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Energetic stability and magnetic coupling in (Cr;-,Fe,),0;: Evidence for a ferrimagnetic
ilmenite-type superlattice from first principles
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Based on density functional theory (DFT) calculations with a Hubbard U-term, we explore the possibility to
design an artificial ferrimagnet FeCrO; of ilmenite type out of the two antiferromagnets «-Fe;O3 and «-Cr,O35.
By varying the concentration of Fe in «-Cr,03, we provide a phase diagram of the relative stability of different
chemical and magnetic arrangements with respect to the end members. At 50% Fe-doped «-Cr, 03, the ilmenite-
like structure with alternating Fe and Cr layers and antiparallel magnetic moments competes energetically with a
phase-separated structure containing a mixed Fe-Cr interface layer. The magnetic interaction parameters between
Fe(3d”) and Cr(3d?) ions in the digital ferrimagnetic heterostructure, extracted by mapping the DFT total energies
to a Heisenberg Hamiltonian, indicate a hematite-like magnetic order with parallel intralayer and antiparallel

interlayer alignment.
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I. INTRODUCTION

The growth of heterostructures containing transition metal
oxides is a powerful tool not only to combine different
functional properties in one composite material but also to
achieve novel electronic states that do not exist in the parent
compounds. Unexpected behavior can be driven by a polar
discontinuity at the interface, as in the case of the quasi
two-dimensional electron gas arising at the interface of the
band insulators LaAlOs3 and SrTiOs.! A further example along
the same line is the room-temperature remanent magnetization
in nanoscale exsolutions of the antiferromagnets hematite
(a-Fe,03) and ilmenite (FeTiO3).2 DFT calculations® have
recently provided theoretical evidence that a mixed Fe’*,
Fe’* layer forms at the interface and thereby gives rise to
uncompensated magnetic moments.

However, novel behavior can be achieved even without
a valence discontinuity. To this end, the possibility for a
ferro- or ferrimagnetic coupling in perovskite superlattices
of LaCrOs; and LaFeOs; (both G-type antiferromagnets) is a
matter of debate both experimentally*> and theoretically.®
While most of the scientific interest so far is directed at
materials with the perovskite structure, we propose here a
ferrimagnetic d*-d° system with a corundum-derived structure
built out of the two antiferromagnets «-Fe,O3 and a-Cr,O3. In
the corundum structure, oxygen forms a distorted hcp lattice
and cations occupy 2/3 of the octahedral sites. Despite the
similar structure, hematite («-Fe,O3) and eskolaite (Cr,O3)
have a different magnetic ordering: In hematite (7 ~ 950 K),
Fe3*-ions are coupled ferromagnetically (FM) within the layer
and antiferromagnetically to adjacent layers along the [0001]-
direction. In contrast, in eskolaite (Ty ~ 307 K), Cr3*-ions
have antiferromagnetic (AFM) intralayer coupling. In the
proposed ilmenite-like FeCrOz system with alternating Fe
and Cr layers, the angle between Cr-O-Fe in corner sharing
octahedra ranges from 120° to 135° which according to the
Goodenough-Kanamori (GK) rules®!? leads to an antiferro-
magnetic coupling.” However, the different sizes of the local
moments on Fe and Cr result in a net magnetization of 2up per
Fe-Cr pair and thus ferrimagnetism. In contrast, the Cr-O-Fe
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angle of 180° in the double perovskite LaCrOs;/LaFeO;
superlattices is expected to cause a ferromagnetic coupling
after the GK rules.

FeCrO; is a member of the (Cri-,Fe,),03 series which
has diverse applications in catalysis and gas sensing!'~!3 and
also occurs on the surface of stainless steels.!*!> The cation
distribution turns out to be strongly dependent on the synthesis
conditions and is a matter of controversy: x-ray and neutron
powder diffraction studies reported a continuous solid solution
series over the entire concentration range (e.g., Refs. 16-18) at
temperatures above 1200 K, but there are indications for phase
separation into Cr,O3- and Fe,O3-rich regions for x = 40%—
80% at lower temperatures.'! On the other hand, infrared
and Raman spectra'’-?? are interpreted as evidence for cation
ordering in an ilmenite-type lattice (alternating layers of Fe
and Cr). Theoretically, the thermodynamics of (Cr;-,Fe,),03
has been addressed so far by molecular dynamics simulations
with classical interatomic potentials.?® This study found close
competition between various cation distributions and also
addressed the role of magnetic interactions by adding a
model Hamiltonian with estimated interaction parameters.
A previous DFT study with hybrid functionals (B3LYP)
concentrated mainly on antiferromagnetic configurations at
the concentration of x = 50% (Ref. 24) in a rhombohedral
setup (10 atoms in the unit cell). Isolated Cr impurities in
«-Fe, 03 were studied by Velev et al.?’

Here, we explore the stability and magnetic coupling in
(Cry-xFe,),03 as a function of the Fe-doping concentration
x using DFT calculations including an on-site Coulomb
repulsion term (LDA/GGA + U method?®). We have used
a hexagonal setup with 30 atoms in the unit cell which
provides a larger freedom to vary the concentration, chemical
and magnetic ordering. In order to resolve the controversy
concerning the cation distribution, we determine the relative
stability of solid solutions, cation ordered (layered), and
phase-separated configurations. The main goal of this study
is to investigate how the magnetic coupling evolves with Fe
concentration and arrangement and most importantly, whether
a digital superlattice with ferrimagnetic order can be stabilized.
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FIG. 1. (Color online) The formation energy (eV/f.u.) as a function of Fe concentration x for (Cr;-,Fe,),0; using U =4.5and J = 1eV
for the Cr and Fe 3d states. The filled squares correspond to different magnetic arrangements of the bulk end members. Filled circles mark
layered configurations (L). The open stars refer to solid solutions (SS) and the half-filled symbols denote layered configurations with a mixed
interface (L + SS). Phase-separated configurations (PS) are marked by open diamonds for the concentration of x = 0.5. Additionally, several
of the most stable chemical and spin configurations are displayed together with the respective total magnetic moment and formation energy.
Fe, Cr and oxygen ions are denoted by red (dark gray) and small blue (gray) and large light gray spheres, respectively.

To shed more light on the nature of magnetic coupling,
the exchange interaction parameters of the digital FeCrOs;
superlattice are extracted from the DFT total energies and
compared to those of the end members.

II. CALCULATIONAL DETAILS

The calculations are performed with the all-electron
full-potential linearized augmented plane wave (FP-LAPW)
method as implemented in the WIEN2K code.”’ It is well
known that the generalized gradient approximation (GGA)
(Ref. 28) for the exchange correlation functional signifi-
cantly underestimates the band gaps of these transition metal
oxides.? To reproduce correctly the experimental band gaps of
Fe, 03 [2.2 eV (Refs. 30 and 31)] and Cr,O3 [3.4 eV Refs. 32
and 33)], we used an additional on-site Coulomb interaction®®
term with U = 6.0 and 4.5 eV (J = 1.0 eV) for Fe- and Cr
3d states, respectively. Tests with U values, ranging from 4.5
to 8 eV, showed that the trend in the energetic stability is not
affected by the U value.

The mutffin tin (MT) radii are fixed to 1.80 bohr (Fe and Cr)
and 1.60 bohr (oxygen). Inside the muffin tins, wave functions
are expanded in spherical harmonics up to ¥ =10 and
nonspherical contributions to the electron density and potential
are considered up to I = 6. The energy cutoff for the plane
wave representation in the interstitial is E}'' = 25 Ry for the

pot

wave functions and En,x = 196 Ry for the potential. A total
of 100 k-point (16 k-points in the irreducible part of Brillouin

zone) is used for the integration in reciprocal space. The
convergence criteria ensure a numerical accuracy of energy
differences of 0.01 mRy/f.u. (f.u. = formula unit).

The structures are simulated in a hexagonal setup with
30 atoms/unit cell. Some of the configurations are displayed
in Fig. 1. The lattice parameters of the intermediate members
are set to those of «-Cr,O3 optimized within GGA + U
(@™ =5.06 A, ¢ = 13.86 A). These are ~2% larger than the
experimental values for a-Cr,03 [a = 4.96 A, ¢ = 13.60 A
(Ref. 34)], but consistent with previous GGA + U (Ref. 35)
and B3LYP calculations.’* Changing the lattice parameters to
the experimental values of eskolaite or hematite [a = 5.04 A,
c = 13.75 A (Ref. 36)] did not influence the energetic trends.
For all configurations, the internal degrees of freedom are fully
relaxed.’’

III. RESULTS AND DISCUSSION

A. Energetic stability and magnetic order

To investigate the energetic stability, we have varied the Fe
concentration from 0% to 100% and thereby considered more
than 45 different chemical and magnetic arrangements, includ-
ing solid solutions, layered arrangements (e.g., ilmenite type)
and phase-separated configurations (cf. Fig. 1). The formation
energy of each system with respect to bulk Cr,O3 and Fe,O3
is defined as E; = E(cy,-,Fe,),0, — (1 — X)Ecr,0, — X EFe,0,,
where E(cy,- Fe,),055 Ecr,04, and Ere,0, are the total energies
of the intermediate and the two end members, respectively.
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Several exemplary configurations and magnetic arrangements
with their corresponding total magnetic moments and forma-
tion energies are displayed in addition to the phase diagram in
Fig. 1.

For low Fe-concentration (e.g., 16%), the formation of an
iron layer in the Cr,O3 host [Fig. 1(b)] is favored over a solid
solution (SS) with mixed Fe-Cr layers. In the configuration
shown in Fig. 1(b), the Cr, O3 host preserves the bulk magnetic
coupling of eskolaite, characterized by an AFM arrangement
within the layer. In the Fe layer, however, the parallel and
antiparallel alignments between the Fe ions are energetically
degenerate.

With increasing Fe concentration and in particular for 50%
Fe-doped eskolaite, there is a strong competition between the
layered ilmenite-like [Fig. 1(d)] and the phase-separated sys-
tems with a hematite and eskolaite block [Figs. 1(e) and 1(f)].
In the latter two, each block obtains the magnetic ordering
of the corresponding end member. In the configuration shown
in Fig. 1(e), a FM coupling in the mixed (Fe, Cr)-interface
layer is favored by 0.02 eV /f.u. compared to AFM coupling.
Solid solutions, modeled by mixed Fe, Cr layers (not shown
in Fig. 1) are energetically less stable: the most favorable
SS-configuration has the hematite magnetic structure and is
0.08 eV /f.u. less favorable, while a configuration with the
eskolaite magnetic structure is 0.15 eV less favorable. Interest-
ingly, in the digital ilmenite-like FeCrO; structure [Fig. 1(d)],
a FM coupling within the layer and an AFM alignment to the
next layer (as in hematite bulk) is energetically favored by
0.1 eV/f.u. over a magnetic structure analogous to eskolaite
and by 0.3 eV/f.u. over a fully ferromagnetically coupled
system. These relatively large energy differences between
different magnetic arrangements indicate the dominant role
of magnetic coupling in the stabilization of this system,
as previously suggested based on a model Hamiltonian for
the magnetic interactions.”> In the most stable magnetic
configuration of the ilmenite-like FeCrO; [Fig. 1(d)], FM
aligned Cr layers (3d*) couple antiparallel to Fe layers (3d°).
The different sizes of magnetic moments on Cr** (GGA + U
value: 2.4 ug) and Fe3* (GGA + U value: 4.2 up) result in a
ferrimagnetic structure with a net magnetic moment of 12 ug
per 30 atoms unit cell. Beyond 50%, the magnetic structure
of hematite (ferromagnetic intralayer and AFM interlayer
arrangement) is adopted for layered configurations [Fig. 1(g)].
The phase diagram (Fig. 1) illustrates the transition of magnetic
ordering from the one in eskolaite to the one in hematite with
increasing Fe content.

B. Electronic properties and band alignment

The electronic properties of the ferrimagnetic ilmenite-like
configuration of FeCrOj; are analyzed in Fig. 2. Fe;,03 is a
charge transfer type of insulator with a band gap of 2.2 eV
(Refs. 30 and 31) between occupied O2p and an empty Fe3d
upper Hubbard band, whereas Cr,Oj3 is a mixed charge transfer
and Mott-Hubbard type of insulator. Its band gap of 3.4 eV
(Refs. 32 and 33) is defined by occupied O2p and Cr 1,
and empty Cr e, states. The layered FeCrOj; system possesses
also a mixed type of band gap; however, the valence band
maximum (VBM) is determined by occupied O2p and Cr 15,
as in Cr,O3, while the conduction band minimum (CBM) is
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FIG. 2. (Color online) (a) Total and (b—d) projected density of
states (DOS) for the layered FeCrO; structure [see Figs. 1(d) and
1(e)], the corresponding spin density displays the characteristic
orbital occupation of Fe** (3d°, red/light gray) and Cr** (34> with
occupied 1,, orbitals shown in blue/dark gray).

formed by Fe3d states as in Fe;Os. As the latter lie lower
than the unoccupied Cr states, the band gap of FeCrO; is
reduced to 1.9 eV. Furthermore, the Fe 3d upper (as well as
lower) Hubbard band is slightly narrower compared to that
of bulk Fe,03 [see Fig. 2(b)] and shifted to lower energies.
A narrowing of the upper Hubbard band is observed also
for Cr [see Fig. 2(c)], indicating a reduced hybridization
in FeCrOs.

Similar sizes of the band gaps are obtained for the other
stable phase-separated configurations in Figs. 1(e) and 1(f).
To investigate the band alignment across the interface, we
have plotted in Fig. 3 the layer-resolved DOS for these two
configurations. In both cases, the CBM is defined by the
Fe3d band in the Fe,O3; block and the VBM by O2p and
Cr 1, states at the Cr,O3 part. However, the configuration
with a mixed Fe, Cr interface layer [Fig. 1(e)] shows a
stronger offset of the VBM across the interface (the O2 p band
in the Fe, O3 part lies ~0.4 eV lower than the O2p states in
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FIG. 3. Layer-resolved density of states for the phase-separated
configurations displayed in (a) [Fig. 1(e)] and (b) [Fig. 1(f)],
respectively.
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FIG. 4. (Color online) (a) Magnetic pair interaction parameters
[/7(K)] in the corundum structure. (b) Values of J(K) for FeCrO;
(filled symbols) are compared to the ones for bulk hematite (Fe’*-
Fe’*) and eskolaite (Cr3*-Cr**) shown with open symbols. For Cr
(Fe) 3d states U = 4.5(6.0) and J = 1 eV was used. J? < 0 (>0)
corresponds to antiferromagnetic (ferromagnetic) coupling.

the Cr,Os3 part). Such an asymmetry in the band offset in
o-Fe;O3-0-Cry O3 heterostructures has been addressed re-
cently both experimentally®® and by GGA calculations. In the
latter, however, the band gaps are significantly underestimated,
which is likely to affect the band alignment.

The spin density plot in Fig. 2(e) shows the antiparallel
arrangement of Fe’™ (34°) and Cr** (34%) in the ilmenite-
like FeCrO; and their orbital occupation: The red (light gray)
spheres correspond to the half-filled d-band of Fe’* in the
majority spin channel, while the characteristic shapes of filled
1, orbitals of Cr** in the minority spin channel are shown in
blue (dark gray).

C. Magnetic exchange interaction parameters

In order to gain more insight into the magnetic coupling
of the artificially layered FeCrO; system, we have extracted
its magnetic interaction parameters and compared those to the
ones in the end members, Fe;O3 and Cr,O3;. The magnetic
exchange interaction parameters J;; between the spins on site
i and j are obtained by mapping total energies of different
spin configurations onto a Heisenberg Hamiltonian. The latter
is defined as H = Hy — % Zi’j .ll.‘j.Si -S;, where S; is the spin
vector at lattice site i with S =3/2 and 5/2 for Cr’* and Fe**,
respectively. The superscript g denotes the type of cation pairs
(Fe3t-Fe3t, Cr3t-Cr3t, or Fe’T-Cr3t). For more details see
Ref. 40. The distinct interaction parameters J,, with (ij) = m
are illustrated in Fig. 4(a).

As shown in Fig. 4(b), in hematite (open squares), the dom-
inant magnetic interaction is the antiferromagnetic coupling
between Fe ions in corner sharing octahedra in neighboring
layers (J3 ~ =72 K, Jy = Js ~ =50 K with U = 6 eV). The
calculated values are in good agreement with values obtained
from inelastic neutron scattering data.*! In contrast, in Cr,0;
(open circles), the magnetic structure is determined by a strong
antiferromagnetic interaction between cations in face and edge
sharing octahedra J; ~ —70 K and J, ~ —56 K, consistent
with previous DFT calculations.*> The different magnetic
structure of Fe, O3 and Cr,O;5 arises from the difference
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in orbital occupation: for Fe’* (3d°) the antiferromagnetic
superexchange in corner sharing octahedra via po orbitals
dominates, while in Cr,O5 (Cr3+: tfg,eg) the d>-d? interaction
proceeds mainly via prr bonding and direct interaction in edge
sharing octahedra.

The magnetic interaction parameters in the FeCrOs su-
perlattice are extracted using 21 different spin arrangements.
Because the structure consists of alternating Fe and Cr layers,
the interaction parameters J,, Jg, J7, and Jg exist only between
Fe-Fe and Cr-Cr pairs. Overall, they show similar behavior to
the corresponding interaction in a-Fe, O3 or a-Cr, O3 bulk: The
intralayer interaction is weakly antiferromagnetic for Fe pairs
(JFe'Fe™  _7 K) and strongly antiferromagnetic coupling

for Cr pairs (JS© "C'" ~ —74 K), respectively, analogous to
the bulk end members. Due to the long distance to Fe (Cr)
ions from the second nearest layer, the magnetic interaction
parameters Jg, J7, and Jg are relatively small (~10 K).*3

The magnetic interaction parameters between Cr’* and
Fe3t (JIF 332'5&”) in the heterostructure are predicted to be

of antiferromagnetic type. J; has the same sign and is
similar in strength to the one in hematite indicating a weak
antiferromagnetic direct interaction between Cr** and Fe’*
within the face sharing octahedra in accordance with the GK
rule for a 90° d-d> interaction. The prevailing interactions are
JETCTT 62, JFTCTT 17, and JFETCCT ~ 51K,
J3, J4, and Js indicate a strong antiferromagnetic superex-
change through corner sharing octahedra as in hematite.
Indeed the GK rules™'” suggest a tendency toward an
antiferromagnetic coupling for a d°-d® configuration with
intermediate cation-oxygen-cation angles. We note that the
Cr-O-Fe angles for J3, J4, and Js are 120°, 130°, and 135°,
respectively. In contrast, for an angle of ~180° (as e.g., in the
La;FeCrOg double perovskite), the interaction is expected to
the ferromagnetic. Still, as recently pointed out by Miura and
Terakura,® in this case, there is a strong competition between
the pdm hybridization leading to a AFM arrangement and the
pdo coupling leading to a FM state. We conclude that the
FeCrO; superlattice has a magnetic structure analogous to
hematite determined by a strong interlayer antiferromagnetic
coupling and parallel alignment of cations within the layers.
This result supports recent findings from neutron diffraction
experiments.'8

IV. CONCLUSIONS

Using DFT calculations with an on-site Hubbard U -term,
we have investigated the electronic and magnetic properties
of Fe-doped Cr,O3;. The results indicate that especially at
x = 50%, the phase separation into a hematite and eskolaite
block competes strongly with the formation of an ilmenite-like
FeCrOj structure. In the phase-separated system with a mixed
Fe-Cr interface layer, the magnetic coupling between Fe and Cr
is ferromagnetic resulting in a finite magnetization of the sam-
ple. In the ilmenite-like FeCrO; superlattice, a magnetic order
with antiparallel coupling in neighboring Fe and Cr layers,
and FM coupling within the layers is most stable. We recall
the Fe,03-FeTiO3 heterostructures where ferrimagnetism is
induced due to the polar discontinuity at the interface which
results in the formation of a mixed Fe’*, Fe’* layer.>>* In
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contrast, in FeCrO3 ferrimagnetism arises due to the different
sizes of magnetic moments of Fe** (3d°) and Cr’* (34%)
in alternating layers. The magnetic interaction parameters
extracted from the DFT total energies reveal that the dominant
magnetic interaction is the antiparallel coupling between Fe3+
and Cr** in corner sharing octahedra from neighboring layers.
In the artificial FeCrOs; superlattice, the conduction band
minimum is determined by Fe3d states which reduces the
band gap from 3.4 eV in Cr,03 to ~1.9 eV in FeCrOs;.
The ilmenite-like FeCrO;3 bears analogies to LaCrOs-LaFeO3
(Refs. 4-8) and is an example how heterostructuring can be
used to design materials with novel functionalities. Despite

PHYSICAL REVIEW B 83, 214424 (2011)

strong energetic competition to phase-separated arrangements
and solid solutions, the predicted ferrimagnetic ilmenite-
type FeCrO; is likely to be realized using state-of-the-art
nonequilibrium growth techniques such as molecular beam
epitaxy or pulsed laser deposition.
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