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The electronic and magnetic properties of (LaCrOs),,/SrCrOs superlattices are investigated using first
principles calculations. We show that the magnetic moments in the two CrO, layers sandwiching the
SrO layer compensate each other for even m but give rise to a finite magnetization for odd m, which is

explained by charge ordering with Cr®* and Cr** ions arranged in a checkerboard pattern. The Cr** ions
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Accepted 7th February 2023 induce in-gap hole states at the interface, implying that the transparent superlattices are p-type
semiconductors. The availability of transparent p-type semiconductors with finite magnetization enables

DOI: 10.1039/d2na00656a the fabrication of transparent magnetic diodes and transistors, for example, with a multitude of potential
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Introduction

The correlated nature of d-electrons and the occurence of
different valence states are responsible for many unusual
properties of transition metal oxides related to, for example,
electrical transport, magnetism, or superconductivity."™* In
particular, superlattices of transition metal oxides (which
experimentally can be prepared atomically sharp®®) attract
increasing interest due to the possibility of tailoring new
functionalities not available in their component materials.®>*
Indeed, at the interfaces of superlattices the transition metal
atoms experience different chemical environments, giving
possibly rise to charge, spin, and orbital ordering. For
example, the perovskites LaAlO; and SrTiO; form a highly
conductive interface (in fact, a two-dimensional electron gas)
despite the fact that both are wide bandgap insulators.* The
calculated charge distribution in (LaMnOj3),/(STMnO3),,
superlattices points to a mixed valency of the Mn atoms
located close to an interface;** and it is known that in vana-
date superlattices distortions of the VO, octahedra can lead to
complex effects in the orbital occupations, giving rise to rich
physics.?® Experimentally, both V** and V** ions are present at
the interfaces of the (LaVO;)e/(SrVO;); (ref. 24) and (LaVO3),,/
SrvO; (m = 2) (ref. 25) superlattices. The analysis of the
magnetic coupling between these ions points to strong elec-
tronic correlations and reveals an even-odd m-dependence of
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the magnetization,® in agreement with theoretical results for
m =5 and 6.%°

The closely related (LaCrOj;),,/SrCrO; superlattices, on the
other hand, were not studied so far. In particular, it will be
interesting to evaluate whether the magnetic coupling and/or
even-odd m-dependence of the magnetization is modified due
to the extra valence electron of Cr as compared to V. LaCrO; has
an orthorhombic structure (Pbnm) with G-type antiferromag-
netic (AFM) ordering at room temperature**® and a bandgap
of 2.8 ev.?”*** While SrCrO; initially was reported to have
a cubic structure without magnetic ordering,* recent studies
point to a tetragonal structure and metallicity with C-type AFM
ordering.*>** Therefore, it can be expected that the (LaCrOs3),,/
SrCrO; superlattices are subject to a complex interplay between
the different crystal structures and magnetic orderings. We
study this interplay in the present work for m = 2 to 6.

As the substitution of La®* by Sr** introduces holes in the
valence band, the La, ,Sr,BO; (B =T, V, Cr, Mn, and Co) solid
solutions exhibit insulator-to-metal transitions with increasing Sr
content x,**** which may affect the charge ordering in super-
lattices composed of LaCrO; (Cr**, 3d®) and SrCrO; (Cr**, 3d?).
The La;_,Sr,CrO; solid solutions are transparent p-type semi-
conductors in the La-rich region of the phase diagram.* Trans-
parent semiconducting oxides are used in various technologies
including photovoltaics,* infrared plasmonics,* and transparent
transistors.*** However, many potential applications in elec-
tronics and optoelectronics are limited by the lack of p-type
materials.****® This shortage originates from the facts that for
most oxides the valence band edge is formed by the O 2p orbitals
and that the high electronegativity of O makes it difficult to
introduce shallow acceptors.”” Magnetic semiconductors*®* are
applied, for example, in spin diodes and bipolar magnetic junc-
tion transistors,”>** and they allow the current in field-effect

© 2023 The Author(s). Published by the Royal Society of Chemistry
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transistors to be controlled by a magnetic field.”> Additional
transparency would vastly expand the range of applications,
including sensors, displays, and coatings.***** In this context,
we demonstrate that (LaCrOs),,/SrCrO; superlattices with odd m
combine the properties of transparency, p-type semiconductivity,
and finite magnetization, opening up a new class of functional
materials.

Computational details

Spin-polarized first-principles calculations within the frame-
work of density functional theory are conducted using the
Quantum-ESPRESSO package.’* The generalized gradient
approximation (Perdew-Burke-Ernzerhof flavor) is used for the
exchange-correlation functional. Correlation effects of the Cr
3d electrons are taken into account by means of an on-site
Coulomb interaction U.”” We set U = 3 €V, because this value
provides the best agreement between theory and experiment for
LaCrO; and SrCrO;.**°® After careful testing of the required
fineness of the mesh for Brillouin zone sampling in the case m
= 2, Monkhorst-Pack 8 x 8 x 4 (m =2, 3,and 4) and 8 x 8 x 2
(m =5 and 6) meshes are employed. Calculations of the density
of states (DOS) are based on the tetrahedron method with 12 x
12 x 6 (m =2, 3,and 4) and 12 x 12 x 4 (m = 5 and 6) meshes.
The experimental pseudo-cubic lattice parameter apseudo = 3.88
A of LaCrO; (ref. 59 and 60) is used to build |a| x |b| x |¢| =
\/Eapseudo X \/Eapseudo X (m + 1)apseudo (m =2,3,4,5 and 6)
tetragonal supercells with 30, 40, 50, 60, and 70 atoms,
respectively. The mismatch between apseudo and the cubic
lattice parameter of SrCrO; (3.82 A (ref. 33)) is less than 1.6%.
All structures are relaxed (atomic positions and lattice param-
eters) until the Hellmann-Feynman force remains below 0.26
meV A~ for each atom.

Results and discussion

Fig. 1(a) and (b) show the total and partial densities of states
obtained for bulk LaCrO; and bulk SrCrOs;, respectively. The G-
AFM ordering of bulk LaCrO; (Cr*" ions with a magnetic
moment of 2.8 ug) and C-AFM ordering of bulk SrCrO; (Cr** ions
with a magnetic moment of 2.1 ug) result in zero magnetization.
While bulk LaCrO; turns out to be a semiconductor with
a bandgap of 2.7 eV, metallicity is found for bulk SrCrO;. Our
choice of U = 3 eV thus provides excellent agreement of the
bandgap with the experimental observations (Fig. S4;} see
Fig. S51 for the effect of U on the magnetic ordering). For
comparison to our following results for the (LaCrOs),,/SrCrOs
superlattices, we start our considerations with an analysis of the
Lay 551y sCrO; solid solution, see the optimized structure
(assuming alternating La and Sr atoms) with experimental lattice
parameters® in Fig. 1(e). C-type AFM ordering is found to be
energetically favorable over G-type AFM ordering by 35 meV, over
ferromagnetic ordering by 83 meV, and over A-type AFM ordering
by 110 meV. The appearance of Cr-O bond lengths of 1.90 A and
1.98 A demonstrates the simultaneous presence of Cr’* and Cr**
ions, respectively, while the Cr—-O-Cr bond angle of 162° deviates
only slightly from the 160° of bulk LaCrO;.*” Due to the C-type

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Total and partial densities of states (sum over all atoms, divided
by the number of Cr atoms) of (a) LaCrOs, (b) SrCrOs, and (c) the
Lap.5Sro.sCrOz solid solution. Positive/negative values represent here
and in the following the spin up/down channel. (d) Band structure and
(e) optimized structure of the Lag sSrg sCrOs solid solution. The O, Cr,
Sr, and La atoms are shown in red, blue, green, and dark green colors,
respectively. (f) Brillouin zone.

AFM ordering, we obtain zero magnetization. Fig. 1(c and d)
shows in-gap hole states consistent with the experimental
observation of a transparent p-type semiconductor.*

Turning to the (LaCrO3),,/SrCrO; superlattices, we consider
ferromagnetic ordering and the AFM orderings illustrated in
Fig. 2 for the representative cases m = 5 and 6. The optimized
structures of all the superlattices are shown in Fig. 3(a). In
each case the CrO, layers are labelled starting at the interface
(L1 to L4). The obtained out-of-plane Cr-O bond lengths and
Cr-O-Cr bond angles of the superlattices are summarized in
Table 1. We find at the interface long and short Cr-O bonds
(SrO-L1) arranged in a checkerboard pattern, corresponding
to Cr** and Cr*" ions, see Fig. 3(b), which is confirmed by the
occupation matrices.®* All Cr** ions show a 3d*® charge state
with a magnetic moment of 2.8 ug and all Cr** ions show
a 3d>° charge state with a magnetic moment of 2.0 ug. As one
moves away from the interface the Cr-O bond lengths and Cr-
O-Cr bond angles approach the bulk values of LaCrO; (2.02 +
0.02 A,?® 160° (ref. 27)); and also the (significant) distortions of
the CrOg octahedra resemble those of bulk LaCrO;. It is
remarkable that the results in Table 1 are comparable to
previous reports on the appearance of short (1.84 A for m = 5
and 1.83 A for m = 6) and long (2.04 A for m = 5 and 2.03 A for
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Fig. 2 Considered AFM orderings, viewed along a + b. Red color
indicates the atomic layers forming the interface. The CrO, layers are
labelled (L1 to L4) starting at the interface.

m = 6) out-of-plane V-O bonds at the interface of the
(LavOs3),,/StVO; superlattice (combined with V-O-V bond
angles of 163° for m = 5 and 172° for m = 6, decreasing to the
bulk value of LavOj;, 157°, as one moves away from the
interface).>®

According to Fig. 4, for all the superlattices, G-type AFM
ordering is energetically favorable, i.e., they retain the
magnetic ordering of bulk LaCrO;. (LaVOj;),,/SrVO; super-
lattices, on the contrary, favor A-type AFM ordering over the
C-type AFM ordering of bulk LavO; (by 142 and 126 meV for m
= 5 and 6, respectively),”® which can be explained by the
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development of tetragonal distortions.”® We do not observe
such distortions for the superlattices under investigation.
Note that LaCrO; and LaVO; show different magnetic order-
ings in the bulk, because the 3d t,, states (high spin) are half-
filled for Cr** ions, i.e., the magnetic exchange is isotropic,
but not for V** ions. The fact that the energy differences
between the magnetic orderings are less pronounced for
smaller m in Fig. 4 (both for even and odd m) implies that the
stability of the G-type AFM ordering against thermal fluctu-
ations is reduced. For odd m we obtain a magnetization of 2.0
ug, because the magnetic moments in the two L1 layers do not
compensate each other due to the checkerboard pattern of
Cr** and Cr*" ions, compare Fig. 2 and 3(b). For even m the
orientations of the magnetic moments are identical in the two
L1 layers, implying that the checkerboard pattern of Cr** and
Cr'** ions does not prohibit compensation, i.e., we obtain zero
magnetization. We note that (LaVOs;),,/StVO; superlattices
have zero magnetization for odd m and a magnetization of 2.0
ug for even m, i.e., they show the opposite even-odd behavior
than the superlattices under investigation, because for A-type
AFM ordering the compensation of magnetic moments at the
interface is exactly inverted.

In order to clarify whether a deviation from G-type AFM
ordering at the interface is energetically favorable, we consider the
X- and Y-type AFM orderings shown in Fig. 2, with the result that
the total energy increases by 21 and 82 meV for the m = 5
superlattice and by 35 and 68 meV for the m = 6 superlattice,
respectively. While the Cr’* ions away from the interface are
subject to superexchange (G-type AFM ordering) as in bulk
LaCrOj3, both Cr*" and Cr*" ions are found at the interface, joined
by 0>~ anions, which facilitates ferromagnetic double-exchange.
The competition between superexchange and double-exchange
(governed by the Goodenough-Kanamori rules®>*), for example,
plays a decisive role in La; ,Sr,MnOj; (ref. 65) and rare-earth
nickelates.®® Double-exchange is found between Cr’* and Cr’**
ions in LaCrO; ceramics®” and between Cr*" and Cr** ions in rutile
CrO,.*®* However, our total energy considerations show that
a parallel alignment of the magnetic moments of the Cr** and
Cr** ions at the interface, see Fig. 2 and 3(b), is not favorable in
the in-plane directions and is favorable in the out-of-plane

(a) Optimized structures of the (LaCrOs3),,,/SrCrOs superlattices with the CrO, layers labelled starting at the interface (L1 to L4), viewed

along a + b. (b) Checkerboard pattern of Cr** and Cr** ions. (c) Atomic labels in layers L1 and L2 around the interface. The O, Cr, Sr, and La atoms

are shown in red, blue, green, and dark green color, respectively.
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Table 1 Out-of-plane Cr—O bond lengths and Cr—O-Cr bond angles across the atomic layers of the superlattices, see Fig. 3(a)

Cr-O bond length m=2 m=3 m=4 m=>5 m==6
Sro — L1 (A) 1.87,1.99 1.86, 2.03 1.86, 2.00 1.86, 2.03 1.86, 2.00
L1 — LaO (A) 1.99 2.02 2.00 2.02 2.00

LaO — L2 () 1.99 2.02 2.01 2.02 2.01

L2 — LaO (A) 2.01 2.02 2.02 2.02 2.02

LaO — L3 () 2.01 2.02 2.02

L3 — Lao (A) 2.02

LaO — L4 (A) 2.02
Cr-O-Cr bond angle m=2 m=23 m=4 m=>5 m=6
L1 — Sr0 — L1 (°) 174 163 172 163 172
L1 — LaO — L2 (°) 167 160 163 160 163
L2 — LaO — L3 (%) 158 157 158
L3 — LaO — L4 (°) 157
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Fig. 4 Total energy differences per supercell of different magnetic
orderings with respect to the G-type AFM ordering.

direction only in the case of even m. The reason is that for even m
the superlattice comprises an odd number of CrO, layers such
that in two of these layers the magnetic moments must have the
same orientation. Realizing the out-of-plane parallel alignment at
the interface is favorable due to the ferromagnetic double-
exchange. However, the magnetic ordering cannot explain the
appearance of a checkerboard pattern of Cr** and Cr*" ions, since
the arrangement of all Cr*" ions in a single layer would lead to
additional favorable in-plane superexchange. The formation of
a checkerboard pattern, therefore, is not related to the magnetic
ordering but rather to the reduction of electrostatic repulsion by
the delocalization of the additional charge around the Sr atoms
(due to the presence of Cr*" ions instead of only Ct*" ions).

The total and partial Cr 3d and O 2p densities of states ob-
tained for the m = 5 (m = 3) superlattice are shown in Fig. 5 (S27)
together with the corresponding band structure. As the bandgaps
are comparable to that of the La, 5Sr, sCrO; solid solution, the
superlattices are transparent. We find that the valence band edge
is formed by strongly hybridized Cr 3d and O 2p states, whereas

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Total and partial densities of states (sum over all atoms, divided
by the number of Cr atoms) as well as band structure of the m =5
superlattice, along with orbitally projected densities of states of the Cr
atomsin layers L1 and L2. The labels of the atoms are indicated in Fig. 3.

the conduction band edge is formed by almost pure Cr 3d states.
Localized shallow in-gap states (dominated by Cr 3d states with
notable contributions of O 2p states) appear about 0.3 eV above

Nanoscale Adv, 2023, 5,1714-1721 | 1717
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Fig. 6 Total and partial densities of states (sum over all atoms, divided
by the number of Cr atoms) as well as band structure of the m = 6
superlattice, along with orbitally projected densities of states of the Cr
atomsin layers L1and L2. The labels of the atoms are indicated in Fig. 3.

the valence band edge. Fig. 5 (S2}) shows the orbitally projected
Cr 3d densities of states for the CrO, layers L1 and L2 of them =5
(m = 3) superlattice. The in-gap states turn out to be mainly due
to the d; and d,, orbitals of the Cr 1b and Cr 1c atoms, which
agrees with the fact that these atoms adopt 4+ oxidation states
and carry magnetic moments of 2.0 up. The cr'' jons at the
interface thus are responsible for the fact that the superlattices
are p-type semiconductors. Notably, in the case of the (LaVO3)s/
SrVO; superlattice the same orbitals give rise to localized in-gap
states, however, located about 0.8 eV above the valence band
edge.”

We find that the valence band edge is due to the d,,, orbitals of
the Cr 2a and Cr 2b atoms and that the conduction band edge is
due to the d,; and d;, orbitals of the Cr 1b and Cr 1c atoms
(localized states that correspond to the in-gap states in the other
spin channel). The orbital occupations and magnetic moments
(2.8 up) of the Cr 1a and Cr 1d atoms agree with results for bulk
LaCrO;,*® which shows that these atoms realize 3+ oxidation
states. The spin up/down channel of the Cr 2a atom resembles the
spin down/up channel of the Cr 2b atom due to the in-plane AFM
ordering. While there is charge ordering in layer L1 with Cr*" and

1718 | Nanoscale Adv, 2023, 5, 1714-1721
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Cr"" ions arranged in a checkerboard pattern, the Cr atoms in
layer L2 already maintain the 3+ oxidation state of bulk LaCrOs.

The total and partial Cr 3d and O 2p densities of states ob-
tained for the m = 6 (m = 2, m = 4) superlattice are shown in Fig. 6
(S1, S3t) together with the corresponding band structure. Again
the bandgaps are comparable to the bandgap of the La, 5Sry 5CrO3
solid solution, implying transparency. Similar to the superlattices
with odd m, the valence band edge is due to hybridized Cr 3d and
O 2p states and the conduction band edge is due to almost pure
Cr 3d states. In all cases, the bandgap is reduced because of the
creation of shallow in-gap states located about 0.2 eV above the
valence band edge. Fig. 6 (51, S31) shows the orbitally projected Cr
3d densities of states for the CrO, layers L1 and L2 of the m = 6 (m
= 2, m = 4) superlattice. We find that the in-gap states, because of
which the superlattices again are p-type semiconductors, are due
to the d,, and d, orbitals of the Cr 1a and Cr 1d atoms (4+
oxidation states, magnetic moments of 2.0 ug). In contrast to the
case of odd m, the in-gap states appear in both spin channels, as
the orientations of the magnetic moments here are identical in
the two L1 layers (Fig. 2) while the charge ordering follows
a checkerboard pattern. In the case of the (LavO;)s/SrVO; super-
lattice localized in-gap states, due to the same orbitals, appear
about 0.7 eV above the valence band edge.*

We find that the valence band edge is due to the d,, orbitals of
the Cr 2a and Cr 2b atoms and that the conduction band edge is
due to the dj,-_, orbitals of the Cr 1a, Cr 1b, Cr 1c, and Cr 1d
atoms. The orbital occupations and magnetic moments (2.8 ug) of
the Cr 2a and Cr 2b atoms confirm their Cr** oxidation states. The
spin up/down channel of the Cr 2a atom resembles the spin
down/up channel of the Cr 2b atom due to in-plane AFM ordering.
Similar to the superlattices with odd m, the checkerboard pattern
of Cr** and Cr*" ions is limited to the immediate vicinity of the
interface, while the Cr atoms in layer L2 already maintain the 3+
oxidation state of bulk LaCrOs;.

Conclusion

Our theoretical study of (LaCrOs),,/SrCrO; superlattices
demonstrates that both Cr** and Cr** ions appear at the inter-
face (next to the SrO layer) and form a checkerboard pattern.
The Cr*" ions resemble the properties of bulk SrCrOs. Their d,,
and d,; orbitals introduce shallow in-gap hole states because of
which the superlattices are p-type semiconductors. The
magnetic moments in the two CrO, layers surrounding the SrO
layer compensate each other for even m but give rise to a finite
magnetization for odd m. This even-odd m-dependence of the
magnetization is opposite to previous results for the closely
related (LavO3;),,/SrVO; superlattices, which is a consequence of
the fact that the G-type AFM ordering of bulk LaCrO; is retained
in the Cr case while there is A-type AFM ordering in the V case.
For even m, for example, the Cr magnetic moments at the
interface thus do not share the parallel alignment of the V
magnetic moments in all directions but only in the out-of-plane
direction. It also turns out that the created in-gap states are
significantly shallower for the Cr than for the V superlattices,
which enables effective hole doping. Our results demonstrate
that the (LaCrOs;),,/SrCrO; superlattices with odd m combine

© 2023 The Author(s). Published by the Royal Society of Chemistry
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transparency with p-type semiconductivity and finite magneti-
zation. This unique set of functionalities is of considerable
interest for a multitude of applications.
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