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First-principles study of noncommutative band offsets
at a-Cr2O3 Õa-Fe2O3„0001… interfaces
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Using first-principles density functional theory, we have modeled the atomic, electronic and magnetic struc-
ture of epitaxial interfaces between alpha-hematite and alpha-chromia~corundum structure! in the hexagonal
~0001! basal plane. Our model was a superlattice with a period of about 27.5 Å, corresponding to the shortest-
period superlattice considered in a recent series of experiments@Chamberset al., Phys. Rev. B61, 13223
~2000!#. Two different epitaxial interface structures were studied: (i ) an oxygen plane separating an Fe double
layer from a Cr double layer or (i i ) a metal double layer split between Fe and Cr. We found that these two
structures are close in total energy but have distinct spin structure and different valence band offsets@chromia
above hematite by 0.4 and 0.6 eV for (i ) and (i i ), respectively#, possibly explaining the experimental non-
commutative band offset seen in this system (0.360.1 eV for hematite grown atop chromia, and 0.7
60.1 eV for the reverse!.

DOI: 10.1103/PhysRevB.69.205106 PACS number~s!: 73.20.2r, 68.35.Ct, 73.21.Cd, 75.70.Cn
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I. INTRODUCTION

Metal oxides have played a prominent role for many ye
in chemistry as heterogeneous catalysts or catalyst sup
structures, but they have traditionally played a more seco
ary role in electronic and opto-electronic devices as s
strates, insulators, gate dielectrics, window materials or p
tective coatings. Recently, however, oxides have emerge
possible key active elements in a new generation of devi
Transition metal oxides1 in particular, whether binary, ter
nary or more complex, have an especially rich set of prop
ties, ranging from high dielectric constants and ferroelect
ity to magnetic order and high-temperature superc
ductivity. Devices combining two or more oxide materials
active regions permit even more possibilities, includi
band-gap, photonic and spin-transport engineering of su
lattices, interfaces and surfaces.

An example of such a device was described in a rec
paper2 in which epitiaxial ~0001! superlattices of hematite
(a-Fe2O3) and chromia~eskolaite,a-Cr2O3) were grown
by oxygen-plasma-assisted molecular beam epitaxy~OPA-
MBE! on sapphire (a-Al2O3) substrates. These superlattic
showed a remarkable ‘‘band-offset noncommutativity’’
which the valence band offset between the two mater
differed according to which one was grown on top: 0
60.1 eV for hematite grown atop chromia and 0.760.1 eV
for chromia grown atop hematite, where in the present no
tion a positive offset means chromia has the higher~less
deeply bound! valence band maximum. This behavior rais
the possibility of a spontaneous average electric poten
gradient across several periods of the superlattice. Su
structure could efficiently separate electron and holes in,
example, a photoelectrochemical device. Interesting m
netic effects might also occur due to the differing antifer
magnetic order in hematite and chromia. However, the in
face structure that causes the asymmetry in band offse
unknown.
0163-1829/2004/69~20!/205106~7!/$22.50 69 2051
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In an effort to understand these unusual properties of
a-Fe2O3 /a-Cr2O3 interface, we have performed densi
functional calculations on a model superlattice correspo
ing to one hexagonal unit cell each of the two oxides, or
atomic layers in a unit cell~counting each metal bilayer a
two layers.! We find that two distinctly different interface
structures are possible, depending on whether there are m
bilayers split between Fe and Cr at the interface, or oxyg
planes dividing the Cr from the Fe bilayers nearest to
interface. Though close in energy, these two structures
deed turned out to have different band offsets and dist
spin and electronic structure, raising novel possibilities
device construction. This work is, to our knowledge, the fi
computational study of this interfacialmixedoxide system,
though we note that there have been several theore
works on bulk and surfaces of hematite3 and chromia4 in
recent years.

We describe our computational approach and the de
of our model system in Secs. II and III below, with the ma
body of our results in Sec. IV and further discussion in S
V, followed by a summary.

II. COMPUTATIONAL METHODOLOGY

Using first-principles density functional theory~DFT! and
ultrasoft pseudo-potentials, we modeled the atomic, e
tronic and magnetic structure of epitaxial interfaces betw
hematite and chromia~both having the corundum structure!
in the hexagonal~0001! basal plane. We performed thes
calculations within the generalized gradient approximatio5

~PW91-GGA! using the Vienna Ab-initio Simulation Pack
age ~VASP!.6 For the geometry optimization~energy mini-
mization!, total energy calculations and characterization
the electronic and spin structure, we expanded the eig
states in plane-wave basis functions and represented the
cores with ultrasoft pseudopotentials.7 The calculations were
performed at relatively high levels of precision, for examp
©2004 The American Physical Society06-1
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a kinetic energy cutoff of 396 eV was used for the pla
wave basis.

We calculated the band offsets between Fe2O3 and Cr2O3
by a variant of a standard method in semiconductor theo8

The band offset, or difference between the valence b
maxima of two semiconductors or insulators, cannot sim
be taken as the difference between their highest occu
eigenstates in bulk band structure calculations, because
is not in general any correspondence between the ‘‘zero
energy’’ of one-electron levels in two such calculations
different materials. Instead, the standard scheme is to
struct a superlattice of the two materials with a well-defin
interface between them. Next a reference level~a core eigen-
value or average electrostatic potential! is calculated in the
interior or ‘‘bulk-like’’ regions of the two materials~that is,
not ‘‘too close’’ to the interface, so the superlattice peri
must be of sufficient size.! Next, the same two referenc
levels are calculated with respect to the valence b
maxima of the two materials in separate bulk calculatio
Finally, these valence band maxima are shifted by the dif
ence between the reference levels in the bulk and superla
calculations, and their difference then taken to obtain
valence band offset. The band gap difference between
two bulk materials~often taken directly from experiment! is
then added the valence band offset to obtain the conduc
band offset.

It is clear that the band offsets will depend on the parti
lar interface chosen as well as on the electronic structur
each materialper se. In the present case, using the subscri
F for Fe2O3 andC for Cr2O3 , we may express the valenc
band offset between these oxides as

DEF2C
V 5EF,bulk

V 2EF,bulk
core 2~EC,bulk

V 2EC,bulk
core !

1EF,superlattice
core 2EC,superlattice

core , ~1!

whereEF,bulk
V is the calculated bulk valence band maximu

for hematite,EF,bulk
core is a core reference level or average co

potential in bulk hematite,EF,superlattice
core is the same refer-

ence level calculated for an interior layer in the hema
region of the superlattice, and the other terms are defi
analogously for chromia. In our calculation of band offse
we used the average core electrostatic potentials calculat
the VASP code as reference levels. These core potentia
course contain some intra-atomic effects, but added to th
the electrostatic potential due to the atom’s environment,
the change in this added term remains when we subtrac
core potential for an atom of the same element in the o
environment.

More commonly in plane-wave band offset calculations
coarse-grained spatial average electrostatic potential is
as a reference. To make sure that our approach agrees
the standard one, we calculated the band offset for an ei
atomic-layer zinc-blende AlN/GaN~001! superlattice. We
found a valence band offset of 0.84 eV~GaN above AlN!
from an average of the N and cation core potential diff
ences between the bulk compounds and the central laye
each zone~GaN or AlN! in the superlattice, in nearly exac
agreement with the results8 from spatial averaging. Using
20510
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only nitrogen atom or only cation core potential shifts, o
calculated band offsets were 0.78 and 0.91 eV, respectiv
still in very good agreement with the published result. Th
gives us confidence that the average core potentials ar
accurate as well as convenient proxy for the potential diff
ence created by local polarization at the ‘‘distant’’ interfac

One further methodological question is how to rationa
partition the electronic charge among all the atoms in or
to realistically characterize the charge redistribution acco
panying interface formation. When plane-wave codes
used, a common practice is to integrate the charges wi
nucleus-centered spheres to obtain atomic charge and
populations. These spheres are often also used to decom
the total density of states into atomic and ‘‘orbital’’ projecte
density of states. The radii of these spheres are usually ta
from some set of ‘‘touching’’ radii, such as a standard set
covalent radii, and then scaled so that the sum of sph
volumes equals the actual total volume of the unit cell. T
approach does not in general keep the sum of all ato
charges equal to the exact charge of the unit cell, becau
double-counts electronic charge near the interatomic bo
~where the spheres may overlap! while neglecting some of
the interstitial spaces. There is also no guarantee that
sphere radii used are at all reasonable for the system u
study. It would be useful to continue using the simple sphe
integration scheme while deriving a set of sphere radii fr
the calculated charge density that contain information ab
the nature of the bonding~degree of ionic or covalent char
acter! while minimizing the error in the total charge. Fo
most solids, the bonding is neither purely ionic nor covale
so an adaptive approach should be better than using a s
arbitrary radii valid only in the ionic or covalent limit.

Hence we proposed a simple method to adapt the rad
the actual charge distribution in the material under stu
while maintaining the ‘‘volume sum rule’’ and minimizing
the difference between the actual number of electrons in
unit cell and the electronic charge that is accounted for ins
the spheres.9 We vary the oxygen radius while adjusting th
metal atom radius to enforce the volume sum rule, and n
the value of the total charge that results from summing
integrated charges in every sphere. In each case the
charge has a single maximum with a value near the cor
number of valence electrons in the unit cell. We take the ra
corresponding to the position of this maximum as the app
priate set of atomic radii for the structure under consid
ation. The resulting radii are reasonable in that they are
tween typical ionic and covalent radii, as expected
systems of mixed bonding character. Another benefit of t
approach is that the atomic-sphere-projected densities
states sum accurately to equal the total density of states

III. CHOICE OF MODEL SYSTEMS

Our model was a superlattice with a period of about 2
Å, with six double~puckered! layers~‘‘bilayers’’ ! of Cr fol-
lowed by six similar double layers of Fe, with successi
metal bilayers separated by oxygen planes, for a total of
atoms per unit cell. This model corresponds to the shortes
several superlattice periods considered in Ref. 2. The in
6-2
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FIRST-PRINCIPLES STUDY OF NONCOMMUTATIVE . . . PHYSICAL REVIEW B 69, 205106 ~2004!
atomic positions for the supercells with interfaces were
tained by stacking two complete hexagonal unit cells of
corundum structure, one of Fe2O3 and one of Cr2O3 , with
the lattice constants in the~0001! plane set to an average o
those of the two pure materials. Apart from the change
chemical composition at the interface, we assumed that
stacked cells were not initially rotated in relation to ea
other or displaced parallel to the interface, and that the in
face was perfectly epitaxial, i.e., the two-dimensional pe
odicity with respect to the interface plane is the same on b
sides of the interface.

In view of the noncommutative character of th
Cr2O3 /Fe2O3 interface2 we considered various atomic stru
tures for the epitaxial interfaces. We recognized that two d
tinct interfaces are possible: an oxygen layer may divide
Fe bilayer from a Cr bilayer, or alternatively there may be
bilayer at the interface that is split into an Fe layer and a
layer. We call these structures the ‘‘oxygen-divided’’~OD!
and ‘‘split-metal’’ ~SM! interfaces, respectively; the unit cel
containing these interfaces are shown in Fig. 1.

IV. RESULTS OF CALCULATIONS

A. Bulk Fe2O3 and Cr2O3

We began by calculating the bulk structural parameter
a-Fe2O3 ~hematite!, a-Cr2O3 ~eskolaite!, and ~as a refer-

FIG. 1. ~Color online! Interface supercell structures for~a! the
oxygen-divided and~b! the split-metal interfaces betweena-Fe2O3

~bottom part of the supercell! and a-Cr2O3 ~upper part of the su-
percell!. The Fe and Cr ions marked with dark and light gr
circles, respectively. The interface planes and various layers
cussed in the text are indicated, as well as the majority spin di
tion of each metal atom.
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ence for accuracy! a-Al2O3 ~corundum! by total energy
minimization; the results, as Table I shows, are in excell
agreement with experiment.

We also confirmed that the antiferromagnetic~AFM! or-
der known to exist experimentally10 in each of the transition
metal compounds has the lowest energy in our calculati
as well. In Cr2O3 the spins order antiferromagnetically bo
in the metal bilayers in the basal plane, and also norma
them. In Fe2O3 they order antiferromagnetically in the no
mal direction but ferromagnetically within the bilayers. O
these two AFM orderings, plus a ferromagnetic~FM! and a
nonmagnetic, spin-restricted state, the experimentally cor
AFM order10 is found in each case to have the lowest ener
The calculated FM-AFM energy difference is much larg
for hematite than for chromia, consistent with the mu
higher Néel temperature1 of Fe2O3.

Our charge-partitioning scheme led to atomic radii
RFe51.55 Å andRO51.15 Å in Fe2O3, and RCr51.56 Å
andRO51.10 Å in Cr2O3 . We have used these radii to ca
culate projected densities of states~PDOS! for bulk hematite
and chromia as shown in Figs. 2~a! and 2~b!, respectively. In
the energy range shown, the only states with signific
weight are those with 2p character within the O-centere
spheres, and 3d character in the metal-centered spheres. T
energy range encompasses the upper valence bands and
est set of conduction bands. Only the spin-up direction
shown since when the entire antiferromagnetic bulk u
cells are considered, the up- and down-spin wave functi
are related by symmetry. The zero of energy is the essent
arbitrary zero of the VASP eigenvalue scale, and has
been shifted in Fig. 2. There is a very significant degree
p-d hybridization, more so for hematite than for chromia,
evidenced by the fact that the highest set of occupied ba
is not pure metald in character. We also observe that chr
mia has a wider band gap and also apparently a higher
lence band maximum, though the latter is not certain at
point since there is no necessary relation between the ze
of single-electron energies in the band structures of these
different materials. However, we shall see below that t
relation indeed holds true when the two compounds are
terfaced, and that they therefore form a Type II heteroju
tion. ~Type I corresponds to the case where the band ga
one material lies entirely within the gap of the other, Type
to the case where the gaps only partly overlap.!

B. Interface atomic and magnetic structure

The static geometry optimization for the superlattice w
started from bulk-like structures for the Fe2O3 and Cr2O3
layers. We also took the initial spin configuration from th

is-
c-

TABLE I. Rhombohedral lattice constants and bulk modulus
hematite, chromia~Eskolaite! and corundum.

acalc(Å) aexpt(Å) acalc aexpt Bcalc(GPa) Bexpt(GPa)

Fe2O3 5.436 5.412 55.00° 55.38° 181 230
Cr2O3 5.391 5.378 54.32° 54.44° 218 240
Al2O3 5.161 5.129 55.30° 55.30° 223 250
6-3
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JOHN E. JAFFE, MICHEL DUPUIS, AND MACIEJ GUTOWSKI PHYSICAL REVIEW B69, 205106 ~2004!
bulk antiferromagnetic orderings known to exist in these s
tems, which are different in the two materials, as mention
above. When we relaxed all atomic positions to an ene
minimum, only fairly small ~less than about 0.02 Å! dis-
placements of the atomic positions resulted. The final ato
positions are those shown in Fig. 1. Though not constrai
to remain in the same magnetic state throughout the e
tronic and atomic relaxation, the bulk magnetic order with
the regions of each oxide did in fact remain unchanged
every case. The majority spin directions of all the ato
were also shown in Fig. 1.

The energy of the interface is defined by subtracting
energy of one hexagonal~three primitive! cell of each bulk
oxide from the total energy of our Fe2O3 /Cr2O3 unit cell.
The resulting fully relaxed interfacial energies are 0.56 a
0.72 eV per unit cell for the split-metal and O-divided cel
respectively, or 13 and 17 meV/Å2. These energies are abo
one order of magnitude smaller than typicalsurfaceenergies
of oxides and semiconductors. The structural relaxation u
interface formation lowered the interface energy by 9.7 a
14 meV/Å2 for the SM and OD interfaces, respectively,
that relaxation lowered the interface energy by slightly le
than a factor of 2, similar to the ratio for relaxed~or recon-
structed! and unrelaxed surface energies in many cases.
relaxation also caused only small changes in nearest ne

FIG. 2. ~Color online! Total and projected~oxygen 2p and metal
3d) density of states for~a! bulk a-Fe2O3 and ~b! bulk a-Cr2O3 .
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bor distances on the order of 0.01 Å. The displacements w
mostly along the hexagonalc-axis and the only significan
trend in them was a small compression in the Cr2O3 region
and a slight expansion of the Fe2O3 region. The interface
supercell lattice constants themselves were also allowe
relax to an energy minimum, but there was little change ic
~it remained at essentiallycFe2O3

1cCr2O3
) while the in-plane

lattice constant11 a assumed a value intermediate betwe
the valuesaFe2O3

55.022 Å andaCr2O3
54.952 Å; we ob-

taineda54.986 Å for the split-metal anda54.993 Å for the
oxygen-divided interfaces, respectively. This is in appar
disagreement to the experimental observation2 that the Cr2O3
in-plane lattice constant apparently adjusted itself to eq
the in-plane lattice constant of hematite. However, more
cent measurements indicate that the Cr2O3 layers may not
fully accommodate the Fe2O3 in-plane periodicity.12 Our re-
sult is reasonable in that the bulk moduli shown in Table I
hematite and chromia are similar, so we would not expec
find one of them nearly unstrained while the other fully a
commodates the first material’s lattice constant.

A significant feature of these two chemically distinct i
terface structures is their effect on the antiferromagnetic s
order at the interface. As can be seen from Fig. 1, all
metal bilayers in the oxygen-divided supercell have the b
hematite or chromia spin order, while in the split-metal s
percell the interfacial metal bilayers are alternately ferro- a
antiferromagnetic. This means that either the interfacial C
the interfacial Fe atom, respectively, is ‘‘frustrated.’’ Th
spin frustration shows up to a small extent in the magnitu
of the net spin population of atoms near the interface,
particular the Cr atom aligned ferromagnetically to a cop
nar Fe at the split-metal interface has a spin population
2.68 spins versus an average of 2.77 for all the Cr atom
that unit supercell.

C. Superlattice and interface electronic structure

In Fig. 3 we show the total density of states for both sp
directions for~a! the oxygen divided and~b! the split-metal
interfacial supercells. We also show the projected density
states summed over all atoms and angular momentum s
(s, p, d) for the atoms in each half of the supercell, corr
sponding to six formula units of each of the two oxides. F
both interfaces, we observe that the occupied states der
from hematite have very little weight in the top;0.5 eV of
the valence band, the states there being almost comple
associated with the chromia half of the cell. In contrast,
states derived from chromia have very little weight in t
bottom of the conduction band, the states there being alm
completely associated with the hematite half of the cell.
also notice that the band gaps are smaller for both interfa
than for bulk hematite~see Figs. 2 and 3!. All these features
are consistent with the proposition2 that Cr2O3 /Fe2O3 is a
Type II heterojunction.

We also observe that while the oxygen-divided density
states is almost perfectly symmetrical with respect to sp
the split-metal density of states shows large deviations fr
spin symmetry~though when integrated over energy, it st
gives equal-spin pairing.! This asymmetry is a manifestatio
6-4
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FIRST-PRINCIPLES STUDY OF NONCOMMUTATIVE . . . PHYSICAL REVIEW B 69, 205106 ~2004!
of the spin frustration discussed above; in particular, the
romagnetic split-metal interfaces in our unit cell are either
spin-up as shown or all spin-down, so the two spin directio
are no longer equivalent, even though there is zero net
romagnetic moment when the total DOS is integrated o
energy.

To further examine the electronic structure, we now co
sider the projection of the density of states onto individ
layers in the superlattice. By a ‘‘layer’’ in this context, w
mean a metal bilayer plus the oxygen atoms in the two
joining oxygen planes, weighted at 50% to prevent dou
counting of oxygens as we go from one layer to the ne
Including the oxygen atoms in the projection insures t
even with the strong O 2p-metal 3d hybridization, each
group of bands will have the proper amplitude in the dens
of states. We first consider the density of states of the su
lattice projected onto the interior layers of the hematite a
chromia regions, that is, the layers furthest from the int
face. We shift the energy zero for the total density of state
the pure bulk oxides by the difference in average core po
tials between the interior layers and the bulk oxides, sim
to what is done to the bulk valence band maxima in Eq.~1!.
In other words we line up the inner layer and bulk DOS

FIG. 3. ~Color online! Total density of states for the interfacia
supercells of Fig. 1, and projected density of states for all atom
the Fe2O3 and Cr2O3 half-cells; ~a! oxygen-divided and~b! split-
metal.
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aligning their core potentials, as shown in Fig. 4 for~a!
O-divided and~b! split-metal cells. We see from Fig. 4 tha
the bulk and interior layer DOS peaks can indeed be lined
quite closely, and the various features in the DOS have ra
similar form for the bulk oxides and the interior layers in th
superlattice. This indicates that these interior layers are
deed very bulk-like in character.

We now proceed to calculate the valence band offsets
cording to Eq.~1!, using average core potentials from th
‘‘interior’’ layers in the hematite and chromia regions of th
split-metal and O-divided cells, as marked in Fig. 1. With t
electrostatic core potentials at the O atoms as the refere
levels, we obtain 0.5 and 0.7 eV for the valence band off
~chromia higher than hematite! for the O-divided and split-
metal interfaces, respectively. When the appropriate m
atom core potentials are used, these calculated offsets dr
0.3 and 0.5 eV. Following the same procedure tested
AlN/GaN, when we average over both metal and oxyg
core potential differences, we obtain 0.4 eV~O-divided! and
0.6 eV ~split-metal! for the band offsets. We will take the

in

FIG. 4. ~Color online! Comparison of projected density of state
for interior layers~furthest from interface! of Fe2O3 and Cr2O3 in
the interfacial superlattice, with corresponding bulk density
states, shifted in energy by the difference in average core poten
between interior layers and bulk;~a! oxygen-divided and~b! split-
metal. Each layer comprises a metal bilayer and its two adjoin
oxygen planes~three atoms in each plane! with the oxygens
weighted at 0.5 each to keep each layer at the M2O3 stoichiometry.
6-5
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JOHN E. JAFFE, MICHEL DUPUIS, AND MACIEJ GUTOWSKI PHYSICAL REVIEW B69, 205106 ~2004!
averaged values 0.4 and 0.6 eV as the most represent
values in the discussion below, since band offsets are mo
controlled by long-ranged electrostatic potentials originat
near the interfaces, and averaging over the potential cha
at all the atoms in the interior layer helps to remove a
perturbations due to purely local effects. Thus, the band
sets for the two interfaces are significantly different.

An important question remains, namely the extent
which our findings are sensitive to the interfacial in-pla
strain. The results reported above were obtained for the f
relaxed supercells characterized in Fig. 1. We found, ho
ever, that the band offset for the split-metal interface chan
by 10.01 and10.03 eV when the values of the hexagonaa
andb lattice constants are instead fixed to the bulk values
Cr2O3 and Fe2O3, respectively. Analogous modifications o
the band offset value for the oxygen-divided interface
20.03 and10.02 eV. All these modifications are smaller b
one order of magnitude than the difference in the band of
values for the split-metal and oxygen-divided interfaces.
conclude that the interfacial in-plane strain resulting from
lattice mismatch between Cr2O3 and Fe2O3 does not signifi-
cantly affect the difference in band offsets.

Since Fig. 3 shows some Fe character in the top 0.4–
eV of the valence band of the interfacial superlattices, but
interior layer of the Fe2O3 region carries no weight in tha
energy range, it follows that the interfacial or near-interfac
Fe2O3 layers must account for the Fe character at those
ergies, hence, these layers must have a different electr
structure than the bulk-like interior layers. Accordingly,
Fig. 5 we have decomposed the total density of states for
complete interfacial supercells into layer-projected DOS
all the symmetry-distinct layers in the cell~continuing to
define ‘‘layers’’ as was done for Fig. 4!. Figure 5~a! shows
the DOS for six layers~three hematite, three chromia! span-
ning one of the O-divided interfaces, the other interface
ing related to the one shown by symmetry. Figure 5~b! dis-
plays the layer-projected DOS for seven layers spanning
ferromagnetic split-metal interface, i.e., the one near the c
ter in the right-hand cell in Fig. 1. The extra layer is t
mixed ‘‘FeCrO3’’ layer at the interface itself, with the adja
cent layers now designated as ‘‘near-interface.’’~The total
number of layers is still the same, since there is now o
one ‘‘interior’’ layer in each bulk-like region, instead of tw
interior layers related by symmetry as in the oxygen-divid
supercell.! Comparing Figs. 5~a! and 5~b!, an important dif-
ference emerges between the two different interfaces: in
O-divided system the states near the edges of the fundam
tal band gap~dotted lines in Fig. 4! are strongly concentrate
on the interfacial layers, while in the split-metal system t
band edge states are mostly in the intermediate and inte
layers. To put it differently, in the O-divided case there a
pear to be interfacial states extending slightly into the ‘‘bul
gap, while any interfacial states in the split-metal superlat
are well within the bulk-like energy ranges of the band str
ture. Figure 5~b! shows this behavior of the ferromagnet
split-metal interface only, but we have confirmed that t
layer density of states has a similar behavior at the anti
romagnetic split-metal interface also. This behavior has
plications for charge separation, as we discuss below.
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V. DISCUSSION AND PREDICTIONS

A key point is whether we can identify our O-divided an
split-metal interfaces with, respectively, the Fe2O3-on-top
and Cr2O3-on-top interfaces of Chamberset al.,2 such as
would lead to a reasonable agreement between theory
experiment. In this regard some recent experimental e
dence may be relevant. The~0001! face of both of these
oxides is usually terminated by a metal layer, having
form of the ‘‘lower half’’ of one of our bilayers; this termi-
nation ensures that a nonpolar surface results, thus minim
ing the electrostatic energy of the surface. If we stop grow
one oxide with such a termination, then start growing t
other epitaxially, a split-metal interface would likely ensu
However, with Cr2O3 , but apparently not with Fe2O3, it is
also possible to have the~0001! surface terminated by an
oxygen plane~achieved by growth at higher O2 partial
pressure.!13,14 Thus, the Fe2O3-atop-Cr2O3 may correspond
to the oxygen-divided interface we have discussed, while
Cr2O3-atop-Fe2O3 interface probably is a split-metal inter
face. Since the Fe2O3-atop-Cr2O3 interface must somehow
differ from the Cr2O3-atop-Fe2O3 interface in order to have a

FIG. 5. ~Color online! Layer-by-layer projected density of state
for ~a! oxygen-divided interface and~b! ferromagnetic split-metal
interface. ‘‘Layers’’ are defined as in the caption to Fig. 4 and
beled in Fig. 1. Relaxation of photoexcited electrons and hole
the band edges is schematically indicated, with the finals state
interfacial layers in~a! and interior layers in~b!.
6-6
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different valence band offset, we propose that
Fe2O3-atop-Cr2O3 interface is indeed the O-divided interfac
of our calculation. If we are correct, then our predictions
in reasonable agreement with experiment: the valence b
offset is 0.4 eV~calculated! vs. 0.360.1 eV ~experiment!2

for the O-divided interface, and 0.6 eV vs. 0.760.1 eV2 for
the split-metal interface.

The ability to controllably produce two different inte
faces, with different band offsets, in the same crysta
graphic plane between a pair of materials has interesting
plications for charge separation in a photovoltaic
photochemical device. A superlattice with several conse
tive repeats could be grown with the two interfaces altern
ing, such as to create an electrochemical potential grad
that would sweep electrons and holes in opposite directio2

However, carrier lifetimes must also be considered, and
electronic structure of the interfaces studied here has co
quences for electron-hole recombination. Consider the
of an electron-hole pair excited in the hematite region, w
the hole initially in the complex of Fe 3d-dominated states
about 1.5 eV below the valence band maximum, and
electron initially in the Fe 3d states just above the condu
tion band minimum. The electron will simply relax down
energy to the conduction band edge, while the hole works
way upwards into the occupied states of Cr 3d character.
This it can do because there are many overlapping Fe an
states, including interfacial states, around 1 eV below
valence band edge.

But now consider what happens to the hole as it
proaches the valence band maximum. In the oxygen-divi
system, the band edge states have strong interfacial ch
ter, so the hole will tend to localize near the interface, as w
the electron in the conduction band. Recombination is t
likely to occur, frustrating any attempt to exploit the ener
in the electron-hole excitation. However, in the split-me
system the band edges have interior-layer character, with
interfacial states pushed away from the band edges. The
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tron and hole thus tend to avoid the interfacial layer wh
they relax, respectively, to the conduction band minimu
and valence band maximum. Thus, we predict that recom
nation will be inhibited at the split-metal interface, in com
parison to the O-divided interface. This property could
important for photonic device design based on the~0001!
interfaces between hematite and chromia.

VI. SUMMARY

In this work we have studied two possible structures
the interface betweena-Cr2O3 anda-Fe2O3 in the hexago-
nal ~0001! plane. By a version of the usual first-principle
approach based on reference electrostatic potential shifts
have shown that these structures lead to significantly dif
ent values of the valence band offset. One of the two in
face structures, the split-metal structure, is predicted to
significantly better than the other at preventing electron-h
recombination. The two interfaces are close enough in
ergy that details of epitaxial growth procedures and kine
considerations will likely control which one actually form
as indeed appears to be the case experimentally. Com
magnetic properties may be found in superlattices of th
interfaces. Moreover, chemical modifications of the inter
cial layer strongly affect the band offset value. These m
recent results will be considered in our future work.15
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