=2 bohr, Ro=1.33 bohr). Full structural relaxations (with a convergence
criterion of 0.002 eV/A) and spin reorientations were carried out. Calculations for bulk Fe,O3 were done in a
rhombohedral geometry, while those for Feo03(0001)/MgO(111) polar interfaces and unsupported Fe2O3(0001) slabs
were done in a hexagonal geometry. Hetero-interface calculations used symmetric slabs consisting of 11 layers of
MgO with Fe-O layers on both sides in order to remove the artificial inter-slab dipole interactions, and with vacuum
separations of ~17-20 A.

Calculations for bulk rhombohedral FeoO3 (10 atoms per unit cell) were done for various magnetic configurations,
including ferromagnetic (FM) and antiferromagnetic (AF). For the AF ordering, there are three possible local spin
configurations: AFp (+ 4 | — —) with spins parallel within each Fe bilayer and antiparallel with the neighboring Fe
bilayers (the experimentally known stable structure); and AF; (+—|—+) and AF;; (+—|+—) with spins antiparallel
within each bilayer. [In this notation, the vertical bar separates two successive bilayers and the rightmost spin is for
the “upper” atom of the bilayer. The nearest neighbor Fe atoms correspond to the first and fourth sites, i.e., a “lower”
bilayer site and the “upper” site four sites to the right in the sequence are nearest neighbors.] The nearest neighbors
are coupled antiferromagnetically in AFg and AF;;, but ferromagnetically in AF;. The AFp configuration with
parallel spins within each bilayer is energetically favored (Table I) and yields a lattice constant a = 4.98 A, 1.1% less
than the experimental value of 5.035 A. The calculated c¢/a ratio is 2.70, in close agreement with the experimental
value of 2.73. Other calculated bulk parameters, such as nearest neighbor distances, differ from the experimental
values by less than 1.2% . The calculated magnetic moment in the Fe spheres was ~3.4 up.

Our spin-polarized GGA+U calculations give an equilibrium lattice constant of 5.00 A (0.8% less than the experi-
mental lattice constant) and a band gap of 2.01 eV for U-J=4. The calculated nearest neighbor distances are dZ¢=f¢=
2.87 A and dfﬁfoz 1.93 A, in reasonable agreement with the experimental values, and vary from the GGA results by
only ~1.1%, consistent with previous results. Excited state properties such as band gaps, on the other hand, depend
on the value of U, which in turn is strongly dependent on the local environment; i.e., there is no single consistent
value of U appropriate for metallic Fe, FeO, Fe3O,4, and FesO3. Because of the ambiguity in the choice of U, especially
in this interface environment, and because we are mainly interested in the structural properties, the majority of the
calculations have been done at the GGA level. However, in order to assess the robustness of our conclusions, we have
also repeated some representative calculations using the GGA+U, and will be discussed in Section IITC.

A. Polarity and Potential Analysis

To both qualitatively and quantitatively address the issues related to polarity, we will present results for the self-
consistently calculated planar-averaged Coulomb potentials. The Coulomb potentials, which include all the electronic
(and possibly structural) screening effects, provide a firm starting point for making contact with simple models and
concepts. In particular, ionicity is an often used concept, even though it is difficult to define uniquely. We have
approached the problem by allowing the ionicity to be a fitting parameter. The superposition of (ionic) atomic-like
densities often provides a well-defined reference and a good initial guess for the charge density. The contribution of
the ith atom to this overlapped charge density is

pi(F) = [ni(7) — Z; 6(F)] — qi i (7),

where n; is the electronic density of the neutral atom of charge Z;, g; is the ionicity, and n; is the density corresponding
to a valence electron (2p for O, 3s for Mg, and 3d for Fe). With this division, the terms in the brackets will generate
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a planar-averaged Coulomb potential for neutral entities, Vieutra1(2), and the second one will generate an “ionic”
potential, Vion(2; ¢;) that depends on the individual ionicities. The g; values are determined by a linear least squares
fit (using a singular value decomposition approach) of

‘/Yion(z;qi) = ‘/c(z) - Vneutrad(Z);

where V.(z) is the self-consistent planar-averaged Coulomb potential. This model takes into account the spatial
extent of the different atoms and orbitals, which is essential since Vieutral(2) is generally the largest contribution to
the potential.

B. Atomic Models for the Hetero-interface: FeoO3(0001)/MgO(111)

To understand the initial stages of the growth process, calculations were carried out for a series of ultrathin Fe;Og
films, for both oxide (...3Mg|30|Fe-Fe|30|Fe-Fe...) and metal (...30|3Mg|Fe-Fe|30...) interface orderings on
oxygen-terminated MgO(111). The thinnest film consisted of a single (n=1) Fe bilayer (with a nominal thickness of
1.48 A); the n=2-4 Fe- bilayer films added n — 1 stoichiometric 30|Fe-Fe units, for nominal thicknesses of 3.8-8.5 A.
Because we are modeling the initial layer-by-layer growth rather than the equilibrium surface termination, most of
the calculations assumed a stoichiometric Fe termination (corresponding to molecular beam epitaxial growth in an Fe
flux), although calculations with different initial terminations were also considered. The initial geometries consisted of
either n=1-4 bulk hematite units on MgO(111), or the addition of a bulk Fe2O3 unit on top of the relaxed structure.
(Additional geometries to address issues of lattice mismatches and chemical environment were also considered and
are discussed below.)

III. RESULTS AND DISCUSSION
A. Nature of the Interface and Structural Relaxations

As the first Fe atoms adsorb on the MgO(111) surface, the question is whether the interface is oxide-metal or
metal-metal. The calculated adhesive energy for the O-terminated substrate, corresponding to Mg—-O-Fe ordering at
the interface, is more binding by ~0.3 ¢V/A? than an O-Mg-Fe stacking, confirming the oxide nature of the interface.
Interface mixing of Mg(O) and Fe was modeled by forming Fe, Mg(O) antisites for one-third of the interface Mg(O)
atoms. The Fe-Mg intermixing is energetically unfavorable, costing ~2 eV /Fe-Mg pair. Interchange of Fe and O
results in an unstable interface (the forces on the atoms act to reverse the motion) because the strong ionic Fe-O
and Mg—O bonds are replaced by weaker metallic Fe-Mg and covalent O—O bonds. Although interface roughening
has been proposed as a possible solution to the polarity problem, %39 our calculations suggest that the polar interface
between MgO and Fe;Oj3 is atomically abrupt. This observation is supported by high-resolution transmission electron
microscopy (HRTEM) images®! that show abrupt interfaces between the MgO substrate and the hematite film, as
well as previous studies of the Fe3O4(111)/MgO(111) interface structure.!®

At all modeled film thicknesses there are noticeable shifts in the atomic positions of the Fe and O atoms in the
hematite film (Table II). The film with just one Fe bilayer is stabilized by the complete collapse of the bilayer into a
single plane irrespective of the magnetic coupling between the Fe atoms: In the absence of other Fe and O neighbors,
both Fe atoms at the surface see the same local environment and there is no driving force to cause a difference in the
heights of the different Fe atoms. For the film with 2 Fe-bilayers, there is a large contraction in the interplanar Fe-Fe
and Fe-O spacings close to the interface.

The structural relaxations for the n=3 Fe-bilayer case are especially noteworthy. For monolayer Fe termination
g)nly one of the two Fe atoms per bilayer, “3*” in Table II), the surface Fe atom shows an inward relaxation of ~0.74

resulting in a reduction in the interlayer Fe-O separation by 89% and the interface Fe-bilayer has almost collapsed,
reducing the interplanar distance to 0.09 A. The relaxed (half-metallic) film retains the same stacking sequence of
Fe and O planes as the unrelaxed film (alternating planes of O and Fe-bilayers), albeit stabilized by large intra- and
inter-layer relaxations. When an additional Fe is added — a complete Fe bilayer is present — drastic changes in
structure occur (Fig. 2), resulting in the formation of a relaxed film consisting of Fes|FeO3 planes and large changes
in interlayer distances. The interplanar distance between relaxed oxygen planes is 2.57 A, a 9.8% expansion compared
to a separation of 2.34 A for unrelaxed O. The largest change is the 170% (1.11 A) expansion of the Fe-bilayer, which
occurs as one of the Fe atoms in the bilayer passes through one of the neighboring oxygen planes. (The Fe and O
atoms occupy different sites, A vs. B/C.)

The final structure is the result of a barrierless set of structural relaxations shown in Fig. 3: Starting from the
initial FeoOg stacking, the subsurface oxygen plane moves outward and one of the Fe atoms in the surface bilayer



TABLE II: Interplanar distances in A between Fe planes within an Fe-bilayer, and between surface Fe and O planes. The
fractional change 6 = Ad/d (in %) relative to the intra and interplanar spacings in bulk a-Fe;Ogs are given in square brackets
[ ]; 3% refers to a film terminated with a single Fe atom. The subscripts 1, 2,3 and 4 refer to the first, second, third and fourth
bilayer from the interface, respectively, and the Fe-O relaxation is for the Fe-O pair at the surface. For comparison, the bulk
intralayer distances are dfe_Fe =0.59 A and dfe_o = 0.83 A. The results are for the most stable spin configuration.

Fe-bilayers i ele) iy 1) iy " 19) i " 1s) ivat)
1 0.0 [—100] 1.13 [ 35
2 0.20 [ —66] 0.55 [ —6) 0.22 [—73]
3% 0.09 [ —85] 0.67 [ 14] 0.09 [—89]
3 0.02 [ —97] 1.60 [170] 0.95 [ 61] 0.01 [—98]
4 0.26 [ —55] 0.78 [ 32 1.18 [100] 0.06 [—90] 0.13 [-85]

passes through this O plane. This motion triggers the rearrangement of the Fe bilayers lying deeper in the film,
resulting in the flattening of the interface Fe bilayer into a Fes plane. The coordinated relaxation of the surface and
intermediate Fe bilayers seen in Fig. 3 leads to the formation of two FeO3 planes (with the Fe atoms both in the Ag
site) separated by an Fey plane that has the same local structure (Fe in the A_; and A; sites) as the Fes plane at
the interface. The film structure on the substrate therefore changes from being ...3Mg|30|Fe-Fe|30|Fe-Fe|30|Fe-Fe
to ...3Mg|30|Fey|FeOg|Fes|FeOs. The effective local Fe-O stoichiometry changes from 2:3 to 1:1, corresponding to
oxygen from inner layer being pushed towards the top of the film. This Fes—FeOgs stacking does not exist in any of
the bulk iron oxides found in nature. Constructing a bulk-like unit cell with such ordering and the 1:1 stoichiometry
results in an antiferromagnetic ground state which is ~0.15 eV /Fe-atom less stable than the AFM ground state of FeO.
Experimentally, the existence of precursor 1:1 Fe-O phases have been inferred at the initial stages of hematite growth
on a variety of substrates, including (polar) a-Al,03,%273% metals (Pt(111)%5, Ag(111)37, Mo(110)3®), and at the
(non-polar) Fe-MgO(001) interfaces of magnetic tunnel junctions.?® Although the structures of these various possible
Fe-O phases are not known — and hence cannot be directly compared — these experimental observations indicate
that the structure of ultrathin Fe-oxide films differs from that of the bulk due to interactions with the substrate, but
there is no apparent direct correlation between the polarity (or metallicity) of the substrate and the existence of these
FeO phases.

A striking feature of this structural relaxation is that it is independent of the local spin configuration and, more
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FIG. 2: (Color online) Side view of the (a) unrelaxed and (b) relaxed structures for the 3 Fe-bilayer hematite film on MgO(111).
Purple (dark), green (light), and orange (medium dark) spheres represent Fe, O, and Mg, respectively.
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FIG. 3: (Color online) (a) Atomic positions along the surface normal for atoms in the 3 bilayer film as a function of the
relaxation steps. The in-plane atomic positions are indicated on the left and the final layer structure on the right. (b) Top view
of the hexagonal plane. Red and purple arrows represent the (1 x 1) MgO plane and the Feo03(0001)/MgO(111) (v/3 x v/3)
in-plane lattice vectors, respectively. The possible Fe sites (A_1, Ao, A1) and one set of the oxygen sites (C) are indicated; the
shaded gray triangle shows the local structure of the FeOs plane.

TABLE III: Interplanar distances in A for 4 Fe-bilayers thick Fe;O3(0001)/MgO(111) films modeled starting from the relaxed
structure for 3 Fe-bilayers (the film structure with FeOs|Fe; planes) and adding an Fe bilayer (4*) followed by a 3 O plane (4**)
or a 3(O-Fe-Fe) unit (4) to simulate a layer-by-layer growth as shown in Fig. 4. Fractional changes in distances § = Ad/d (in
% with respect to distance in bulk Fe2Og3) are given in square brackets [ ]. For comparison, the starting intralayer distances are
di* =0A,d* =04, af* " =059 A and df°;? = 0.83 A. Subscripts I and s refer to interface and surface, respectively.

Fe-bilayers d'°? (9] e 19] d'F 5 [6] A7 (6] e o] Cavat)
4% 0.04 [—93] 0.02 [—98] 0.20 [—66) 0.59 [—29] 0.03 [—95]
4% 0.02 [~97] 0.58 [—30] 0.68 [ 15] 1.30 [ 57] 0.48 [—19] 0.30 [—64]
At 0.05 [—92] 0.63 [—24] 0.31 [—47) 1.33 [ 60] 0.14 [—76] 0.14 [—83]

importantly, takes place without an energy barrier. The final structure is similar independent of the starting positions
of the Fe and O atoms in the Fe;O3 film. Calculations for a three bilayer film with an O3 stacking fault show similar
rearrangements of the Fe and O atoms forming Fes|FeO3 planes, even though the cost of introducing such a stacking
fault is ~0.7 eV /interface. Both structures, with and without a stacking fault, are half-metallic (at the GGA-level)
throughout the film.

The growth of the next O layer and Fe-bilayer on the relaxed 3 bilayers film was modeled in two different ways: To
simulate oxygen-poor conditions the growth was initiated with an Fe-bilayer followed by an O plane, while oxygen-rich
conditions were mimicked by the addition of a 30|Fe-Fe unit. The relaxed interplanar distances are given in Table ITI
and the sequence of atomic relaxations is shown in Fig. 4 (a) and (b) respectively, with the structure in (a) being
energetically favorable by ~0.12 eV /interface.

In an oxygen-poor growth environment, the deposition of an Fe-bilayer on the FeOs terminated film [Fig. 4(a)]
unfolds the FeOgs plane into Fe and 30 planes, while the surface Fe bilayer collapses into an Fey; plane. The deeper
layers, however, still maintain their structure. Introduction of oxygen triggers a slight unfolding of the subsurface Feg
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FIG. 4: (Color online) Atomic positions along the surface normal as a function of relaxation step, for an initial geometry
consisting of the relaxed 3 Fe-bilayers structure of Fig. 3 with a fourth Fe2O3 unit added by: (a) a Fe-bilayer followed by a 30
plane after 15 relaxation steps, or (b) a complete 3(O-Fe-Fe) unit at the start of the calculation. The sequential approach is
also more appropriate on the layer-by-layer growth.

and FeOj planes, but the Fe; plane at the interface remains unchanged. The final structure consists of trilayers of
Fe between O planes, i.e., an Fe-Fe-Fe|30 structure, with a 1:1 local stoichiometry of Fe and O. Similar unfolding of
planes takes place in an oxygen-rich environment, but with a different surface termination, an “FesO3” termination
rather than a 30 termination.

If instead of modeling epitaxial growth, i.e., adding one stoichiometric unit of FesO3 at a time, we model a 4 Fe-
bilayers thick film with the typical hematite Fe-Fe|30 stacking, we obtain a structure that retains the bulk stacking
sequence, although still with significant inter-planar relaxations, (cf., Table II). This structure is energetically more
stable (0.14 eV /interface) than the one obtained from the layer-by-layer growth model, as expected since as the FesO3
film becomes thicker, the bulk structure should become favorable. On the other hand, during (quasi-equilibrium)
epitaxial growth the structure that forms is a local minimum at that particular stage of growth, and not the global
minimum. Kinetics likely also play an important role. These factors taken together imply that the growth may have
a strong dependence on experimental conditions and the metastable nature of the structure.

The origin of stability of this higher energy iron oxide phase (Fez|FeOs) could be, for example, the low-dimensional
constraints of thickness, in-plane lattice constant, or by the polarity contributions of the surface and/or interface.
To separate the effects of the polar hetero-interface from the surface/bulk contributions, we carried out a systematic
study of the structure and properties of unsupported hematite slabs with equivalent thicknesses and initial surface
termination. The structure of the polar FeoO3(0001) surface itself remains an open question even after extensive
experimental and theoretical studies. For example, spectroscopy studies on a—Fe;03(0001) surfaces grown by oxygen-
plasma-assisted molecular beam epitaxy (OPAMBE) have found stable Fe-terminated surfaces.?® Calculations, on the
other hand, have predicted a variety of surface terminations depending on the oxygen partial pressure: At high
oxygen chemical potentials, the most stable surface of hematite (0001) is completely covered with oxygen (...Fe-
Fe|30), while at very low chemical potentials a surface with only one iron atom (...Fe-30|Fe) is stable.?%?2:23 The
presence of ferryl-terminated surfaces over a small intermediate domain'?? has also been suggested. In the present
study, most calculations for the Fe;03(0001) slabs and FeaO3(0001)/MgO(111) interface systems are initiated with
Fe-terminated surfaces, which necessarily occur during the layer-by-layer growth of hematite films that is the impetus
for our work.

We limit our investigation to a-Fes03(0001) surfaces with stoichiometric Fe-Fe termination and construct symmetric
slabs with thickness varying from 3 Fe-bilayers (8 atomic layers, ~5 A thick) to 9 Fe-bilayers (26 atomic layers, ~19 A
thick). Compared to the drastic relaxations found in the hetero-interface calculations for hematite films on MgO(111),
the inter- and intra-planar relaxations for the equivalent unsupported FeoO3(0001) films are less dramatic and do not
show the FeOgs-type stacking seen for the interface structures. A common feature of all the free standing slabs is a



TABLE IV: Stable local spin configurations of the FeoO3(0001)/MgO(111) hetero-interfaces for different hematite film thick-
nesses. Up and down spins are indicated by + and — respectively. For the n=3 case, there are 4, rather than 3, Fe layers
because of the relaxations.

No. of Fe-bilayers Local spin structure
1 0l ++
2 0 +—| -+
3 O+~ —=|+—|-
4 O ++|——=[++]—+

strong inward displacement of the Fe-bilayer at the surface with a simultaneous outward displacement of the surface
oxygen layer, resulting in a contraction of as much as 75% (Ad = 0.5 A) in die_o between the surface Fe and O
layers, a natural response of the system to the absence of neighbors at the surface. Note that while the interlayer
contractions (expansions) are large, the changes in the bond lengths are far more modest, with contraction in nearest
neighbor Fe-Fe and Fe-O bond lengths of ~7% and 2%, respectively. For thinner slabs with 3 and 5 Fe-bilayers (8
and 14 atomic layers respectively), surface relaxations affect even the deeper layers, manifested by the collapse of
the Fe-bilayer at the center to a nearly coplanar layer, i.e., dfefF ¢ ~0 at the center of the film. Such an effect is
not observed in thicker slabs (>5 Fe-bilayers) where the deeper layers maintain almost bulk-like intra- and interlayer
distances; the contraction in the intralayer Fe-Fe separation is ~0.02 A. The 5 Fe-bilayer film shows much larger
relaxations than the other structures and represents a transition between ultra-thin and thin (bulk-like) unsupported
hematite films.

Since the FesO3-MgO supercells used the in-plane lattice constant of the MgO(111) substrate, which is ~0.098 A
(3%) larger than the bulk Fe;Og lattice constant, the question arises whether the unexpected relaxations in the film
are the result of the lattice mismatch between the MgO substrate and the hematite film. Calculations of unsupported
hematite slabs at the larger MgO lattice constant show relaxations and magnetic ordering similar to those using the
bulk hematite constant, indicating that the unusual behavior of the FepOgs film on MgO is related to the (polar)
interface.

Free-standing FeoO3(0001) slabs initiated with two Feg|FeOs surface layers (using the hetero-interface results as
a starting point) on bulk Fe;O3 unit are structurally unstable. The final relaxed structure, however, does not have
the normal bulk ...30|Fe-Fe|30|Fe-Fe geometry, but rather ...30|Fe-Fe3|30|Fez|30|Fe. This structure, which is
higher in energy (by ~0.14 eV /surface) than the FeaO3(0001) slab structures described earlier, shows a monolayer Fe
termination arising from the breakup of the top FeOgs layer. The other FeO3 layer likewise decomposes, resulting in a
combination of a “bilayer” of Fe and an Fes plane. Such striking differences between the atomic structures of relaxed
Fey03(0001) slabs and FeoO3(0001) films on polar MgO(111) suggest that the structural relaxations are a response
of the film to the interface polarity and a possible way of minimizing it.

Further evidence of the effect of the hetero-interface polarity on the structure of hematite films is obtained from
calculations of Fe;O3(0001) films on metallic Ti(0001) substrates. Ti has an in-plane lattice constant (ape, = 2.6A)
~2.6% larger than hematite. As opposed to the case of the polar hetero-interface, the stacking sequence of a three
bilayers hematite film on Ti remains bulk-like in structure with metallic states throughout the film, again pointing to
the role of the polarity of the interface.

B. Magnetic Structure

A search over a broad range of spin-configuration space found a number of thickness-dependent metastable spin
states (cf., Table IV) for the interface systems. For the initial growth of one Fe-bilayer (n=1), the FM ++ interface is
found to be energetically favorable compared to the AF +— interface by ~0.22 eV /interface. Both spin configurations
have a metallic interface. Of the various possible models for the supercell with n=2 Fe-bilayers, the AF; (+ — | — +)
interface is found to be lowest in energy, with the bulk-like AFp + + | — — interface higher in energy by ~ 0.1
eV /interface, and the FM model still much higher in energy.

Because the relaxed n=3 Fe-bilayer film no longer has the well-defined bilayer structure, the magnetic ordering
is necessarily different in character. In this case, there are now four Fe layers, and the ordering can be written as
+ — | —| + —|—, where the single moments are for the FeO3 layers. The two Fes are antiferromagnetically coupled
within the layer and ferromagnetically between. Similarly, the two FeOgs planes are coupled ferromagnetically. The
calculated magnetic moments in the Fe spheres are smaller, ~3.0-3.2 pp, for the Fe atoms near the surface compared
to the bulk Fe;O3 value of ~3.4 pup. With the addition of another bilayer (n=4), the magnetic structure reverts to



the bulk-like configuration, except at the surface.

Unsupported FeoO3(0001) slabs also show thickness-dependent magnetic properties. Comparison of the calculated
total energies for the AFp, AF; (+ — | — +) and AF;; (+ — | + —) spin configurations show that for thinner films
(3 and 5 Fe-bilayers), the energetically favorable structure corresponds to AF; ordering throughout the film. For
thicker slabs, the surface bilayer has an AF; spin arrangement (antiparallel moments within the surface bilayer),
whereas the deeper layers have the bulk-like AFp arrangement. Because of the presence of energy barriers between
these (meta)stable states, earlier studies of hematite surfaces??:?2:23 found the bulk-like orderings only. The transition
region for unsupported polar FeaO3(0001) is about 5 Fe-bilayers (14 atomic layers), i.e., one recovers bulk behavior in
slabs thicker than approximately five bilayers, while thinner slabs have significant structural and magnetic differences
compared to bulk hematite.

C. Correlations and Structural Properties

As noted earlier, the iron oxides are generally considered to be correlated electron systems. Although the structural
properties of bulk FesOg calculated using either GGA or GGA+U are quite similar — largely because both yield
AFM insulators — it is not obvious that the same will hold true for the polar interface system, or what value of U
would be appropriate. In the spirit of treating the Hubbard U as a model parameter, we have investigated what effect
inclusion of U has on both the structural parameters and the eigenvalue spectra for the relaxed 3-bilayer structure.

The relaxed GGA and GGA+U structures are shown in Fig. 5 for U-J=4 eV. (For U-J<2 eV, the structure is
essentially the same as the GGA one.) The FeOs do unfold slightly in the GGA+U calculations, where the largest
change is that the Fe in the surface FeOs layer moves outward by about 0.45 A. Despite this change, the GGA+U
structure does not revert to the bulk-like stacking, but instead retains the main aspects of the GGA interface structure,
namely the collapse of the Fe bilayers and the FeOgs layer near the interface. Although we have not repeated the
full layer-by-layer process for GGA+U, the results show that the GGA structure is at least metastable when electron
correlations at the GGA+U level are included.

The effect of GGA+U on the density of states (Fig. 5) is more dramatic. For the Fe LDOS, the spectral weight
of the majority (minority) 3d states is pushed to deeper (higher) energies; the shifts in the O LDOS are mainly a
reflection of these changes. For the collapsed Fe bilayers, Feg_3 and Feg_1, this shift is so large that split-off states
are formed below the bottom of the bands, an indication that U-J=4 eV is too large a value for these atomic sites,
but might be reasonable for the FeO3 and “Fe4+QO3” sites. These results strongly indicate that different U values are
needed for the different sites, but what the appropriate values might be is unknown; we can not use the standard
approach of matching band gaps to choose U since there are no (site-resolved) experimental electron spectroscopy
results for this interface system.

With the caveat that the choice of U overestimates the effect of correlations in at least parts of the film, we note
that both the GGA and GGA+U give half-metallic behavior throughout the film, although the DOS at the Fermi
level is much reduced for the GGA+U calculations due mainly to sharp states at Ep. Scanning tunneling microscopy
provides a possible experimental technique to probe these electronic states.

D. Coulomb Potentials and Core Level Shifts (CLS)

Since the self-consistent planar-averaged Coulomb potential V.(z) implicitly includes the contributions from both
quantum mechanical screening and structural changes, it provides a physical basis for discussing polarity (uncom-
pensated dipole) effects if they exist.*4 Fig. 6(a) shows the calculated (solid) and fitted (dashed) planar-averaged
Coulomb potential, while Fig. 6(b) gives the corresponding ionic potential for the relaxed 3 bilayer system. The results
of the fitting are given in Table V. The calculated and fitted potentials agree very well, with the exception in the
very near surface region. (This expected discrepancy?® in the surface dipole is caused by changes in the tails of the
electron wave functions at the surface that are not well described by the atomic-like tails of the overlapping densities;
an additional fitting parameter could be included to account for this effect, but it would not alter the conclusions of
this analysis.)

As is evident from the oscillating nature of the ionic potential, the MgO(111) substrate is ionic, with each ion
having a net fitted charge of about +0.36, rather than the nominal charges of £2. Also evident from the plot of the
ionic potential is that there is a shift in the average ionic potential (V4 ) as one goes across the interface between the
two regions. This dipole potential shift is plotted in Fig. 6(c) as a function of the number of Fe-bilayers in the film for
both the relaxed and unrelaxed structures. The simple classical expectation of a growing dipole potential difference
with increasing thickness of a polar film is clearly not supported by the calculations. For all thicknesses (except
n=2), the potential in the relaxed films is lower than that in the structurally unrelaxed film. The drastic structural
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FIG. 5: (Color online) Comparison of the planar positions of the GGA and GGA+U (U-J=4 eV) relaxed 3-bilayer structures.
The positions relative to the dotted lines represent the stacking sites; atomic sites are labeled according to their positions in
the film. The Fe and O spin-resolved local density of states for the different atoms are shown in the top and bottom panels;
the GGA results are given as filled regions while the GGA+U results are given as solid lines.

relaxations in the 3 Fe-bilayers film cause a sharp drop in the potential shift, i.e., the screening of the dipole field due
to structural relaxations is concomitant with the overall stabilization of the hetero-interface. As discussed in IIT A,
films with 4 Fe-bilayers were modeled starting with the typical FeoOg stacking (filled symbols) and also starting from
the relaxed structure of 3 Fe-bilayers and an Fe-Fe|O3 unit (hashed symbols). Even though the relaxed structures
have different end-points due to the presence of an energy barrier of ~0.14 eV, the net effect of the electronic and
structural relaxation is a lowering of the dipole in both cases.

The values of the charges for the unrelaxed and the relaxed 3 Fe-bilayers film on MgO(111) given in Table V give
further evidence that the structural relaxations and the minimization of polarity are related. For both the unrelaxed
and relaxed structures, the interfacial O is more ionic than in MgO; for the unrelaxed film, the ionicity is similar
to that in the Fe;Os film, but for the relaxed structure it is increased by ~10%. Conversely, structural relaxation
reduces the ionicity of Fey layers, as well as that of the FeO3 layers compared to the unrelaxed structure. Thus, the
interfacial oxygen layer plays a major role in the electronic screening of the MgO dipole field, whereas the structural
relaxations in the hematite film act to reduce the ionicity of the film.
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FIG. 6: (Color online) Planar-averaged (a) Coulomb and (b) ionic potential for calculated (solid) and fitted (dashed) charges
for the relaxed 3 Fe-bilayers thick FeoO3(0001) film on MgO(111). Positions of Fe (diamond), O (triangle) and Mg (square)
atoms are also shown. (c) Dipole potentials across the unrelaxed (filled circle) and relaxed (filled triangle) hematite films as
a function of the number of Fe-bilayers. Hashed circle and triangle show the dipole potentials for an unrelaxed and relaxed 4
Fe-bilayers film, respectively, initiated with an O3 termination. The dipole potential V4 is calculated as the difference between
the average ionic potential in the MgO substrate and the vacuum zero.

TABLE V: Least squares fitted ionic charges for unrelaxed and relaxed 3 Fe-bilayers thick Fe2O3(0001) film on MgO(111)
substrate. Net charge is given in e~ per planar unit cell. When atomic planes are (approximately) degenerate, only the sum
of charges can be determined, not the individual ones.

Unrelaxed Relaxed
3 Fe-bilayers Atomic plane Charge Charge/ion Atomic Plane Charge Charge/ion
Fe-Fe 0.60 0.20, 0.40
Film 30 -1.23 -0.41 FeOs -0.09 —
Fe-Fe 1.25 0.67, 0.58 Fes 0.29 —
30 -1.23 -0.41 FeOs3 -0.38 —
Fe-Fe 1.39 0.60, 0.79 Fes 1.04 —
Interface 30 -1.26 -0.42 30 -1.38 -0.46
3Mg 1.02 0.34 3Mg 1.05 0.35
30 -1.08 -0.36 30 -1.05 -0.35
Substrate 3Mg 1.08 0.36 3Mg 1.05 0.35
30 -1.08 -0.36 30 -1.08 -0.36
3Mg 1.08 0.36 3Mg 1.05 0.35

The shifts in the Coulomb potential should be accessible experimentally through the measurement of core-level
binding energy shifts (CLSs). The calculated initial state (i.e., neglecting the core-hole effects) O 1s CLSs for the
two FeOs layers in the n=3 film are shifted by —1.15 and —1.05 eV (to greater binding energy) compared to that
of the MgO substrate, while there is a shift of —0.15 eV for the oxygen layer at the interface. The similarity of the
shifts in the FeOgs planes are a result of the fact that the intra- and inter-layer contributions are almost identical
for the two FeOgs layers. An analysis*® of the inter-atomic charge transfer (the change in charge contained in the
atomic sphere) and charge redistribution (change in the shape of wave function) shows that these two factors have
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negligible contribution to the core level shifts, implying that the contributions from extra-atomic terms are dominant.
Moreover, the ionic charges in Table V show that the FeO3 layers act as though they are approximately neutral. For
comparison, for the initial (unrelaxed) hematite film structure on MgO, the oxygen plane nearest the surface has a
shift of 1.31 eV, the next oxygen plane is less binding by 0.45 eV, and the CLS at the interface is —0.26 eV. These
larger variations in the CLS result from the presence of the surface and the more ionic bonding in hematite compared
to the relaxed structure. [For 9-bilayer FeoO3(0001) slab, the oxygen plane nearest (next-nearest) the surface of the
has a CLS of —0.8 (—0.2) eV ]

IV. CONCLUSIONS

We have presented a first-principles study of the atomic, electronic and magnetic structure of the polar
Fey03(0001)/MgO(111) hetero-interface. Model calculations for the layer-by-layer growth of polar hematite films
on polar magnesia substrates show the interface is oxide-like and atomically abrupt, suggesting that intermixing at
the interface is not a dominant stabilization mechanism for this system. The polarity of the interface has a marked
effect on the growth of the films in that it results in drastic structural relaxations, especially at a film thickness of
three bilayers. Large motions of Fe and O atoms in the film lead to the formation of an Fes|FeOs stacking which
does not exist in any of the naturally occurring bulk iron oxides. Our calculations show the presence of different
local minima for films starting from different initial conditions and the importance of both experimental conditions
and the layer-by-layer modeling of the growth. Thus, layer-by-layer epitaxial growth of such polar interfaces allows
for the synthesis of metastable states with unique structural, electronic and magnetic properties that do not exist in
the bulk phases. Within the GGA, the thinnest film with one Fe-bilayer is found to be metallic, while those with
two, three, and four Fe-bilayers are half-metallic throughout the film. The effect of inclusion of Hubbard U on the
structural parameters shows that for U-J < 2 eV, the structure remains essentially unchanged, while for U-J = 4
eV, a value appropriate for bulk Fe;Og, there is a some unfolding of the FeO3 planes, but the GGA+U structure
does not revert to the bulk-like stacking. The effect of GGA+4U is most pronounced in the Fe 3d LDOS. For U-J
= 4 eV, the formation of split-off states in the collapsed Fe, planes indicate that this value of U is too large for Fe,
but reasonable for the FeOs sites, i.e., there is not a single unique value of U appropriate for all the different sites
in the film. Analysis of the Coulomb potential shows a sharp drop in the dipole potential in the 3 Fe-bilayers film,
suggesting that the stabilization of the polar interface and screening of the dipole field occur due to the combined
effect of electronic and structural relaxations in the hetero-interface.
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