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Electronic Structure and Band Alignment
of LaMnO;/SrTiO; Polar/Nonpolar Heterojunctions

Tiffany C. Kaspar,* Peter V. Sushko, Steven R. Spurgeon, Mark E. Bowden,
David J. Keavney, Ryan B. Comes, Sahar Saremi, Lane Martin, and Scott A. Chambers

The behavior of polar LaMnO; (LMO) thin films deposited epitaxially

on nonpolar SrTiO3(001) (STO) is dictated by both the LMO/STO band
alignment and the chemistry of the Mn cation. Using in situ X-ray
photoelectron spectroscopy, the valence band offset (VBO) of LMO/STO
heterojunctions is directly measured as a function of thickness, and found
that the VBO is 2.5 eV for thicker (>3 u.c.) films. No evidence of a built-in
electric field in LMO films of any thickness is found. Measurements of the
Mn valence by Mn L-edge X-ray absorption spectroscopy and by spatially
resolved electron energy loss spectra in scanning transmission electron
microscopy images reveal that Mn?* is present at the LMO surface, but not at
the LMO/STO interface. These results are corroborated by density functional
theory simulations that confirm a VBO of =2.5 eV for both ideal and
intermixed interfaces. A model is proposed for the behavior of polar/nonpolar
LMO/STO heterojunctions in which the polar catastrophe is alleviated by the

formation of oxygen vacancies at the LMO surface.

1. Introduction

The observation of a two-dimensional layer of high mobility
electrons at the interface between the perovskite band insula-
tors LaAlO; (LAO) and SrTiO; (STO) has been attributed to an
electronic reconstruction that occurs to mitigate the so-called
polar catastrophe, which arises from the deposition of polar,
alternately charged (LaO)'*/(AlO,)!" layers (in the [001] growth
direction) on nonpolar (Sr0)°/(Ti0,)°.! Although the intrinsic
nature of the effects observed at the LAO/STO interface

continues to be a subject of debate,? the
original report has led to an explosion of
research exploring the fascinating physics
that can occur at polar/nonpolar oxide
interfaces. Like LAO, orthorhombic perov-
skite LaMnO; (LMO) consists of formally
polar (LaO)*/(MnO,)!~ layers in the pseu-
docubic [001] growth direction. Unlike
LAO, however, bulk LMO exhibits A-type
antiferromagnetic ordering below a Néel
transition temperature of =140 K.13! High-
spin Mn**(#lell) exhibits strong Jahn—
Teller splitting; cooperative distortions
of the oxygen octahedra and subsequent
C-type orbital ordering below =780 K lifts
the degeneracy of the ¢, band, resulting in
electron localization and causing LMO to
be a p-type Mott—Hubbard insulator.*-!
The orbital ordering of LMO is also influ-
enced by magnetic superexchange.*”! In
contrast to many other transition metal
perovskites, bulk LMO can readily accommodate both oxygen
deficiency (through the formation of oxygen vacancies and
compensating Mn?*) and oxygen excess (through the formation
of an equal number of La and Mn cation vacancies).®!

A large builtin electric field of 0.24 V A7l is predicted
to occur on the LAO side of LAO/STO heterojunctions for
LAO thicknesses less than the critical thickness for electronic
reconstruction. This electric field has never been observed in
experiments designed to detect it>1%!! although a weaker,
residual electric field has been inferred in thicker, electronically
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reconstructed LAO films.l'Zl Because LAO is a wide bandgap
insulator and AI** is a d° cation, there are few electronic,
magnetic, or chemical degrees of freedom available for LAO
to alleviate the electric field. The two primary mechanisms are
(1) charge transfer from LAO to the STO side of the interface,
resulting in a two-dimensional electron gas (2DEG),M or
(2) cation diffusion across the LAO/STO interface.’l Polar
distortion of the LAO is a third mechanism that has been
predicted to partially reduce the built-in electric field.['3]

By contrast, the additional electronic, magnetic (in some
cases), and chemical degrees of freedom in other complex
oxides compared to LAO can lead to alternative mechanisms
to alleviate the polar catastrophe. One example is manifested
as NiO precipitation in La,NiMnOg films 1-5 nm from the
STO interfacel' and at the LaNiO;/STO interface.'”] The for-
mation of an NiO secondary phase appears to be driven by
the formation of oxygen vacancies; at these polar/nonpolar
interfaces, oxygen vacancy formation is favorable to reduce
the magnitude of the built-in electric field.') Another mecha-
nism to alleviate the polar catastrophe is a charge redistribu-
tion mechanism in which the interfacial charge remains on
the LMO (M = transition metal) side of the LMO/STO inter-
face, reducing the valence charge of interfacial cations without
forming a 2DEG. This charge redistribution has been observed
in LaCrO;/STO!% and LaFeO;/STO heterojunctions.!'”]

In LMO, density functional theory (DFT) calculations by
Chen et al.'® predict a built-in electric field of 0.177 V A~!
below a critical thickness of =7.3 A. The presence of this elec-
tric field has not yet been experimentally verified. Electron
accumulation has been observed on the LMO side of the inter-
face (detected as the presence of Mn?*) in LMO films as thin
as 2 unit cells!™® (u.c., 1 u.c. of unstrained LMO is =3.9 AB),
and attributed to the electronic reconstruction within the polar
oxide; a critical thickness of <2 u.c. matches well with the pre-
dicted critical thickness of =7.3 A.l"®l Interfacial conductivity
analogous to that seen in LAO/STO is not observed in these
LMO/STO heterojunctions, confirming that the electron accu-
mulation is confined to the LMO and localized on Mn cations.
This behavior is comparable to that observed in LaCrO;/STO.[!
Indeed, there is spectroscopic evidence for the presence of a
fraction of Mn?* near the STO interface for thick (well past the
critical thickness) LMO and insulating (La;_,Sr,)MnO; (x < 0.3)
epitaxial films.?0

Electron-doped LMO that possesses a mixture of Mn?* and
Mn** is known to exhibit ferromagnetism through a double-
exchange mechanism.?!l At a critical thickness of 58 or 6!
u.c., antiferromagnetic LMO films on STO become ferromag-
netic, which is also attributed to electron accumulation as the
electronic reconstruction occurs. Recent DFT calculations by
An et al.?2l however, predict that compressive strain is the
primary mechanism to induce ferromagnetism in thin LMO
films on STO, although surface oxygen vacancies in the thin-
nest films suppress it. According to their simulation results,
the built-in electric field plays a secondary role in both the elec-
tronic reconstruction and the magnetic ordering. This is due,
in part, to polar structural distortions (shifts of Mn and Ti rela-
tive to the lattice) that were predicted to partially compensate
the built-in electric field. In contrast to the work on LMO/STO,
heterojunctions of LMO with LAO withdraw electrons from
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the LMO layer, eliminating Mn?" and oxidizing some Mn>' to
Mn*, but are still found to be ferromagnetic through Mn**/
Mn*" double exchange.?’]

The bandgap of LMO is reported to be in the range of
0.5-1.3 eV,>%2727] much smaller than that of STO (3.25 eV).
It has been hypothesized® that the difference in magnitude
of the STO bandgap compared to that of LMO would lead to
a Type I (straddled) LMO/STO band alignment, with a rela-
tively small valence band offset (VBO, predicted to be =0.6 eV
by Chen et al.'®)) and a corresponding conduction band align-
ment that places the LMO conduction band minimum (CBM)
substantially lower in energy than that of STO. This band align-
ment would confine carriers originating from the electronic
reconstruction to the LMO side of the interface. By contrast,
Nakamura et al.l’! deduced from capacitance measurements
and photocurrent action spectra of LMO/n-STO heterojunc-
tions that the valence band of LMO resides more than 2 eV
above that of n-STO, placing the CBM of LMO approximately
equal in energy to that of n-STO. Consistent with this result,
charge transfer from LMO to STO, which reduces Ti*" to Ti*",
has been both observed?®! and predicted.l*’)

To reconcile these two very different sets of results, we have
directly probed the Mn and Ti valence states, valence band
alignment, and the prospect of a built-in electric field in epi-
taxial LMO/STO heterojunctions as a function of LMO thick-
ness. The Mn cations exhibit mixed valence in the thinnest
LMO films, but are present primarily as Mn?** for thicker LMO
layers. We find no evidence of a built-in electric field in even
the thinnest LMO films (2 u.c.). Significantly, the measured
VBO is much larger than that predicted previously,!'® placing
the CBM of LMO near or above that of STO. DFT simulations
reported in this work confirm this magnitude of VBO. In light
of these results, we propose a model for the electronic structure
of LMO/STO heterojunctions in which the polar catastrophe is
alleviated by oxygen vacancies on the LMO surface. Within this
model, interfacial electron accumulation does not occur to a
significant extent, which has implications for the magnetic and
electronic properties of this system.

2. Results

LMO films grow pseudomorphically on STO(001). After depo-
sition of 30 nm, the LMO film is still strained to the substrate,
as shown in the high-resolution X-ray diffraction (XRD) recip-
rocal space map in Figure 1a. Analysis of the composition by
Rutherford backscattering spectrometry (RBS) (Figure SI,
Supporting Information) confirms that the cation composi-
tion of the 30 nm film is stoichiometric within the error of the
measurement.

High-resolution electron energy loss spectra in scanning
transmission electron microscopy (STEM-EELS) maps of 4
u.c. LMO/STO reveal a well-ordered atomic structure at the
LMO/STO interface (Figure 1b). Although the nominal LMO
thickness of this film is 4 u.c,, a faint 5th u.c. can be seen
on the LMO surface. This partial layer is consistent with the
somewhat rough surface morphology observed by reflection
high-energy electron diffraction (RHEED) (Figure S2, Sup-
porting Information). No polar structural distortions, such
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Figure 1. a) High-resolution XRD reciprocal space map of the LMO and
STO (103) reflections of 30 nm LMO/STO(001), plotted as direct space
map. b) High-resolution STEM-EELS composition map of 4 u.c. LMO/
STO(001) measured along the STO[100] zone-axis. Green: La; purple:
Mn; blue: Sr; red: Ti. c) EELS line profiles of La M,s (green), Mn L;;
(purple), Sr L, 5 (blue), and Ti L, 5 (red) integrated signals. Signal intensi-
ties are normalized to their highest value. Arrows indicate diffusion of Ti
(red) and La (green) across the interface.

as shifts of the Mn or Ti cations relative to the lattice, are
observed. EELS line profiles (Figure 1c) reveal that Sr and Mn
do not cross the interface to a significant extent, while in con-
trast, Ti (red trace) and La (green trace) both diffuse =1 u.c.
across the interface.
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2.1. Mn Valence

Figure 2 shows the Mn 2p, Ti 2p;),, Sr 3d, and La 4d X-ray
photoelectron spectroscopy (XPS) core-level spectra for hetero-
junctions of increasing LMO thickness. No changes in peak
shape are observed for the Sr 3d or La 4d peaks as the LMO
film thickness increases (Figure 2b), confirming that Sr and
La are present exclusively as Sr** and La*', respectively, as
expected. Comparison of the Ti 2p;, line shape in the LMO
films to that of Ti in STO in Figure 2a confirms that Ti remains
predominantly Ti*" after deposition of LMO. However, weak
intensity on the lower-BE side of the Ti 2p;), peak is observed,
indicating the formation of a small amount of Ti** in the STO
near the interface. This is illustrated by overlays of the Ti 2p;,
peak from STO (dashed line) on the spectra for LMO films in
Figure 2a, and is consistent with previous observations?®l and
predictions?! of charge transfer from LMO to STO. The inten-
sity of this feature ranges from 0% to =5% of the total Ti 2p;,
intensity, with a weak trend of increasing Ti*" fraction as the
LMO thickness increases.

Electron accumulation as a result of electronic reconstruction
in thicker LMO layers would manifest as a reduction of some
Mn’* to Mn?".'®l However, since the Mn 2p;, BE shift between
Mn?* and Mn?* is very small (=0.3 eV),2% it is difficult to assess
the presence of Mn?" from the relatively small shifts of the
broad Mn 2p;, spectra in Figure 2a compared to the reference
BE position (640.8 eV) of Mn 2p;, in a 30 nm thick LMO
film. A general trend of decreasing Mn?" and increasing Mn**
concentration can be observed, however: the Mn 2ps, peak from
1 u.c. LMO is shifted to lower BE than the bulk reference, and
exhibits some intensity around 645 eV; both the shift and the
high BE intensity are indicative of the presence of Mn?" and its
associated satellite.?°32 As the LMO thickness increases, the
high BE satellite feature disappears and the primary Mn 2ps),
peak shifts to slightly higher BE, indicating an increasing fraction
of Mn**. The Mn 2p;, peak centroid does not shift fully to the
position in thick LMO, however, which indicates that some Mn?*
is still present in the 4 and 6 u.c. LMO films. Although the BE
shift between Mn?" and Mn?* is reported to be larger (>1 eV) for
the Mn 3p core level, 3 a similar analysis of the Mn 3p spectra
for the same LMO films does not reveal clear trends in Mn
valence with increasing thickness, as shown in Figure S3 of the
Supporting Information.

To determine the valence state of Mn in the thin LMO
layers, Mn L-edge and O K-edge X-ray absorption spectroscopy
(XAS) were employed. Although the chemical shifts in L-edge
XAS (Mn 2p — Mn 3d) are similar in magnitude to those
observed by Mn 2p XPS, changes in peak shape at the Mn
L-edge between Mn?*, Mn3**, and Mn*" are pronounced.l3*34
In particular, the strongest spectral feature from Mn?* absorption
occurs at =640 eV, while the strongest spectral feature from Mn**
absorption occurs at =641.5 eV.l183334 Figure 3a presents the Mn
L-edge XAS for the same 2 and 4 u.c. LMO films (after transfer
through air to the Advanced Photon Source) as measured in
situ by XPS. The L-edge XAS line shape differs sharply between
the two. The line shape for the 2 u.c. film indicates that Mn is
present as a mixture of Mn?* and Mn?* 183334 with Mn?* as the
predominant valence state. The 4 u.c. film, by contrast, contains
primarily Mn**, although some Mn?" is also present.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

3 u.c.
1 u.c.
T T T

Intensity (arb. units)

J sTO
T I 4 T L T Y T

655 650 645 640 461.0 460.0 459.0 458.0

Binding energy (eV) Binding energy (eV)

— ¢ —

(b

N

Intensity (arb. units)

T T
140 130 120
Binding energy (eV)

Figure 2. a) XPS core levels Mn 2p (left) and Ti 2ps, (right) for various
thicknesses of LMO on STO. Mn 2ps; spectra have been aligned to place
the lowest-BE La 4ds, peak at the value for 30 nm LMO, 100.5 eV, and
Ti 2p3, spectra have been aligned at 459.2 eV. All spectra are normal-
ized and vertically offset for clarity. A reference Mn 2p spectrum from the
30 nm LMO film (solid gray line) and a reference Ti 2ps, spectrum from
a bare STO substrate (solid and dashed black lines) are presented for
comparison. Vertical lines (640.8 eV, left, and 459.2 eV, right) are guides
to the eye. b) XPS Sr 3d and La 4d core levels, collected in the same scan.
The peaks used for band offset measurements are indicated by arrows.
Spectra have been shifted to align the Ti 2ps, peak (as in part (a)); the
LMO reference standard is shifted to visually align with the heterojunc-
tions. Line colors in (b) correspond to those in (a).

The corresponding O K-edge data shown in Figure 3b pos-
sess significant signal from the STO substrate, precluding a
quantitative analysis of the Mn valence state. The first O K-edge
peak, located just above 530 eV, arises from transitions from
O 1s to hybridized O 2p/Mn 3d states in LMO (and, analo-
gously, O 1s — O 2p/Ti 3d states in STO). In Mn oxides, the
position of this peak shifts to lower energy with increasing Mn
oxidation.? The observed shift from the 2 u.c. LMO film to
the 4 u.c. film is =0.1 eV to lower energy, which is consistent
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with the increased average Mn oxidation state observed in the
Mn L-edge spectra (although the role of decreasing signal from
the STO substrate with increasing LMO film thickness has not
been assessed). The observed spectroscopic signature of Mn?*
for thinner LMO, and Mn3* for thicker films, is qualitatively
similar to the XAS results obtained by Chen et al.l¥l XAS col-
lected in total electron yield (TEY) is surface-sensitive, with a
probe depth of =5 nm;3! thus, the entire LMO film, including
the interface, is probed in the measurement. Although there is
a depth dependence of the TEY signal,*® these spectra do not
provide sufficient information to determine whether the Mn?*
signal originates from the LMO surface, the LMO/STO inter-
face, or is distributed throughout the LMO film.
High-resolution STEM-EELS provides a measure of Mn
valence state that is spatially resolved on the atomic scale (with
a spatial resolution of =1-2 u.c.). Mn L,;-edge STEM-EELS
spectra from 4 u.c. LMO/STO are presented in Figure 3c;
the layer designations correspond to the STEM-EELS image
in Figure 1b. The Mn L3 peak in the film bulk (layers 7 and
8) appears at 641.7 eV, which is consistent with the Mn L;
XAS peak position of 641.6 eV for Mn’** in the same 4 u.c.
film (Figure 3a). The Mn L; EELS signal from the first full
Mn layer at the LMO/STO interface (layer 6) is not shifted
to lower energy, which indicates that the Mn in this layer is
also predominantly Mn>'. By contrast, Mn at the film surface
(layer 9 and partial layer 10) is shifted by =0.8 eV to lower
energy, which indicates some reduction to Mn?*. The apparent
presence of Mn in layer 5 is due in part to the inherent spatial
extent over which the EELS signal is collected (1-2 u.c.), as well
as beam dechanneling effects as spectra are collected across
the interface;*®l a small fraction of Mn diffusion across the
interface has also likely occurred. The signal from this layer is
weak, making it difficult to evaluate the precise peak position.

2.2. LMO/STO Band Alignments

XPS is a powerful technique to directly measure heterojunction
band alignment’®”) and the presence and magnitude of band
bending and electric fields near a surface.'3® As shown in
Figure 2D, the Sr 3d and La 4d core level peaks were collected in a
single scan region from each LMO film to minimize differential
charging effects. From these spectra, the VBO, Eypoy, for
LMO/STO heterojunctions at each LMO thickness is calculated as

EVBO,HJ =(ESr3d - ELa4d )H] - [(ESr3d - EVBM )STO _(Ela4d - EVBM )LMO] (1)

where the first term is the BE difference between the Sr 3ds,
(Esr3q) and La 4ds), (Ep.qg) peaks for the heterojunction (HJ)
(black arrows in Figure 2b), the second term is the BE difference
between the Sr 3ds, peak and the valence band maximum (VBM)
for a bare STO substrate, and the third term is the BE difference
between the La 4d;, peak and the VBM for the bulk-like 30 nm
thick LMO film. The terms within the square brackets generate
a fixed value that represents the expected separation between
the Sr 3d and La 4d peaks in a heterojunction in which the valence
band maxima of the two materials are aligned. Thus, as written
in Equation (1), a positive value of Eypg pyj indicates that the VBM
of LMO lies higher in energy (closer to the Fermi level) than the
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Figure 3. a) Mn L-edge XAS of 2 u.c. (left axis) and 4 u.c. (right axis) LMO on STO, collected in TEY mode. b) O K-edge XAS of 2 u.c. (left axis) and
4 u.c. (right axis) LMO on STO, collected in TEY mode. c) Layer-resolved Mn L-edge STEM-EELS spectra collected from 4 u.c. LMO on STO. Layer

designations correspond to the STEM image in Figure 1b.

VBM of STO. As shown in Figure 4a, heterojunctions with 1 or
2 u.c. of LMO exhibit a VBO of =2.1 + 0.1 eV. At 3 u.c. of LMO,
the VBO increases to =2.6 + 0.1 eV, and it remains =2.5 £ 0.1 eV
for 4 and 6 u.c. films. This VBO is considerably larger than that
assumed by Wang et al.’! or that predicted by Chen et al.'¥l A
similar increase in VBO with increasing film thickness has been
observed for LaCrO;/STO® and LaFeO;/STOB heterojunctions,
with an increase from 1.9 to 2.55 eV (1.5 to 2.0-2.2 eV) as the
LaCrO; (LaFeOs) thickness increased.

The accuracy of the VBO calculated from Equation (1) can
be confirmed for the measured heterojunctions by aligning the
properly weighted VB spectra from the STO and LMO reference
materials to reproduce the VBO calculated from Equation (1).
In Figure 4b, this is done for the 4 u.c. LMO/STO heterojunc-
tion (which has been shifted to center the O 1s core level peak
at 530.0 eV, a typical value for transition metal oxides). Sum-
ming the aligned and weighted reference VBs reproduces the
overall shape of the heterojunction VB quite well, and both the
leading edge (i.e., the VBM) and trailing edge align reasonably
well with the experimental VB. From this, we conclude that a
VBO of 2.5 eV appropriately characterizes the 4 u.c. LMO/STO
heterojunction.

Because XPS only measures occupied states, it cannot provide
information on the band structure above the Fermi level. There-
fore, the conduction band offset (CBO) is typically calculated
from the measured VBO using the bandgaps of each material in
the heterojunction. For STO, the bandgap is well established as
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3.2-3.3 eV here, we use 3.25 eV. By contrast, reported values
for the optical bandgap of LMO range from 0.5-0.7 V12627 to
1.0-1.3 eV.>6242551 This discrepancy arises primarily from two fac-
tors: (1) the bandgap of LMO is a function of oxygen content and
shrinks with oxygen overstoichiometry,>?/ and the oxygen con-
tent of the material likely varies significantly depending on the
LMO preparation method; and (2) the different methods applied
to determine the bandgap value from the optical absorption data,
particularly in choice of region used for extrapolation of the
leading edge of absorption.[®2426.27] Instead of photon absorption,
Chainani et al.»! used a combination of ultraviolet photoemis-
sion spectroscopy and bremsstrahlung isochromat spectroscopy
(BIS, also known as inverse photoemission) to directly measure
the bandgap of LMO, and determined the value to be 1.3 eV.
For the 30 nm LMO film discussed here, the out-of-plane lattice
parameter of 3.947 A and the weak conductivity (measured by
four-point probe at room temperature as =0.1 Q' cm™) indicate
that the film is nearly stoichiometric with respect to oxygen.’!
As indicated in Figure S4b of the Supporting Information, the
fine structure of the absorption coefficient above the bandgap
exhibits three peaks at =1.9, 2.3, and 2.6 eV, as expected for stoi-
chiometric LMO.I!l The third peak at =2.6 eV is weak, and the
spectroscopic ellipsometry (SE) data fits were not significantly
degraded when excluding it. Extrapolation of the leading edge of
the absorption spectrum results in a bandgap value of 0.79 eV
(Figure S4b, Supporting Information). Assuming an indirect
bandgap, a Tauc plot is constructed as (chv)'/? versus hv, with
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Figure 4. a) Valence band and conduction band offsets (VBO and CBO)
for each LMO/STO heterojunction. CBO calculated for LMO bandgap (E,)
values of 0.5 (open symbols) and 1.0 eV (filled symbols). For both offsets,
positive values indicate that the LMO edge is higher in energy than the
STO edge. The CBM of STO is indicated with a black dashed line. Error
bars (+0.1 eV) are estimated from error in determining core level peak
positions. Insets: schematics of the band alignment for 1 u.c. (left) and
4 u.c. (right) LMO/STO heterojunctions. b) Valence band spectrum from
4 u.c. LMO/STO (symbols), along with shifted and attenuated spectra
from a thick LMO film (yellow), a bare STO substrate (green), and their
sum (red). c) FWHM of the Mn 2p;, and La 4ds, peaks from LMO for
various thicknesses of LMO on STO. Horizontal dashed lines indicate the
FWHM of the La 4d;, core level (top) and Mn 2p;; core level (bottom)
from a thick LMO film. The dashed red line indicates the expected FWHM
of the Mn 2ps), peak if the predicted built-in electric field of 0.69 eV u.c.”
were present.

the absorption coefficient o = 4nk/A; k is the extinction coeffi-
cient derived from modeling the SE data, A is the wavelength of
the incident light, and hv is the incident photon energy. Linear
extrapolation of the leading edge of this plot produces a bandgap
value of 0.55 eV (Figure S4c, Supporting Information). These
results are consistent with those of Smolin et al.,*! and are rep-
resentative of the bandgap of the thicker LMO heterojunction
layers that contain primarily Mn3" (i.e., 4 u.c. and thicker). The
bandgap of very thin LMO layers possessing a large fraction of
Mn?* is unknown, but for the sake of analysis we assume that it
is the same as for the thicker LMO layers.

While the LMO films studied here possess a bandgap of
0.55-0.8 eV, it is just as likely that the oxygen stoichiometry
of other LMO films, deposited under somewhat different
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conditions, could possess a bandgap of =1.0 eV or greater. The
difference between a bandgap of 0.55 eV and that of 1.0 eV
could have a significant impact on the conduction band align-
ment with STO. In Figure 4a, two CBOs are plotted, assuming
these two values for the bandgap (0.5 and 1.0 eV). The sign
convention remains the same as for the VBOs: a positive CBO
indicates that the CBM of LMO is higher in energy than the
CBM of STO. For the LMO films measured here, possessing a
bandgap of =0.5 eV, the CBM of LMO lies below that of STO,
in agreement with the Type I band alignment hypothesized
previously.>!8 In this situation, free carriers arising from the
electronic reconstruction will be confined to the LMO side of
the interface. However, if LMO were to possess a bandgap of
=0.7 eV or larger, the CBM of LMO would lie at or above the
CBM of STO. With this Type II (staggered) band alignment,
electron transfer from LMO to STO would occur.

2.3. Built-In Electric Field

Deposition of epitaxial, polar LMO on nonpolar STO(001) is
expected to produce a built-in electric field in the LMO film
that increases with increasing thickness until an electronic
reconstruction occurs to remove it.’! Built-in electric fields are
manifested in XPS data as both a shift and asymmetric broad-
ening of core level peaks originating in the film as a function of
film thickness.''38 To evaluate whether a built-in electric field
is present in our LMO/STO heterojunctions, the widths of the
Sr 3d, Ti 2p, La 4d, and Mn 2p peaks were determined by fit-
ting the spectra to Voigt functions and taking the full width at
half maximum (FWHM) of the Voigt peak as the peak width
(in the case of La 4d, the measured FWHM of the entire fitted
envelope of peaks was taken as the peak width); the resulting
peak widths are plotted in Figure 4c. The horizontal dashed
lines represent the FWHM of the Mn 2p and La 4d peaks from
the 30 nm thick LMO reference film. It is clear from Figure 4c
that there is no systematic increase in peak width for either the
La 4d or the Mn 2p peak. As a comparison, the Mn 2p spec-
trum from the 1 u.c. LMO film was attenuated, then shifted
by the amount corresponding to the built-in electric field pre-
dicted previously!'®! (0.177 V A1, or equivalently 0.69 V u.c.™);
these attenuated and shifted spectra were then summed to gen-
erate simulations of the Mn 2p peak from the 2, 3, and 4 u.c.
LMO films with the built-in electric field present. The summed
spectra were then fit with Voigt functions to extract the FWHM,
and these values are plotted as a thick dashed line in Figure 4c.
The significant increase in peak width predicted to occur due
to the built-in electric field is not observed in the experimental
data.

The lack of built-in electric field in LMO films of 22 u.c. thick-
ness is consistent with the critical thickness of <2 u.c. observed
by Chen et al.l' However, the lack of Mn?* at the LMO/STO
interface in Figure 3c indicates that the mechanism of elec-
tronic reconstruction in this case is not simple charge transfer
from surface Mn to interfacial Mn. To provide physical insight
into the behavior of the LMO/STO system, we modeled the
electronic structure of LMO/STO heterojunctions at the PBEsol
and PBEsol+U levels of theory, accounting for the nonidealized
interface structures. Supercells with abrupt and intermixed
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Figure 5. a) Supercells of idealized 3 u.c. LMO/3.5 u.c. STO/3 u.c. LMO (left) and intermixed 3 u.c. LMO/1 u.c. (LagsSros) (TigsMngs)O3/3.5 u.c. STO/1
u.c. (LagsSros) (TigsMngs)O3/3 u.c. LMO, relaxed with PBEsol. Purple: Mn; dark green: La; blue: Ti; light green: Sr; red: O. Purple arrows: TigsMngsO,
layers; light green arrows: LagsSrosO layers. b) Plots of potential versus depth of supercell for the intermixed cell shown in (a), with and without V,,
and with and without using the Hubbard U parameter in the single-point energy calculation. Dashed lines and arrows indicate the VBO between LMO
and STO with or without the +U correction. The plots are shifted to place the potential in the STO layers at the same position for each calculation. c)
Partial DOS plot for ideal 3 u.c. LMO/3.5 u.c. STO/3 u.c. LMO with abrupt interfaces and no V,. STO layers are blue; LMO layers are red. d) Partial
DOS plot for 3 u.c. LMO/1 u.c. (LagsSros) (Tig.sMngs5)O3/3.5 u.c. STO/T u.c. (LagsSrqs) (TigsMngs)O3/3 u.c. LMO with a single V, at the LMO surface.
STO layers are blue; (LagsSrqs) (TigsMngs) O3 layers are orange; LMO layers are red.

interfaces are shown schematically in Figure 5a. The intermixed
interface was designed to resemble the single u.c. of La and Ti
diffusion observed by STEM-EELS (see Figure 1). Including
the Hubbard U parameter in the calculations was found to
reproduce the experimental bandgap of STO (Egppesol +u
=3.3 eV) and increase the simulated VBO by =1.9 eV compared
to the same calculation without including U (Figure 5b). The
VBO can also be determined directly from the density of states
(DOS) projected on each layer of the supercell, as presented in
Figure 5c for the simulation of the abrupt interface. The VBO
is determined by calculating the difference in VBM position
between the TiO, layers in STO and the MnO, layers in LMO.
However, the VBM position in the LMO layers increases as a
function of distance from the STO interface, which is a mani-
festation of the built-in electric field. To best reproduce the XPS
results, given that XPS is most sensitive to the topmost layer, it
is appropriate to calculate the VBO as the difference between
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the STO layers and the outermost LMO layer. This method of
VBO estimation is also in line with the analysis of Chen et al.,[!®]
who determined the VBO as the difference between the average
potential in the STO layer and the average potential in the 6 u.c.
thick LMO layer. For the 3 u.c. LMO simulation in Figure 5c,
the VBO is 2.4 eV. As seen in Figure 5d, including cation inter-
mixing and a surface oxygen vacancy in the simulation does not
appreciably alter the resulting VBO. These VBO values match
well with those measured experimentally (see Figure 4), but
differ significantly from the VBO value of 0.6 eV predicted by
Chen et al.l'® We note that optimizing the geometrical struc-
ture of the symmetric LMO/STO/LMO slab at the PBEsol+U
level results in artificial elongation of the interatomic distances
along the c-axis of the slab. For example, for U.(Ti) = 8.5 €V,
the distance between the two outermost TiO, planes of the slab
is 19.936 A, which averages to 3.987 A per unit cell or 2.1%
larger than the experimental value of 3.905 A. By contrast, if

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Table 1. Built-in electric field in LMO layers calculated from the partial
density of states for each configuration (see, for example, Figure 5c,d).
For the intermixed interfaces with Vo at LMO surface, the surface layer
is excluded. For the intermixed layers, the LMO thickness does not
include the intermixed layer (one layer of LagsSrgsO and one layer of
Tig.sMngsO,) at the LMO/STO interface.

Built-in electric field [eV u.c.”]

LMO Abrupt Intermixed Intermixed
thickness interface interface interface,
[u.c] Vo at LMO surface
2 0.6 0.6 =0

3 0.6 0.3 =0

the relaxation is conducted at the PBEsol level, this distance
becomes 19.417 A, which averages to 3.883 A per unit cell or
~0.55% lower than the experimental value. A similar effect was
found for the geometrical parameters in the LMO part of the
slab. Furthermore, we found that the VBO calculated for such
artificially distorted structures is only a few tens of an eV. Based
on the magnitude of the lattice parameters and on the disagree-
ment between the experimental VBO and the VBO calculated
for the structures relaxed with PBEsol+U, we conclude that the
U correction introduces significant error in the potential energy
surfaces and its applicability for structure optimization should
be carefully tested.

The built-in electric field predicted by the simulations
is evident as a slope in the LMO potential in Figure 5b, and as
a shift in the position of the partial DOS of each LMO layer as
a function of distance from the STO interface in Figure 5c¢,d.
The magnitude of this built-in electric field for both 2 and 3 u.c.
(Figure 5¢) LMO films with an abrupt interface is found to
be =0.15 eV A~! (=0.6 eV u.c.”!, Table 1), which is nearly iden-
tical to the value predicted previously.'® Interestingly, including
1 u.c. of interfacial intermixing in the simulation does not sig-
nificantly alter the built-in electric field for 2 u.c. LMO, but the
shift in partial DOS with thickness decreases somewhat as the
LMO thickness is increased to 3 u.c. By contrast, including a
single V, at the LMO surface essentially eliminates shifts in the
partial DOS in all but the surface layer for both 2 and 3 u.c.
(Figure 5d) LMO, indicating that the magnitude of the electric
field has been reduced to nearly zero. This reduction can also
be seen qualitatively as a decrease in the slope of the potential
in the LMO region in Figure 5b when a surface Vy is included
in the simulation. Inclusion of Vg in the outermost MnO,
layer results in a significant shift of this layer to higher energy
compared to the deeper LMO layers. This shift is not a conse-
quence of the polar/nonpolar interface, but instead is due to
a combination of a surface shift (a smaller shift is observed at
the surface of the 3 u.c. intermixed LMO layer without V) and
the presence of the oxygen vacancy within the layer. As plotted
in Figure S5a of the Supporting Information, as the LMO layer
thickness increases, we find that the V, formation energy
decreases. This is consistent with previous results for other
polar/nonpolar heterojunctions, such as La,MnNiO4/STO!4
and LAO/STO."? The presence of a surface V, is shown in
Figure S5b of the Supporting Information to redistribute
electronic charge within the LMO layer, including reducing a
neighboring surface Mn3* to Mn?*.[43]

Adv. Mater. Interfaces 2018, 1801428

1801428 (8 of 11)

INTERFACES

www.advmatinterfaces.de
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The Mn [L-edge XAS spectra in Figure 3a indicate that the
2 u.c. LMO film possesses a higher fraction of Mn?" than does
the 4 u.c. film. These spectra are consistent with those meas-
ured by Chen et al.'® for 3 and 5 u.c. LMO films deposited by
pulsed laser deposition. L-edge XAS in TEY detection mode
is a surface-sensitive technique,! and the decrease in Mn**
signal as the LMO film thickness increases might be attributed
to the effect of burying interfacial Mn?* beneath stoichiometric
(i.e., Mn*") LMO layers. However, the spatially resolved EELS
spectra of 4 u.c. LMO (Figure 3c) reveal that Mn?* is present at
the LMO surface, not the interface. We reconcile these results
by pointing out that the 2 u.c. film possesses much more Mn?*
than would be expected for either (a) an electronic reconstruc-
tion that transfers charge from surface Mn to interfacial Mn,
or (b) the formation of surface oxygen vacancies and associated
surface Mn?*, Assuming an electron attenuation length of 20 A
and an exponential signal depth dependence analogous to that
for XPS,1% =55% of the total Mn L-edge XAS signal arises from
the surface layer of 2 u.c. LMO and 45% arises from the inter-
facial layer. A low fraction of Mn?" in either layer would pro-
duce an XAS spectrum with an overall low fraction of Mn?'.
Therefore, the high fraction of Mn?* observed in the 2 u.c.
film (on the order of 50% of the total Mn) must arise from a
high fraction of Mn?" in one or both layers. This high fraction
of Mn?* indicates that the 2 u.c. LMO film has not become
fully oxygen-stoichiometric. This may be an intrinsic thick-
ness effect, or a consequence of the short amount of time that
the film was exposed to oxygen during the deposition. Either
way, the properties of this oxygen-deficient film differ from
those of thicker LMO films, as particularly evidenced by the
decreased VBO exhibited by 1 and 2 u.c. LMO films on STO
(see Figure 4a) compared to films of 3 u.c. and thicker. Taking
the XAS and VBO results together, we conclude that, in this
work, the intrinsic behavior of LMO films is only realized for
films >3 u.c. thick. In these thicker films, Mn?* is present on
the LMO surface, not at the interface.

A Type I (straddled) band alignment with small VBO and
large CBO was previously predicted for LMO/STO; such an
electronic structure would strongly confine carriers to the
LMO side of the interface.>'! By contrast, the band align-
ments measured for both ultrathin (1-2 u.c., predominantly
Mn?*, Type I alignment) and thicker (3-6 u.c., predominantly
Mn*, Type II alignment) LMO indicate that electron transfer
from LMO to STO may be facile, depending on the precise
oxygen stoichiometry (and thus the bandgap) of the LMO
layer. Even for LMO layers with a smaller bandgap (=0.5 eV)
and Type I band alignment, the CBO is <0.2 eV, which may
serve to only weakly confine carriers to the LMO side of the
interface. Indeed, Garcia-Barriocanal et al.?®l observed Ti**
at the STO side of the LMO/STO interface that was hypothe-
sized to arise from charge transfer from LMO, and thought to
be responsible for interfacial magnetism in the heterojunc-
tions. In this work, a weak indication of Ti*" is observed in
the XPS core level spectra in Figure 2a. The VBO measured
here for thicker LMO films (2.5-2.6 eV) matches reasonably
well with that reported by Nakamura et al.,®! who experimen-
tally measured a VBO of =2.2 eV and nearly equal CBMs for
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an LMO/n-STO heterojunction. Likewise, the VBO of thicker
LaCrO;/STO heterojunctions was measured as 2.55 eV,[1% and
the VBO of thicker LaFeO3;/STO heterojunctions was found to
be 2.0-2.2 eV.’% The partially filled d-bands of Cr** (d%), Mn**
(d%, and Fe** (&%) form occupied states at the top of the VB;
these states are not present in STO because Ti*" is a d° system.
It has recently been hypothesized that band alignment at com-
plex oxide interfaces is primarily determined not by the work
functions or electron affinities of the constituent materials, but
by continuity of oxygen valence states across the interface.?’!
This continuity results in approximate energetic alignment of
the O 2p-derived portions of the VBs of the two materials. If the
O 2p-derived VBs of STO and LMO are aligned, the additional
states at the top of the LMO VB that are derived from the par-
tially filled d-states of Mn>* will not be matched by any states at
the top of the STO VB, and thus a fairly large VBO will result.
From the VB simulation in Figure 4b, it appears that the main
features in the VBs do align, producing a large VBO. This large
VBO is confirmed by DFT calculations using PBEsol+U, which
produce a VBO of 2.4 eV.

Predictions from DFT simulations for idealized LMO/STO
in both previous!'® and current work are inconsistent with the
experimental results that no built-in electric field is observed,
even for the thinnest LMO layers. The cation intermixing con-
sidered in our model does not eliminate the built-in electric
field, even though the spatial extent of intermixing and the
corresponding concentration profile are comparable to what is
observed experimentally. However, our simulations also show
that the presence of V, at the LMO surface can decrease the
magnitude of the built-in electric field and simultaneously
reduce surface Mn** to Mn?*. Careful analysis of the atomic
charge redistribution that occurs when a Vj is formed reveals
that a surface Mn?* is reduced to a valence close to, but not fully,
Mn?*, and the remaining charge is distributed in deeper layers
and serves to reduce the magnitude of the built-in electric field.
Although it is difficult to experimentally probe the presence of
Vo, directly, the presence of Mn?* can be ascertained by spectro-
scopic methods. Indeed, we find Mn?* at the LMO surface, but
not the interface, in the 4 u.c. thick film (Figure 3c). This obser-
vation indicates that the predicted electronic reconstruction to
eliminate the electric field (i.e., charge transfer from the LMO
surface to the interface, resulting in surface Mn** and interfa-
cial Mn?") has not occurred. In the absence of this reconstruc-
tion, the presence of Mn?*, and the V, that presumably gave
rise to it, is somewhat unexpected given the highly oxidizing
conditions in which the films were synthesized. However, our
modeling shows that it becomes increasingly energetically
favorable to form surface V as the LMO thickness increases,
and we attribute the driving force for this behavior to the
energetic gain as the magnitude of the built-in electric field is
reduced. This driving force, likely aided by the ease with which
Mn can alter its valence state from Mn*" to Mn?*, appears to be
sufficient to accommodate V even under the highly oxidizing
deposition conditions of oxygen-plasma-assisted molecular
beam epitaxy (OPA-MBE). Thus, the built-in electric field, and
subsequent electronic reconstruction, in LMO/STO heterojunc-
tions is not observed experimentally because V. formation
results in charge redistribution that reduces or eliminates the
electric field.
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This model of V, formation to compensate the built-in
electric field has implications for both the ferromagnetism
observed in LMO/STO heterojunctions and the possibility of
forming a 2DEG at the LMO/STO interface. Ferromagnetism is
only observed in LMO films once they have reached 5 or 6 u.c.
thickness.3>18 The lack of ferromagnetic ordering in thinner
films may be due to the strong oxygen deficiency observed in
this work in very thin LMO films, which appears to be difficult
to avoid during deposition. Once a sufficient film thickness is
reached, the film will achieve a nearly stoichiometric oxygen
concentration, but oxygen vacancies and associated Mn?* will
still be present on the LMO surface. Double-exchange-mediated
ferromagnetism can then occur in this surface region.

The conduction band alignment of LMO/STO heterojunc-
tions is favorable (or nearly so) for electron transfer from LMO
to STO, which raises the possibility of forming a 2DEG at the
interface similar to that hypothesized for the LAO/STO system.
This would require deposition or post-treatment of the LMO
film to fill surface oxygen vacancies, allowing the electronic
reconstruction to transfer charge to the LMO/STO interface;
this charge could then be transferred to the STO side of the
interface, forming a 2DEG. In this scenario, gated control of
the 2DEG through manipulation of the oxygen stoichiometry
can be envisioned.

4, Conclusions

The electronic structure and band alignment of polar/nonpolar
LMO/STO heterojunctions have been explored both experimen-
tally and theoretically. The heterojunction VBO is found to be
large, 2.1-2.6 eV, in contrast to previous predictions>'® but
in line with reported electronic transport measurements.® This
large VBO places the conduction band of LMO near (<0.2 eV)
or above the CBM of STO, indicating that under certain condi-
tions (i.e., an oxygen stoichiometry that maximizes the bandgap
of LMO), electron transfer from LMO to STO can be facile.
No built-in electric field is observed by XPS core level peak
analysis, even for films as thin as 2 u.c. From our DFT simula-
tions, we attribute this lack of built-in electric field to the for-
mation of Vg at the LMO surface. Surface V, serve to reduce
a neighboring Mn>" to nearly Mn?', and the remaining charge
is distributed in deeper LMO layers to counteract the potential
gradient. Because the formation of V can decrease the mag-
nitude of the built-in electric field, the V, formation energy is
predicted to decrease as the LMO thickness increases. Atomi-
cally resolved STEM-EELS maps of a 4 u.c. LMO/STO hetero-
junction confirmed the presence of Mn?* on the LMO surface,
corroborating the results of the DFT calculations. No Mn?" was
observed at the LMO/STO interface, confirming that the elec-
tronic reconstruction predicted to alleviate the polar catastrophe
has not occurred.

5. Experimental Section

Film Synthesis: Epitaxial LMO films were deposited on STO(001)
substrates by OPA-MBE. The STO(001) substrates were prepared with
a TiO, termination by etching for 30 s in buffered HF, rinsing with
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deionized water, then annealing in air at 1000 °C for 4 h. Annealed
substrates were placed in a UV/O; cleaner for 5 min before being
loaded into the vacuum system. Substrate surfaces were further cleaned
in situ by exposure to activated oxygen from a differentially pumped
electron cyclotron resonance (ECR) microwave plasma source at an
oxygen pressure of 1.5 X 107 Torr and room temperature for 30 min
to ensure removal of all residual carbon from the substrate surface.
No C or F was detected on the STO surface in XPS survey scans after
these treatment steps. The flow of activated oxygen continued as the
substrate was heated to the deposition temperature of 650 °C. La and
Mn were supplied from effusion cells to realize an LMO growth rate of
45 s u.c.”! (=0.85 A s7"). Surface morphology and film thickness were
monitored with RHEED patterns and intensity oscillations, respectively.
After deposition, the heterojunctions were cooled in the flow of activated
oxygen from the ECR plasma source.

Characterization: The heterojunctions were transferred through
UHV to an appended chamber for in situ high-energy-resolution XPS
measurements with monochromatic Al Ka X-rays and a VG/Scienta
R3000 hemispherical analyzer. The energy resolution of the spectra
presented here is better than 0.5 eV. A low-energy electron flood gun was
utilized to compensate for charging effects during the measurements.

Ex situ high-resolution XRD patterns were collected on a Philips
X'Pert materials research diffractometer using Cu Koy radiation
monochromated with a hybrid mirror/four-bounce monochromator.
High-resolution 6-26 scans were collected with fixed-slit detector optics.
High-resolution reciprocal space maps were collected utilizing a three-
bounce Ge analyzer crystal at the detector. Optical properties were
measured with a J.A. Woollam variable angle spectroscopic ellipsometer
(VASE) in the wavelength range of 0.4-5 eV (3100-248 nm). Data
were fit with the WVASE software using Lorentz oscillators to model
absorption and a Sellmeier model to simulate the real part of the optical
response.

Cross-sectional STEM samples were prepared using an FEI Helios
NanolLab DualBeam focused ion beam microscope and a standard lift
out procedure along the STO [100] zone-axis, with initial cuts made at
30 kV/1° and final polishing at 2 kV/2.5° voltage/incidence angle. STEM-
EELS data were collected on a JEOL ARM-200CF microscope operating
at 200 kV, with a convergence semiangle of 27.5 mrad and collection
angles of 42.9 mrad for fine structure measurements and 82.7 mrad for
composition maps. Fine structure maps were collected using a =1 A
probe size with a =130 pA probe current and a 0.25 eV ch™' dispersion,
yielding an effective energy resolution of 0.75 eV. Composition maps
were acquired with a 1 eV ch™' dispersion and 4x energy binning to
improve signal-to-noise. No plural scattering correction was performed,
since zero loss measurements confirm that the samples are sufficiently
thin (t/A < 0.5 inelastic mean free paths).

Mn L-edge and O K-edge XAS were collected on beamline 4-1D-C
at the Advanced Photon Source, Argonne National Laboratory using
a helical undulator and a spherical grating monochromator. Samples
were mounted with a beam incidence angle of =20, and the absorption
was measured at room temperature in TEY mode by monitoring the
photocurrent. The monochromator was set for a bandwidth of 0.05%.
The TEY data were normalized to the incidence flux monitored using a
gold mesh upstream of the sample.

The film stoichiometry was probed via RBS within the lon Beam
Analysis Laboratory at Lawrence Berkeley National Laboratory. Studies
were completed with a He?*-ion beam energy of 3040 keV, an incident
angle o= 22.5°, an exit angle = 25.35°, and a scattering angle 6= 168°.
Fits to the experimental data were completed using the analysis software
SIMNRA (simnra.com).

Computational Methods: Computational models of the LMO/STO
heterojunctions were generated using the periodic symmetric slab
model (LMO/STO/LMO). The v2ax~/2a lateral cell was used (a is
the lattice parameter of STO, which was fixed at the experimental value
of 3.905 A) and out-of-plane c-parameter was set at 64 A so that the
vacuum gap is at least 20 A wide. Relative energies of the heterojunction
configurations and the corresponding one-electron densities of states
were calculated using the Vienna ab initio simulation package.l*l The
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projector-augmented wave was used to approximate the electron-ion
potential.**] The PBEsol density functional*®l was used to find optimal
slab geometrical structures, followed by a single point calculation of the
electronic structure using PBEsol together with a rotationally invariant
Hubbard U= U~/ correction applied to Ti 3d states.[’] It is found that
this procedure avoids artificial distortions of the lattice induced by the
U correction. Heterojunction supercells were generated as 3.5 u.c. STO
interfaced on both surfaces with 1, 2, or 3 u.c. of LMO. To account for
interfacial intermixing, the configuration ...TiO,/(Lag sSrq5) O/ (Tig.sMngs)
0O, /LaO..., was considered, which has a cation concentration profile
close to those observed experimentally. The 4 x 4 x 1 Monkhorst—
Pack grid was used for optimization of the structure and total energy
calculations, while the 8 x 8 x 1 grid was used for the calculations of
the density of states. The plane-wave basis set cutoff was set at 500 eV.
The Hubbard parameters Ug(Ti) = 8.5 eV and U.g(Mn) = 3.5 eV were
used; these values of the Hubbard parameter were chosen because they
reproduce the experimental bandgap of STO and are in line with values
used previously.'® The charge- and spin-density distributions were
analyzed using the Bader method.*¥] The energies of self-consistent
calculations were converged to 107 eV per cell.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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