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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-chfoomandum structuein the hexagonal
(0007 basal plane. Our model was a superlattice with a period of about 27.5 A, corresponding to the shortest-
period superlattice considered in a recent series of experini€hamberset al, Phys. Rev. B61, 13223
(2000]. Two different epitaxial interface structures were studiejl:aph oxygen plane separating an Fe double
layer from a Cr double layer oiii() 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 bandlobifeeti
above hematite by 0.4 and 0.6 eV fa) (@nd (i), respectively, possibly explaining the experimental non-
commutative band offset seen in this system {003l eV for hematite grown atop chromia, and 0.7
+0.1 eV for the reverge
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[. INTRODUCTION In an effort to understand these unusual properties of the
a-Fe,0;/a-Cr,05 interface, we have performed density

Metal oxides have played a prominent role for many yeargunctional calculations on a model superlattice correspond-
in chemistry as heterogeneous catalysts or catalyst suppdrig to one hexagonal unit cell each of the two oxides, or 36
structures, but they have traditionally played a more secondatomic layers in a unit cellcounting each metal bilayer as
ary role in electronic and opto-electronic devices as subtwo layers) We find that two distinctly different interface
strates, insulators, gate dielectrics, window materials or prostructures are possible, depending on whether there are metal
tective coatings. Recently, however, oxides have emerged dulayers split between Fe and Cr at the interface, or oxygen
possible key active elements in a new generation of deviceglanes dividing the Cr from the Fe bilayers nearest to the
Transition metal oxidésin particular, whether binary, ter- interface. Though close in energy, these two structures in-
nary or more complex, have an especially rich set of propereeed turned out to have different band offsets and distinct
ties, ranging from high dielectric constants and ferroelectricspin and electronic structure, raising novel possibilities for
ity to magnetic order and high-temperature supercondevice construction. This work is, to our knowledge, the first
ductivity. Devices combining two or more oxide materials ascomputational study of this interfaciahixed oxide system,
active regions permit even more possibilities, includingthough we note that there have been several theoretical
band-gap, photonic and spin-transport engineering of supeworks on bulk and surfaces of hematitand chromié in
lattices, interfaces and surfaces. recent years.

An example of such a device was described in a recent We describe our computational approach and the details
papef in which epitiaxial (000D superlattices of hematite of our model system in Secs. Il and Il below, with the main
(a-F&,03) and chromia(eskolaite, a-Cr,03) were grown  body of our results in Sec. IV and further discussion in Sec.
by oxygen-plasma-assisted molecular beam epit@iA- V, followed by a summary.

MBE) on sapphire ¢-Al,03) substrates. These superlattices

shqwed a remarkable “band-offset noncommutativity” !n Il. COMPUTATIONAL METHODOLOGY

which the valence band offset between the two materials

differed according to which one was grown on top: 0.3 Using first-principles density functional theof®FT) and
+0.1 eV for hematite grown atop chromia and 80.1 eV  ultrasoft pseudo-potentials, we modeled the atomic, elec-
for chromia grown atop hematite, where in the present notatronic and magnetic structure of epitaxial interfaces between
tion a positive offset means chromia has the higless hematite and chromiéboth having the corundum structiire
deeply bounylvalence band maximum. This behavior raisedin the hexagonal0001) basal plane. We performed these
the possibility of a spontaneous average electric potentiatalculations within the generalized gradient approximation
gradient across several periods of the superlattice. Such @W91-GGA using the Vienna Ab-initio Simulation Pack-
structure could efficiently separate electron and holes in, foage (VASP).® For the geometry optimizatiofenergy mini-
example, a photoelectrochemical device. Interesting magmization, total energy calculations and characterization of
netic effects might also occur due to the differing antiferro-the electronic and spin structure, we expanded the eigen-
magnetic order in hematite and chromia. However, the interstates in plane-wave basis functions and represented the ion
face structure that causes the asymmetry in band offsets @res with ultrasoft pseudopotentidihe calculations were
unknown. performed at relatively high levels of precision, for example
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a kinetic energy cutoff of 396 eV was used for the planeonly nitrogen atom or only cation core potential shifts, our
wave basis. calculated band offsets were 0.78 and 0.91 eV, respectively,
We calculated the band offsets between@gand Cr,O;  still in very good agreement with the published result. This
by a variant of a standard method in semiconductor th&ory.gives us confidence that the average core potentials are an
The band offset, or difference between the valence bandccurate as well as convenient proxy for the potential differ-

maxima of two semiconductors or insulators, cannot simplyence created by local polarization at the “distant” interface.
be taken as the difference between their highest occupied One further methodological question is how to rationally
eigenstates in bulk band structure calculations, because thepartition the electronic charge among all the atoms in order
is not in general any correspondence between the “zero db realistically characterize the charge redistribution accom-
energy” of one-electron levels in two such calculations forpanying interface formation. When plane-wave codes are
different materials. Instead, the standard scheme is to coused, a common practice is to integrate the charges within
struct a superlattice of the two materials with a well-definednucleus-centered spheres to obtain atomic charge and spin
interface between them. Next a reference léaatore eigen- populations. These spheres are often also used to decompose
value or average electrostatic potential calculated in the the total density of states into atomic and “orbital” projected
interior or “bulk-like” regions of the two materialéthat is,  density of states. The radii of these spheres are usually taken
not “too close” to the interface, so the superlattice periodfrom some set of “touching” radii, such as a standard set of
must be of sufficient sizg.Next, the same two reference covalent radii, and then scaled so that the sum of sphere
levels are calculated with respect to the valence bandgolumes equals the actual total volume of the unit cell. This
maxima of the two materials in separate bulk calculationsapproach does not in general keep the sum of all atomic
Finally, these valence band maxima are shifted by the differeharges equal to the exact charge of the unit cell, because it
ence between the reference levels in the bulk and superlattic®uble-counts electronic charge near the interatomic bonds
calculations, and their difference then taken to obtain théwhere the spheres may overlaphile neglecting some of
valence band offset. The band gap difference between thide interstitial spaces. There is also no guarantee that the
two bulk materialgoften taken directly from experimenis ~ sphere radii used are at all reasonable for the system under
then added the valence band offset to obtain the conductiostudy. It would be useful to continue using the simple sphere-
band offset. integration scheme while deriving a set of sphere radii from
It is clear that the band offsets will depend on the particuthe calculated charge density that contain information about
lar interface chosen as well as on the electronic structure dhe nature of the bondin@legree of ionic or covalent char-
each materiaper se In the present case, using the subscriptsactey while minimizing the error in the total charge. For
F for Fe,0; andC for Cr,O5, we may express the valence most solids, the bonding is neither purely ionic nor covalent,

band offset between these oxides as so an adaptive approach should be better than using a set of
arbitrary radii valid only in the ionic or covalent limit.
AEY .=EY, .—ESe —(EY = —ESoe ) Hence we proposed a simple method to adapt the radii to
FoCo mRbullc =Rbulke 2 =G bulkc =G bulk the actual charge distribution in the material under study
+EE superiattice~ EG superlattice (1)  while maintaining the “volume sum rule” and minimizing

the difference between the actual number of electrons in the
WherEE\F/,bulk is the calculated bulk valence band maximum unit cell and the electronic charge that is accounted for inside

for hematite ES¢,, is a core reference level or average corethe sphereSWe vary the oxygen radius while adjusting the

potential in bulk hematiteElg?éﬁperlatticeis the same refer- Metal atom radius to enforce the volume sum rule, and note

ence level calculated for an interior layer in the hematitet® value of the total charge that results from summing the
region of the superlattice, and the other terms are definelfi€grated charges in every sphere. In each case the total
analogously for chromia. In our calculation of band offsets charge has a single maximum with a value near the correct
we used the average core electrostatic potentials calculated fimber of valence electrons in the unit cell. We take the radii
the VASP code as reference levels. These core potentials GPTT€SPonding to the position of this maximum as the appro-
course contain some intra-atomic effects, but added to this jgfiate Set of atomic radii for the structure under consider-
the electrostatic potential due to the atom’s environment, angtion- The resulting radii are reasonable in that they are be-
the change in this added term remains when we subtract tH¥/€€n typical ionic and covalent radii, as expected for

core potential for an atom of the same element in the othefYStems of mixed bonding character. Another benefit of this
environment. approach is that the atomic-sphere-projected densities of

More commonly in plane-wave band offset calculations, States sum accurately to equal the total density of states.
coarse-grained spatial average electrostatic potential is used
as a reference. To make sure that our approach agrees with
the standard one, we calculated the band offset for an eight-
atomic-layer zinc-blende AIN/GaNO00l) superlattice. We Our model was a superlattice with a period of about 27.5
found a valence band offset of 0.84 €GaN above AIN A, with six double(puckered layers(“bilayers”) of Cr fol-
from an average of the N and cation core potential differ-lowed by six similar double layers of Fe, with successive
ences between the bulk compounds and the central layer afietal bilayers separated by oxygen planes, for a total of 60
each zongGaN or AIN) in the superlattice, in nearly exact atoms per unit cell. This model corresponds to the shortest of
agreement with the resuftdrom spatial averaging. Using several superlattice periods considered in Ref. 2. The initial

Ill. CHOICE OF MODEL SYSTEMS
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TABLE I. Rhombohedral lattice constants and bulk modulus of
hematite, chromidEskolaite and corundum.

acal({A) aexpl(A) Qcalc  Xexpt Bcad GP2) Bexpl(GPa)

Fe,O; 5.436 5.412 55.00° 55.38° 181 230
Cr,0; 5.391 5.378 54.32° 54.44° 218 240
Al,O; 5161 5.129 55.30° 55.30° 223 250

ence for accuragy a-Al,O3 (corundum by total energy
minimization; the results, as Table | shows, are in excellent
agreement with experiment.

We also confirmed that the antiferromagng#d=M) or-
der known to exist experimentalfyjin each of the transition
metal compounds has the lowest energy in our calculations
as well. In CgO4 the spins order antiferromagnetically both
in the metal bilayers in the basal plane, and also normal to
them. In FgO; they order antiferromagnetically in the nor-
mal direction but ferromagnetically within the bilayers. Of
these two AFM orderings, plus a ferromagneftd) and a
nonmagnetic, spin-restricted state, the experimentally correct
AFM ordert®is found in each case to have the lowest energy.
The calculated FM-AFM energy difference is much larger
for hematite than for chromia, consistent with the much
higher Nesl temperaturkof Fe,05.

Our charge-partitioning scheme led to atomic radii of
Rre=1.55A andRy=1.15A in FgO;, and R,=1.56 A
andRy=1.10 A in CrLO;. We have used these radii to cal-

percel). The Fe and Cr ions marked with dark and light gray cyjate projected densities of stat®&DOS for bulk hematite
circles, respectively. The interface planes and various layers dlsand chromia as shown in Figsa2 and 2b), respectively. In
cussed in the text are indicated, as well as the majority spin direcﬂ1e energy range shown, the only Sta,tes with significant

tion of each metal atom.

atomic positions for the supercells with interfaces were ob
tained by stacking two complete hexagonal unit cells of th

corundum structure, one of j@; and one of GO;, with

the lattice constants in th@®001) plane set to an average of
those of the two pure materials. Apart from the change
chemical composition at the interface, we assumed that th
stacked cells were not initially rotated in relation to each
other or displaced parallel to the interface, and that the inte
face was perfectly epitaxial, i.e., the two-dimensional peri-
odicity with respect to the interface plane is the same on bot

sides of the interface.

In view of the noncommutative character of the
Cr,03/Fe,0; interfacé we considered various atomic struc-
tures for the epitaxial interfaces. We recognized that two dis
tinct interfaces are possible: an oxygen layer may divide a
Fe bilayer from a Cr bilayer, or alternatively there may be
bilayer at the interface that is split into an Fe layer and a C

layer. We call these structures the “oxygen-divide@D)

and “split-metal” (SM) interfaces, respectively; the unit cells

containing these interfaces are shown in Fig. 1.

IV. RESULTS OF CALCULATIONS
A. Bulk Fe,O3 and Cr,0;

€

r-

n
a
[

weight are those with R character within the O-centered
spheres, and@character in the metal-centered spheres. This

energy range encompasses the upper valence bands and low-
est set of conduction bands. Only the spin-up direction is
shown since when the entire antiferromagnetic bulk unit

incells are considered, the up- and down-spin wave functions

are related by symmetry. The zero of energy is the essentially
rbitrary zero of the VASP eigenvalue scale, and has not
been shifted in Fig. 2. There is a very significant degree of
p-d hybridization, more so for hematite than for chromia, as
evidenced by the fact that the highest set of occupied bands
is not pure metadtl in character. We also observe that chro-
mia has a wider band gap and also apparently a higher va-
lence band maximum, though the latter is not certain at this
point since there is no necessary relation between the zeroes
of single-electron energies in the band structures of these two
different materials. However, we shall see below that this
relation indeed holds true when the two compounds are in-
terfaced, and that they therefore form a Type Il heterojunc-
tion. (Type | corresponds to the case where the band gap of
one material lies entirely within the gap of the other, Type Il
to the case where the gaps only partly oveplap.

B. Interface atomic and magnetic structure

The static geometry optimization for the superlattice was

We began by calculating the bulk structural parameters o$tarted from bulk-like structures for the f&, and CrO,

a-Fe,0; (hematite, a-Cr,O5 (eskolaite, and (as a refer-

layers. We also took the initial spin configuration from the
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Bulk Fe O bor distances on the order of 0.01 A. The displacements were
8 T — ] mostly along the hexagonataxis and the only significant
7E (a) ToalDos trend in them was a small compression in thg@rregion
- p— e ] and a slight expansion of the f&&; region. The interface
S | [— o E supercell lattice constants themselves were also allowed to
5 F 5 relax to an energy minimum, but there was little change in

(it remained at essentiallyre,0,+ Ccr,0,) While the in-plane

] lattice constarit a assumed a value intermediate between
] the valuesageo,=5.022 A andac,,0,=4.952 A; we ob-

3 taineda=4.986 A for the split-metal and=4.993 A for the
oxygen-divided interfaces, respectively. This is in apparent
disagreement to the experimental observattbat the C5O5

Density of States
S
I

band
gap

ot ' in-plane lattice constant apparently adjusted itself to equal
& 2 : G & 6 the in-plane lattice constant of hematite. However, more re-
Energyiey) cent measurements indicate that the@rlayers may not
Bulk Cr O fully accommodate the K®; in-plane periodicity® Our re-
10 —p——t———————— s sult is reasonable in that the bulk moduli shown in Table | for
I ] hematite and chromia are similar, so we would not expect to
[ (b) Total DOS ] . . .
s L _— ey ] find one of them nearly unstrained while the other fully ac-
E oo 1 commodates the first material’s lattice constant.

I ] A significant feature of these two chemically distinct in-
8 ] terface structures is their effect on the antiferromagnetic spin
i i order at the interface. As can be seen from Fig. 1, all the
metal bilayers in the oxygen-divided supercell have the bulk
hematite or chromia spin order, while in the split-metal su-
percell the interfacial metal bilayers are alternately ferro- and
antiferromagnetic. This means that either the interfacial Cr or
the interfacial Fe atom, respectively, is “frustrated.” This
spin frustration shows up to a small extent in the magnitude
of the net spin population of atoms near the interface, in
particular the Cr atom aligned ferromagnetically to a copla-
FIG. 2. (Color onling Total and projectedoxygen 2 and metal  har Fe at the split-metal interface has a spin population of
3d) density of states fofa) bulk a-Fe,05; and(b) bulk a-Cr,05. 2.68 spins versus an average of 2.77 for all the Cr atoms in

. . ) o that unit supercell.
bulk antiferromagnetic orderings known to exist in these sys-

tems, which are different in the two materials, as mentioned
above. When we relaxed all atomic positions to an energy
minimum, only fairly small(less than about 0.02)Adis- In Fig. 3 we show the total density of states for both spin
placements of the atomic positions resulted. The final atomidirections for(a) the oxygen divided ancb) the split-metal
positions are those shown in Fig. 1. Though not constrainethterfacial supercells. We also show the projected density of
to remain in the same magnetic state throughout the elestates summed over all atoms and angular momentum states
tronic and atomic relaxation, the bulk magnetic order within(s, p, d) for the atoms in each half of the supercell, corre-
the regions of each oxide did in fact remain unchanged irsponding to six formula units of each of the two oxides. For
every case. The majority spin directions of all the atomsboth interfaces, we observe that the occupied states derived
were also shown in Fig. 1. from hematite have very little weight in the tep0.5 eV of

The energy of the interface is defined by subtracting thehe valence band, the states there being almost completely
energy of one hexagondéhree primitive cell of each bulk  associated with the chromia half of the cell. In contrast, the
oxide from the total energy of our F®;/Cr,O5 unit cell.  states derived from chromia have very little weight in the
The resulting fully relaxed interfacial energies are 0.56 andottom of the conduction band, the states there being almost
0.72 eV per unit cell for the split-metal and O-divided cells, completely associated with the hematite half of the cell. We
respectively, or 13 and 17 meVPAThese energies are about also notice that the band gaps are smaller for both interfaces
one order of magnitude smaller than typisalfaceenergies than for bulk hematitésee Figs. 2 and)3All these features
of oxides and semiconductors. The structural relaxation upoare consistent with the propositfothat C,03/Fe,O; is a
interface formation lowered the interface energy by 9.7 andype Il heterojunction.
14 meV/A? for the SM and OD interfaces, respectively, so We also observe that while the oxygen-divided density of
that relaxation lowered the interface energy by slightly lessstates is almost perfectly symmetrical with respect to spin,
than a factor of 2, similar to the ratio for relaxéar recon- the split-metal density of states shows large deviations from
structed and unrelaxed surface energies in many cases. Thgpin symmetry(though when integrated over energy, it still
relaxation also caused only small changes in nearest neiglgives equal-spin pairingThis asymmetry is a manifestation

Density of States

Band

Energy(eV)

C. Superlattice and interface electronic structure
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FIG. 4. (Color onling Comparison of projected density of states

FIG. 3. (Color onling Total density of states for the interfacial for interior layers(furthest from interfaceof Fe,O; and CpO; in
supercells of Fig. 1, and projected density of states for all atoms ithe interfacial superlattice, with corresponding bulk density of
the FeO; and CpO; half-cells; (a) oxygen-divided andb) split- states, shifted in energy by the difference in average core potentials
metal. between interior layers and bulkg) oxygen-divided andb) split-

metal. Each layer comprises a metal bilayer and its two adjoining
of the spin frustration discussed above; in particular, the feroxygen planes(three atoms in each planewith the oxygens
romagnetic split-metal interfaces in our unit cell are either allweighted at 0.5 each to keep each layer at th@©}stoichiometry.
spin-up as shown or all spin-down, so the two spin directions
are no longer equivalent, even though there is zero net ferligning their core potentials, as shown in Fig. 4 &
romagnetic moment when the total DOS is integrated oveO-divided and(b) split-metal cells. We see from Fig. 4 that
energy. the bulk and interior layer DOS peaks can indeed be lined up

To further examine the electronic structure, we now con-quite closely, and the various features in the DOS have rather
sider the projection of the density of states onto individualsimilar form for the bulk oxides and the interior layers in the
layers in the superlattice. By a “layer” in this context, we superlattice. This indicates that these interior layers are in-
mean a metal bilayer plus the oxygen atoms in the two addeed very bulk-like in character.
joining oxygen planes, weighted at 50% to prevent double We now proceed to calculate the valence band offsets ac-
counting of oxygens as we go from one layer to the nextcording to Eq.(1), using average core potentials from the
Including the oxygen atoms in the projection insures that'interior” layers in the hematite and chromia regions of the
even with the strong O @metal 3 hybridization, each split-metal and O-divided cells, as marked in Fig. 1. With the
group of bands will have the proper amplitude in the densityelectrostatic core potentials at the O atoms as the reference
of states. We first consider the density of states of the supetevels, we obtain 0.5 and 0.7 eV for the valence band offset
lattice projected onto the interior layers of the hematite andchromia higher than hematjtéor the O-divided and split-
chromia regions, that is, the layers furthest from the intermetal interfaces, respectively. When the appropriate metal
face. We shift the energy zero for the total density of states ohtom core potentials are used, these calculated offsets drop to
the pure bulk oxides by the difference in average core poterf.3 and 0.5 eV. Following the same procedure tested for
tials between the interior layers and the bulk oxides, similaitAIN/GaN, when we average over both metal and oxygen
to what is done to the bulk valence band maxima in @y.  core potential differences, we obtain 0.4 &-divided and
In other words we line up the inner layer and bulk DOS by0.6 eV (split-meta) for the band offsets. We will take the
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averaged values 0.4 and 0.6 eV as the most representativ Oxygen-divided interface
values in the discussion below, since band offsets are mosth 70 p———— -
controlled by long-ranged electrostatic potentials originating . 60 L
near the interfaces, and averaging over the potential change £
at all the atoms in the interior layer helps to remove any
perturbations due to purely local effects. Thus, the band off-
sets for the two interfaces are significantly different.

An important question remains, namely the extent to
which our findings are sensitive to the interfacial in-plane :
strain. The results reported above were obtained for the fully & 10 |
relaxed supercells characterized in Fig. 1. We found, how- &
ever, that the band offset for the split-metal interface change: :
by +0.01 and+0.03 eV when the values of the hexagoaal 10 =

40 [

rojected density of st
w
o

andb lattice constants are instead fixed to the bulk values for ° N Energy(e\?) ® !

Cr,05; and FgOg, respectively. Analogous modifications of

the band offset value for the oxygen-divided interface are Split-metal interface

—0.03 and+0.02 eV. All these modifications are smaller by BT 11 .

one order of magnitude than the difference in the band offset | [ (b) CHop

values for the split-metal and oxygen-divided interfaces. We § ¢, [ i Interior Cr O,

conclude that the interfacial in-plane strain resulting from the £ i ) | Intermediate Cr O,

lattice mismatch between §D; and FgO; does not signifi- & I ——

cantly affect the difference in band offsets. g 40 — Imerf:ci A ]
Since Fig. 3 shows some Fe character in the top 0.4-0.t3 : J\/\ P

eV of the valence band of the interfacial superlattices, but the_§ oy [ M EEE e a7 Near-ime F5.0 ]

interior layer of the FgO; region carries no weight in that & - o ° A A Intermediate M 1

energy range, it follows that the interfacial or near-interfacial £ i O m o 4 1

Fe,05 layers must account for the Fe character at those en~ 0 hole - "eleclin %%

ergies, hence, these layers must have a different electroni o o § & w0 w i v ooww ¢ oowq G s v 5o |

structure than the bulk-like interior layers. Accordingly, in 3 4 5 6 7

Fig. 5 we have decomposed the total density of states for the Energy (eV)

complete interfacial supercells into layer-projected DOS for

all the symmetry-distinct layers in the ceitontinuing to FIG. 5. (Color onling Layer-by-layer projected density of states

A " : : for (a) oxygen-divided interface antb) ferromagnetic split-metal
define “layers” as was done for Fig.)4Figure %a) shows
4 g.)AFig %a) interface. “Layers” are defined as in the caption to Fig. 4 and la-

the DOS for six layergthree hematite, three chromispan- . . -
ning one of the O-divided interfaces, the other interface bepeled in Fig. 1. Relaxation of photoexcited electrons and holes to

. . . the band edges is schematically indicated, with the finals states on
ing related to the one shown by symmetry. Flgu(b)Eilg- interfacial layers in(@ and interior layers ir(b).

plays the layer-projected DOS for seven layers spanning the

ferr(_)magne_tic split-metal interfgce, i.e., the one near t_he cen- V. DISCUSSION AND PREDICTIONS

ter in the right-hand cell in Fig. 1. The extra layer is the

mixed “FeCrQ;” layer at the interface itself, with the adja- A key point is whether we can identify our O-divided and
cent layers now designated as “near-interfac€he total  split-metal interfaces with, respectively, the ,Bg-on-top
number of layers is still the same, since there is now onlyand CpOs-on-top interfaces of Chambeset al,? such as
one “interior” layer in each bulk-like region, instead of two would lead to a reasonable agreement between theory and
interior layers related by symmetry as in the oxygen-dividedexperiment. In this regard some recent experimental evi-
supercell. Comparing Figs. &) and 3b), an important dif- dence may be relevant. TH@001) face of both of these
ference emerges between the two different interfaces: in thexides is usually terminated by a metal layer, having the
O-divided system the states near the edges of the fundamef®rm of the “lower half” of one of our bilayers; this termi-

tal band gagdotted lines in Fig. #are strongly concentrated nation ensures that a nonpolar surface results, thus minimiz-
on the interfacial layers, while in the split-metal system theing the electrostatic energy of the surface. If we stop growing
band edge states are mostly in the intermediate and interi@ne oxide with such a termination, then start growing the
layers. To put it differently, in the O-divided case there ap-other epitaxially, a split-metal interface would likely ensue.
pear to be interfacial states extending slightly into the “bulk” However, with C5O3, but apparently not with R€s, it is

gap, while any interfacial states in the split-metal superlatticealso possible to have th@001) surface terminated by an
are well within the bulk-like energy ranges of the band struc-oxygen plane(achieved by growth at higher JOpartial

ture. Figure ¥) shows this behavior of the ferromagnetic pressuré}*** Thus, the FgOz-atop-CpO; may correspond
split-metal interface only, but we have confirmed that theto the oxygen-divided interface we have discussed, while the
layer density of states has a similar behavior at the antifer€r,O5-atop-FgO; interface probably is a split-metal inter-
romagnetic split-metal interface also. This behavior has imface. Since the E©®;-atop-CpO; interface must somehow
plications for charge separation, as we discuss below. differ from the CyO3-atop-FgO; interface in order to have a
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different valence band offset, we propose that thetron and hole thus tend to avoid the interfacial layer when
Fe,O5-atop-CrO; interface is indeed the O-divided interface they relax, respectively, to the conduction band minimum
of our calculation. If we are correct, then our predictions areand valence band maximum. Thus, we predict that recombi-
in reasonable agreement with experiment: the valence banthtion will be inhibited at the split-metal interface, in com-
offset is 0.4 eV(calculated vs. 0.3-0.1 eV (experimenf  parison to the O-divided interface. This property could be
for the O-divided interface, and 0.6 eV vs. 8.0.1 e\? for  important for photonic device design based on tB601)

the split-metal interface. interfaces between hematite and chromia.
The ability to controllably produce two different inter-
faces, with different band offsets, in the same crystallo- VI. SUMMARY

graphic plane between a pair of materials has interesting im- In this work we have studied two possible structures for

plications for charge separation in a photovoltaic or,, . ) i . )
photochemical device. A superlattice with several consecul€ interface between-Cr,0; and a-Fg,0; in the hexago

tive repeats could be grown with the two interfaces aIternat—nal (0009 plane. By a version of the usual first-principles

ing, such as to create an electrochemical potential gradier’?tpproaCh based on reference electrostatic potential shifts, we

that would sweep electrons and holes in opposite direcﬁons.have shown that these structures lead to significantly differ-

However, carrier lifetimes must also be considered, and thE;ée\/i?f;l?r];tsheﬂ\]’:lgnﬁi rrt::tr;? gttfjgttﬁr(gnies()frg];ctt\g 8 ;r;tebr(-a
electronic structure of the interfaces studied here has cons y P ’ P

guences for electron-hole recombination. Consider the fat

of an electron-hole pair excited in the hematite region, wither that details of epitaxial arowth procedures and kinetic
the hole initially in the complex of Fe®dominated states 9y : ot ep g P
considerations will likely control which one actually forms,

about 1.5 eV below the valence band maximum, and th%s indeed appears to be the case experimentally. Complex
electron initially in the Fe 8 states just above the conduc- bp P Y- P

tion band minimum. The electron will simply relax down in magnetic properties may be found in superlattices of these

energy to the conduction band edge, while the hole works it|Sr?terfaces. Moreover, chemical modifications of the interfa-

i X cial layer strongly affect the band offset value. These more
way }Jpwards into the occupied states of Qi Qharacter. ecent results will be considered in our future wétk.
This it can do because there are many overlapping Fe and ¢f
states, including interfacial states, around 1 eV below the
valence band edge.

But now consider what happens to the hole as it ap- We would like to thank S. A. Chambers, M. A. Hender-
proaches the valence band maximum. In the oxygen-dividedon, J. R. Williams, I. N. Yakovkin, K. M. Rosso, and P. A.
system, the band edge states have strong interfacial charadewben for valuable comments and fruitful discussions.
ter, so the hole will tend to localize near the interface, as willThis work was supported by the DOE Office of Basic Energy
the electron in the conduction band. Recombination is theisciences, Chemical Sciences program. Some calculations
likely to occur, frustrating any attempt to exploit the energyhave been performed at the National Energy Research Sci-
in the electron-hole excitation. However, in the split-metalentific Computing CentetNERSQ. PNNL is operated by
system the band edges have interior-layer character, with thgattelle for the U.S. DOE under Contract DE-AC06-76RLO
interfacial states pushed away from the band edges. The elet830.

8ignificantly better than the other at preventing electron-hole
recombination. The two interfaces are close enough in en-
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