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We have used density-functional theory with the gradient corrected exchange-correlation functional PW91 to
study the effect of an interfactant layer, where Fe and Cr are replaced by a different metal, on electronic and
magnetic properties of an epitaxial interface between �-Fe2O3 and �-Cr2O3 in the hexagonal �0001� basal
plane. We studied a monolayer of M2O3 �M =Al,Ga,Sc,Ti,Ni� sandwiched with five layers of chromia and
five layers of hematite through epitaxial interfaces of two types, termed “oxygen divided” or “split metal.” We
found that both the electronic and magnetic properties of the superlattice are modified by the interfactant
monolayer. For the split-metal interface, which is favored through the growth pattern of chromia and hematite,
the valence-band offset can be changed from 0.62 eV �no interfactant� up to 0.90 eV with the Sc2O3 interfac-
tant, and down to −0.51 eV �i.e., the �-Fe2O3/�-Cr2O3 heterojunction changes from type II to type I� with the
Ti2O3 interfactant, due to a massive interfacial charge transfer. The band gap of the system as a whole remains
open for the interfactant monolayers based on Al, Ga, and Sc, but it closes for Ti. For Ni, the split-metal
interface has a negative band offset and a small band gap. Thus, nanoscale engineering through layer-by-layer
growth will strongly affect the macroscopic properties of this system.
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Band discontinuities are a vital aspect of electronic,1

electro-optic,2 and photocatalytic3 systems made from dis-
similar semiconductors. These offsets between band-gap
edges at heterointerfaces depend both on the electronic struc-
ture of the two bulk compounds meeting at the interface and
on the structure of the interface itself. While the interfacial
structure may depend to some extent on the growth and pro-
cessing history of the junction, in many cases, the band off-
sets can only be controlled through the choice of bulk semi-
conductors employed, due to symmetry constraints in
epitaxial growth. However, it would be desirable to control
bulk properties of the materials and interfacial offsets inde-
pendently of one another. We propose to control the band
offset by adding an interfactant layer at the interface be-
tween the main constituents of the device, analogous to a
surfactant layer at a free surface. This interfactant layer
should be as thin as possible, so that only the band offset is
modified, and not the other device properties, assuming they
are already optimal. The interfactant’s atomic geometry will
usually need to be consistent with the epitaxial growth of the
entire structure, but the interfactant need not itself be equiva-
lent to a particular layer cut from a stable bulk phase. Rather,
it needs only to be stable �at least kinetically� in the interface
structure actually desired.

Previously, band-offset control by one or more interfac-
tant layers between traditional tetrahedrally coordinated
semiconductors was considered4 in the context of AlAs-
GaAs heterostructures with elemental Ge or Si as the inter-
factant. Later, crystalline oxides on silicon5 were proposed as
an interfacial phase controlling junction electrostatics by
means of an electrostatic dipole layer. However, our work is
apparently the first to treat band-offset control by epitaxial
interface chemical modification in a system containing only
transition-metal oxides.

In a recent work,6 we presented a computational study of
an interface in the hexagonal �0001� plane between two an-
tiferromagnetic semiconducting oxides, �-Cr2O3 �eskolaite�
and �-Fe2O3 �hematite� whose band offset can be controlled3

by the order in which the materials are grown. However, the
maximum change in the band offset that could be obtained
with only these two oxides present was about 0.4 eV
experimentally.3 In the present work, we demonstrate that the
band offset can be further controlled by the presence of a
monolayer of M2O3 M =Al, Ga, Sc, Ti, or Ni at each
hematite-chromia interface. Each M2O3 monolayer brings a
different redistribution of electron density at the interface. In
consequence, the band offset can be increased or decreased,
including reversal of the sign of the offset �type I to type II
heterojunction transformation�, and metallic interfaces may
also occur when M =Ti or Ni. Significant changes to
the antiferromagnetic ordering of the superlattice may also
occur with the addition of interfactants, including strong
ferrimagnetism.

First-principles density-functional calculations were per-
formed with the VASP �Ref. 7� code, with the same compu-
tational conditions as in our previous6 work. Band offsets
were obtained by the same procedure6 as before, which we
describe again here in somewhat more detail. The valence-
band offset for two materials connected by a prescribed in-
terface is defined as the difference between the energies at
the valence-band maxima for the two compounds, deter-
mined far from the interface. The conduction-band offset is
determined similarly from the conduction-band minima, or
obtained from the valence offset by adding the difference
between the bulk band gaps of the two materials. For a su-
perlattice model, it is not obvious how to directly identify the
valence-band maximum �VBM� for separate regions in the
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supercell occupied by the two materials, since this maxi-
mum, like other band-structure features, is not a localized
quantity in real space. Instead, the usual procedure is to de-
termine the energy of the VBM of each compound relative to
a reference level that can be identified with a specific atom or
localized region in a given unit cell. These reference levels
are extracted from the interior or “bulklike” regions belong-
ing to each of the two compounds in the superlattice; the
VBM for each region is then assumed to “float” above the
reference levels by the same amount as in the true pure bulk
form of each material.

In all-electron calculations, a core-state level of an atom
in an appropriate part of the system can be employed as the
reference level. In pseudopotential calculations, it is more
common to use a coarse-grained average of the electrostatic
potential over one or more atomic layers in the bulk or bulk-
like region of the superlattice. We have found it convenient
to instead use the average core potentials7 supplied by the
code. These potentials contain some intra-atomic effects, but
their environmental dependence is mainly the additive exter-
nal electrostatic potential experienced by the atom in ques-
tion, and this in turn is expected to be the main determinant
of the band offset. In this approach, the valence-band offset
is given by

�EC−F
V = EC,bulk

V − EC,bulk
core − �EF,bulk

V − EF,bulk
core � + EC,superlattice

core

− EF,superlattice
core , �1�

where EC,bulk
V is the calculated bulk valence-band maximum

for chromia, EC,bulk
core is the average core potential in bulk chro-

mia, EC,superlattice
core is the same core potential calculated for an

interior layer in the chromia region of the superlattice, and
the terms with the subscript F are defined analogously for
hematite. We can rearrange Eq. �1� as

�EC−F
V = �EC,bulk

V − EF,bulk
V � + ��EC,superlattice

core − EC,bulk
core �

− �EF,superlattice
core − EF,bulk

core �� . �2�

The first expression in square brackets in Eq. �2� depends
only on the choice of materials being interfaced and has the
value 1.05 eV in our present calculation. The second expres-
sion in square brackets containing shifts in the core poten-
tials is determined by the interfacial dipole layer and con-
tains all of the dependence of Eq. �2� on the structure and
composition of the interface, including any interfactant at-
oms placed there. We emphasize that neither bracketed ex-
pression in Eq. �2� is physically observable by itself, since
both depend strongly on the details of the calculation. In our
previous study,6 we described a test calculation on a zinc-
blende AlN/GaN �001� superlattice which gave a band offset
in close agreement with a calculation by other workers8

employing a coarse-grained electrostatic potential as a
reference.

The model unit cell in the present study was similar to the
one used in our earlier work6: where previously we had 6 f.u.
each of Fe2O3 and Cr2O3 in the cell, we now have 5 f.u. of
each of these two oxides, and 2 f.u. of the interfactant M2O3,
where M =Al, Ga, Sc, Ti, or Ni, see Fig. 1. Each quintuple
layer of Fe2O3 or Cr2O3 is thus bounded at top and bottom

�with respect to the hexagonal �0001� axis� by a layer of
M2O3. In the corundum structure, oxygen atoms lie in trian-
gular nets in planes normal to �0001�, while the metal atoms
lie in puckered double layers or “bilayers” between the oxy-
gen planes. Previously, we identified two possible interfaces
between �-Fe2O3 and �-Cr2O3 along �0001�: an “oxygen-
divided” one in which an oxygen plane at the interface sepa-
rates an iron bilayer from a chromium bilayer, and a “split-
metal” interface in which there is a metal bilayer at the
interface, containing an iron single layer on the hematite side
and a chromium single layer on the �-Cr2O3 side. We now
form interfactant layers in each kind of interface by replacing
1 f.u. of FeCrO3 by the interfactant M2O3. When we do this
at the oxygen-divided interface between �-Fe2O3 and
�-Cr2O3, the result is a split-metal interface between
�-Cr2O3 and M2O3 followed by another split-metal interface

FIG. 1. �Color online� Interfacial geometry for an interfactant
M2O3 at �a� an oxygen-divided interface between Fe2O3 and Cr2O3,
producing a split-metal interface between the host oxides and the
interfactant, and �b� at a split-metal interface between Fe2O3 and
Cr2O3, producing an oxygen-divided interface between the host ox-
ides and the interfactant. Each pair of M atoms �solid spheres�
replaces one Fe �dark shaded spheres in the lower half of the figure�
and one Cr �light shaded spheres� of the unmodified superlattice.
The smaller spheres represent oxygen atoms.
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between M2O3 and �-Fe2O3. Conversely, when we do the
same replacement at the split-metal interface in the host su-
perlattice, we obtain oxygen-divided interfaces between the
interfactant and the host oxides. We show a ball-stick dia-
gram of superlattices with �a� split-metal and �b� oxygen-
divided interfaces to the interfactant in Fig. 1. Relaxation of
all structures to their energy minima produced only small
shifts of 0.03 Å or less from the atomic positions in the
unsubstituted superlattice.

We give the calculated valence-band offsets for the fully
relaxed interfactant structures in Table I. A positive band
offset means that the VBM for chromia is above that of
hematite, consistent with a type II heterojunction. Interfac-
tant metal-atom electronegativities9 and calculated lattice
magnetic properties are also included and will be discussed
below. For the Ti2O3 split-metal interfactant case, we per-
formed an additional calculation with a unit cell 1.5 times
longer along the c axis than the other cases and found a band
offset within approximately 0.1 eV of that given in Table I.
Recomputing the bulk VBM and core potentials with the
relaxed in-plane lattice constant taken from this supercell
calculation only caused changes on the order of 0.05 eV in
the offset.

For the trivalent substituents M =Al,Ga,Sc, the effect of
the interfactant is to increase the band offset for both starting
interfaces by similar but not identical amounts. For the nomi-
nally tetravalent Ti and divalent Ni, we see far more dramatic
changes in the band offsets, including strongly negative VB
offset �type I heterojunction� for Ti. We attribute this effect
to a large electron transfer from Ti �now in a trivalent envi-
ronment� to the Fe conduction-band states near the interface.
The resulting surface dipole layer raises the energy of the Fe
3d-dominated states below the superlattice valence-band
maximum relative to the Cr 3d-like states at the valence-
band maximum to the extent that it reverses the sign of the
valence-band offset. The addition of charge to the
conduction-band minimum also produces a metallic �con-
ducting� layer near the interface. The situation for the Ni2O3
interfactant appears to be opposite from Ti2O3 in that now
there is an electron transfer to the interfactant layer. In this
case, however, the negative charge is transferred from the

Cr-dominated valence-band maximum, lowering its energy
until the highest occupied Cr and Fe states are nearly degen-
erate, that is, the original positive �Cr above Fe� valence-
band offset is again reduced or reversed. For Ni, a metallic or
semimetallic �but now p-type� state again occurs.

Large changes in the magnetic structure of the superlattice
can occur when selected Cr and Fe atoms are replaced by the
interfactant metal, as shown in Table I. Bulk Fe2O3 and
Cr2O3 are both antiferromagnetic, but the Cr spins in Cr2O3
alternate both within the bilayers and along the c axis, while
in hematite they alternate only along the c axis, with indi-
vidual Fe bilayers ordered ferromagnetically �here, we ne-
glect the low-temperature canted weak ferrimagnetism in he-
matite�. In the unsubstituted Fe2O3/Cr2O3 superlattice, there
are six Fe bilayers in each unit cell, so the net spin moment
is zero. The superlattice shown in Fig. 1�a� with the split-
metal host/interfactant interface contains four Fe bilayers,
and the two Fe atoms in the interfacial �mixed� bilayers will
also have an opposite spin to each other; thus, the net mo-
ment is again nearly zero. However, in the superlattice
shown in Fig. 1�b�, there are instead five complete Fe bilay-
ers. Since these bilayers alternate spin up and spin down, and
there are odd numbers of them in the cell, the cell has a large
spin moment, as shown in Table I. This situation is modified
for M =Ti and Ni. For Ti, there is one electron per Ti trans-
ferred to the minority-spin Fe bands; thus, the magnitude of
the net spin is reduced from 10 to 6. In the case of Ni, one
must also consider the contribution of the Ni 3d bands. We
find that the Ni atoms adopt low-spin moments intermediate
between what one would expect for the Ni2+ and Ni1+ atomic
charge states. In the structure of Fig. 1�a�, the Ni spins follow
the antiferromagnetic spin order of the nearest host
transition-metal atoms, so that their net contribution to the
total spin moment of the cell is zero. On the other hand, in
the structure of Fig. 1�b�, the Ni atoms in the interfactant
bilayers follow the spin order of hematite, that is, ferromag-
netic within bilayers but alternating along the c axis between
bilayers. These polarized interfactant layers have spins in the
opposite direction to the majority of Fe spins, but they do not
reverse or cancel the net polarization, rather they simply re-
duce it since the spin state of Fe is formally 5 but for Ni it is

TABLE I. Cr2O3-Fe2O3 valence-band offsets �BOs� in eV, magnetization of the unit cell �mag� in units of
electron spin, and interfactant metal �M� Pauling electronegativities �ENs�. SM=split-metal native-
interfactant interface; OD=oxygen-divided native to interfactant interface. The first band offset is the first-
principles value; the second �in parentheses� is an approximation derived from a simple electrostatic model
using an atomic charge population analysis described in the text.

M ENa

SM OD

BO mag BO mag

None 0.62�0.43� 0.00 0.40�0.34� 0.00

Al 1.5 0.72�0.80� 0.00 0.54�0.34� −10.00

Ga 1.6 0.78�0.30� 0.00 0.59�0.65� −10.00

Sc 1.3 0.90�0.74� 0.00 0.59�0.38� −10.00

Ti 1.5 −0.51�−1.57� 0.01 −0.47�−1.28� −6.07

Ni 1.9 −0.14�−0.96� 0.00 0.03�−0.25� −3.07

aReference 9. The electronegativities of Cr and Fe are 1.6 and 1.8, respectively.
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between 1 and 2 on the average. There is also some enhanced
occupation of Fe minority-spin states which further reduces
the net moment, as shown in Table I, to around 3 electron
spins.

To account in more detail for the origins of the predicted
band offsets, we performed a charge population analysis by
the spatial partitioning method of Bader and Nguyendang,10

then treated each atom as a point charge including its
pseudopotential core-nuclear charge. Assigning these charges
to planes parallel to the interface, we used Gauss’s law to
obtain an approximation to the smoothed electrostatic poten-
tial difference between the interior of the Fe2O3 region and
the interior of the Cr2O3 region in the superlattice. This elec-
trostatic contribution is added to the first expression in
square brackets in Eq. �2�, i.e., the 1.05 eV difference be-
tween the valence-band maxima of bulk Cr2O3 and Fe2O3,
resulting in the approximate band-offset numbers given in
parentheses in Table I. The semiquantitative agreement with
offsets found directly from core potentials confirms that elec-
tron transfer from the Cr2O3 to the Fe2O3 side of the inter-
face is the main factor in the interfactant effects on the band
offset. In the unsubstituted superlattice, there was a net
charge transfer on the order of 0.02 electrons across the in-
terface, mostly from the Cr bilayer nearest the interface to its
Fe counterpart on the other side, lowering the electrostatic
potential on the Fe side by several tenths of a volt relative to
the Cr side �i.e., raising the electron energy levels by an
equal amount in eV.� Since the valence-band edge on the Cr
side would otherwise be 1.05 eV higher than on the Fe side,
the offset is reduced by several times 0.1 eV. The downshift
is slightly greater for the O-divided interface, in part because
the layers involved in the transfer are further apart, creating a
larger surface dipole. However, this small charge transfer is
associated with polarization of bonding charge toward the Fe
side and not with a change in orbital occupation.

When the Al2O3, Ga2O3, and Sc2O3 interfactant layers are
substituted into the superlattice, the electrostatic downshift
of the valence-band offset is reduced, because identical in-
terfactant metal atoms are replacing Fe on one side of the
interface and Cr on the other side. The effect may be greatest

for Sc because it has the largest atomic radius of the trivalent
interfactant metals considered, so that the layer of Sc2O3
isolates the host oxides from each other slightly more; the
net transfer is only about 0.01 electrons per cell in this case.

When the interfactant metal is Ti or Ni, the effect is much
larger because there are now formally two excess electrons
per unit supercell from Ti that must be accommodated in
Fe-derived conduction-band interfacial states, or two elec-
trons that must be transferred from Cr-derived interfacial
states toward the Ni layers. �The charge transfers found by
the population analysis are roughly 0.2 electrons for Ti and
0.1 electrons for Ni, much less than the formal valence dif-
ference since the charge is actually delocalized over several
atomic layers in the interfacial zone, and atomic polarization
is not taken into account.� In either case, the net effect is a
transfer of electrons from the Cr layers toward the Fe layers,
but now of such magnitude that the band offset is depressed
until it changes sign.

In summary, we have shown that large, macroscopically
measurable modifications to the electronic and magnetic
properties of �-Fe2O3/�-Cr2O3 heterojunctions are possible
through the placement of an interfactant layer of a different
oxide. With present-day layer-by-layer molecular-beam epi-
taxy techniques,11 creation of such structures should be quite
feasible. This is the first time such an interfacial modification
has been proposed for oxides, and the magnetic effects have
no counterpart in traditional semiconductors4,5,8 where inter-
face modifications have been considered before. The split-
metal host to interfactant structure �Fig. 1�a�� is likely to be
more easily realized experimentally, due to the electrostatic
stabilization of the half-metal-bilayer termination of the co-
rundum structure �0001� surface. However, by careful con-
trol of oxygen partial pressure and other growth conditions,
it may prove possible to form the other structure �Fig. 1�b��
as well. The resulting large uncompensated spin moments
may then prove useful in spintronic12 device development.
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