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The inside of the electrical double layer at perovskite oxide heterointerfaces is examined. Here, we report
the local polarization and valence distribution in LaNiO; /LaMnO; and LaMnO3/LaNiOj; bilayers on a SrTiO;
(001) substrate. Simultaneous measurements of two aspects of the structure are realized by using Bayesian
inference based on resonant- and nonresonant-surface x-ray diffraction data. The results show that the average
Mn valences are Mn*!?* and Mn*!** for the two samples. The intensity of their local electric field is ~1 GV/m
and the direction of the field points from LaMnOj; to LaNiO;.
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I. INTRODUCTION

The epitaxial interfaces of strongly correlated oxides are
where electrons having different states meet each other [1-4].
The behavior of electrons at these interfaces is different from
that in the bulk material because electrons will interact with
those on the other side of the interface. Various interfacial
properties can be interpreted by electron transfer across the
interface [5—7] and self-doping [8], which originate from the
local electric field or built-in potential. The local electric
field is induced to achieve a proper band alignment [9,10].
Because of the high density of the electric charge in oxide
materials, the spatial distribution of the potential gradient in
oxide heterostructures is often limited to a few nanometers,
which results in strong electric field. According to theoretical
calculations [11,12] and cross-sectional measurements [13],
some transition metal oxide interfaces have a potential gra-
dient of ~1 GV/m. The spatial distribution and magnitude
of the electric field differ by several orders of magnitude
from those in classical semiconductors, in which a spatial
distribution of 10 nm to 100 nm and local electric field of ~
MYV /m are observed.

In the case of ABO; perovskite oxides, AO termination
and BO, termination causes a stark difference in transport
properties around the surface [14—16]. The termination also
affects the work function [17,18], which is directly related to
the band alignment. Even if we have a technique to arrange
the atoms as designed, an interface or surface reconstruction
of atomic [19-22], valence [23-25], and orbital arrange-
ments [26-28] occur spontaneously, and the local field is
altered. Therefore, experimental observation of the interfacial
valence- and atomic arrangements is needed to understand and
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control the oxide interface properties. So far, the spatial distri-
bution of the valence around the interface has been examined
by cross-sectional electron energy-loss spectroscopy measure-
ments [29,30] or the capping layer thickness dependence of
the x-ray absorption spectroscopy (XAS) spectra [6,31,32].
These methods provide the spatial distribution of elements
and their valences, while being insensitive to the electric
polarization.

In this paper, we have investigated the interfacial struc-
ture of a set of typical heterointerfaces, a LaNiOs; (LNO)
on LaMnO; (LMO) bilayer and an LMO on LNO bilayer
that are grown on top of SrTiO; (STO) (001) surfaces
(hereafter, we shall refer to these as NMT and MNT,
respectively). The LNO/LMO interface is known as a typi-
cal paramagnetic/ferromagnetic interface, and the interfacial
magnetic interaction, which includes the exchange bias effect,
has been studied extensively [6,7,32-34]. We used the crystal
truncation rod (CTR) scattering method, which is one of the
surface x-ray diffraction methods, in this paper. The advantage
of using this technique is its high resolution that allows us to
examine the local polarization as well as to study interplane
distances [35-38]. In addition, we also measured the Mn K-
edge energy spectra of CTR scattering [39—42] to determine
the spatial distribution of Mn** ions. Our resonant surface
x-ray diffraction measurements reveal the interfacial valence
distribution as well as the atomic arrangement at the sub-A
spatial resolution.

II. EXPERIMENT AND ANALYSIS METHOD

An LMO and LNO (LNO and LMO) heterojunction, with
a thickness of 5 4 5 unit cells, was deposited on an atomically
flat (001) surface of a Nb-doped STO substrate by pulsed
laser deposition (PLD). During deposition, the substrate tem-
perature was controlled at 500 °C and 600 °C for LNO and
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LMO growth under an oxygen pressure of 1 x 10~3 Torr. The
film thickness was precisely controlled on the atomic scale
by monitoring the intensity oscillation of the reflection high-
energy electron diffraction. After the deposition, the samples
were post-annealed in 760 Torr oxygen at 400 °C for 45
minutes to fill the oxygen vacancy in LNO. In LMO, how-
ever, excess oxygen ions were expected to be introduced by
this postannealing process. The above-mentioned film growth
procedure is the same with those in Refs. [6,32] except for
the thickness and stacking order so one can easily compare
the structural results with previous results of spectroscopy
measurements.

The CTR scattering measurements were performed with
the four-circle diffractometer installed at BL-3A, Photon Fac-
tory, KEK, Japan. The scattered x-ray intensity was measured
by a two-dimensional pixel array detector XPAD-S70, imX-
pad, France. Samples were placed in a 10~ Torr vacuum
chamber to protect them from radiation damage and all the
measurements were performed at room temperature. Using
12 keV x rays, which is a nonresonant condition, the hk¢
rods along (h, k) = (0,0), (0,1), (0,2), (1,1), and (1,2) were
measured. The range of measured ¢ was 0.5 to 4.2 except
for the substrate Bragg points. Additionally, 00¢ profiles were
measured using several x-ray energies (E) close to the Mn
and Ni K-absorption edges to discriminate B-site elements.
To study the spatial distribution of Mn**, the energy spectra
around the Mn K-edge were obtained for 6 (NMT) and 12
(MNT) scattering vectors along the 00¢ line.

After the measurements, illumination area correction and
Lorentz factor correction were performed by following the
procedure described in Ref. [43]. The intensity profiles along
the hk¢ rods measured in both nonresonant and resonant
conditions were simultaneously analyzed by exchange Monte
Carlo (MC) sampling software based on Bayesian infer-
ence [44,45]. Both LNO and LMO were treated to have a
pseudocubic unit cell. In our analysis, the in-plane atomic
positions were fixed to the simple cubic SrTiOj structure. This
simplification implies that we ignored the octahedral rotation
or antiferroic arrangement of Jahn-Teller distortion. The lat-
tice parameter modulation induced by the difference in the
octahedral rotation mode, which is defined by the change in
the third root of the cell volume, is usually small. For example,
bulk La;_,Sr,MnOj [46] shows only 0.07 A of the modu-
lation with the rhombohedral-orthorhombic change, and the
bulk BaTiO5 [47] shows less than 0.003 A of modulation with
cubic-tetragonal-orthorhombic-rhombohedral transitions. The
other parameters, i.e., atomic displacement in the surface
normal direction with respect to the substrate lattice (8z),
atomic occupancy (occ), and isotropic atomic displacement
parameters (Bis,) were refined. The total atomic occupancy for
each site was fixed to unity except for the surface region. The
total number of structure parameters was 90. The parameter
uncertainty was estimated using MC sampling by taking into
account the effective number of observations [45].

The spatial distribution of Mn** was derived from the
energy spectra measured at several scattering vectors. The
spectra depend on the nonresonant scattering amplitude as
well as the spatial distribution of Mn*". Although the non-
resonant amplitude was calculated using the result of the
interfacial structure analysis described above, it inevitably

contains some error. The error was corrected by adding a small
complex value to the nonresonant scattering amplitude. The
anomalous scattering factors f” and f”, as functions of E for
Mn**, were calculated by the finite difference method near
edge structure (FDMNES) code [48] using the bulk LaMnO3;
structure [49]. The anomalous scattering factors for Mn*t
were obtained by applying a chemical shift of 4 eV [50,51]
from those for Mn>*. The analysis was also performed with
the Bayesian inference by assuming that the magnitude of
the noise was 10% of the intensity. The error bars of the
Mn** concentration were estimated by MC sampling, while
the effective number of observations of the energy spectra was
assumed to be the same as the number of data points.

II1. RESULTS

Nonresonant and resonant CTR profiles for MNT and
NMT films are presented in Fig. 1. Open symbols
show the experimental results and the solid curves show
those obtained from calculation. The R (= ) . el Fexpe] —
[FeatcDI/[3_; & [Fexptl]) values, where Fexy and Feue denote
the square root of the measured and calculated intensities,
respectively, were 0.11 for MNT and 0.10 for NMT. The
resulting structural parameters, 8z, occ, and Bjg, for each site,
are shown in Fig. 2 as functions of depth, Z. The surface
was Z ~ 16 and the STO substrate corresponded to the Z < 4
region.

The c-lattice spacing is defined by the slope of §z. Deep in-
side the substrate, the slope is zero by definition. The c-lattice
spacings for NMT (MNT) were 3.827 & 0.008 A(3.803 &
0.009 A) in the LNO region and 3.938 & 0.007 A(3.91 & 0.01
A) in the LMO region. Figures 2(b) and 2(f) show the depth
profiles of the lattice spacing defined by the interatomic dis-
tance of the A-site cations for NMT and MNT, respectively.

Using the atomic occupancy around the interfaces, one can
evaluate the degree of atomic interdiffusion. Reference [30]
reports more Mn-Ni interdiffusion in LNO on LMO interfaces
than in LMO on LNO interfaces for sputter-made samples,
and Ref. [6] reports sharp interfaces on both sides for PLD-
made samples. Figures 2(c) and 2(g) show only a small
difference in atomic interdiffusion between the two PLD-
made samples. In addition, Fig. 2(g) shows LaTiO; formation
at the STO/LNO interface in the MNT sample. The LaTiO3
layer had a large c-lattice spacing, as shown in Fig. 2(b),
which reflected its large cell volume [52]. Note that the cell
volume of LMO is very close to that of STO. At the same
position, the value of Bjy, for the La ions was found to be
large compared with that for the B-site ions. This should
be the signature of the different octahedral rotation mode
around the LaTiO3 layer. Unlike cubic STO or rhombohedral
LNO, bulk LaTiO3 exhibits a GdFeOs-type structure with La
displacements [53]. Figure 2(e) shows some difference in A-
site displacement and B-site displacement in the STO region
as well as in the LMO region. The relative displacement in
STO shows electric polarization. The electric polarization in
STO is dominated by the Slater mode, in which B-site ions
displace antiparallel to oxygen octahedra while A-site ions
stay original positions. In Figs. 2(b) and 2(f), we defined
the c-lattice spacing by the interatomic distance of the A-site
cations. Therefore, the relative displacement of the B-site ions
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FIG. 1. CTR scattering profiles along the hk¢ rods for NMT (left) and MNT (right). The middle and bottom panels show the 00 rods in
a resonant condition close to the Mn and Ni K-absorption edges. Open symbols show the experimental results, and the solid curves show the
calculated intensity derived from the refined structure. The error bars show the standard deviation caused by the statistics.

reflect the local polarization. The relative displacements in the
LMO region will be discussed later.

Energy spectra around the Mn absorption edge measured at
several points on the 00¢ rod are shown in Figs. 3(c) and 3(d).
The MC calculation derived the spatial distribution of Mn*T,
as shown in Figs. 3(a) and 3(b). As can be seen, the Mn*t was
concentrated at the interface in NMT, while the MNT sample
had a rather homogeneous Mn*" distribution in the entire
LMO region. At the surface and interface of LMO, the hole
concentration was increased even if the Mn** occupancy was
homogeneous because the occupancy of the Mn was reduced.
To obtain the total amount of electron transfer from Ni to
Mn, the occurrence distribution of the total amount of Mn**
in the MC calculation is plotted in Fig. 3(e). The amount
of Mn*" in NMT (MNT) was 0.8 £ 0.3 (0.5 0.2). Total
number of Mn layers for NMT and MNT, derived by the same
method, were 4.4 + 0.2 and 4.2 &+ 0.1, and thus the average
hole concentrations of the Mn site in the two samples were
19 £ 8% and 12 + 5%, respectively. The observed interfacial
structure and the Mn** distribution for the two samples are
schematically summarized in Fig. 4.

IV. DISCUSSION

A. Valence distribution

The total amount of Mn**, which is a measure of the
electron transfer across the LMO/LNO interface in NMT

(MNT), was obtained as 0.8 0.3 (0.5 & 0.2), as shown in
Fig. 3(e). These values are consistent with the previously
reported values based on XAS measurements [32].

In the LNO region where the Ni occupancy is more than
80%, the ¢ spacings for both samples were very close to that
of thick LNO films on STO [54,55], 3.80 A, except for the
surface or interface layers. This means that the LNO growth
is well controlled and stable.

Next, we focused our attention on the LMO region where
the Mn occupancy is more than 80%. The interplane distance
in LMO is known to relate to the hole concentration x and, as
its natural consequence, to the magnetic and transport proper-
ties. Most LMO films grown on STO show ferromagnetism,
which is different from the canted magnetism of the bulk
LMO. Reference [56] reported the magnetism, electric prop-
erty, and c-lattice spacing of a 30-nm-thick PLD-made LMO
film on a STO (001) substrate. The as-grown film showed
ferromagnetism and oxygen-reducing atmosphere annealing
made the property of the LMO film bulklike. The reported
c-lattice spacing of the as-grown and annealed samples were
3.912 A and 3.973 A, respectively, and these are shown in
Figs. 2(b) and 2(f) with horizontal lines. The lattice spacings
of LMO in our NMT and MNT samples were 3.94 A and
3.91 A, respectively. The quantitative similarity of the LMO
lattice spacing of the MNT sample and that of as-grown LMO
is apparent. The spacing in the NMT sample had the inter-
mediate value of the as-grown LMO and annealed LMO. The
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FIG. 2. (a) A-site and B-site atomic displacements in the outward surface normal direction from the SrTiO; substrate lattice, (b) c-lattice
spacing defined by the A-site distance, (c) atomic occupancy of A-site and B-site atoms, and (d) atomic displacement parameters for NMT as
a function of depth. Those for MNT are presented in panels (e)—(h). The horizontal lines in panels (b) and (f) show the interplane distances
of the thick films of (blue) LNO [54,55] (orange), as-grown ferromagnetic metal LMO, and (magenta) annealed canted magnetic insulator

LMO [56].

difference between NMT and MNT was caused by the succes-
sive film growth on top of LMO, which may work as an oxy-
gen reduction annealing. The valence of the Mn ions is derived
from the c-lattice spacing. For this purpose, the (La,Ca)MnOs3
system [57,58] was selected as the reference because the
ionic radii of La and Ca are similar. The cell volume of the
La;_,Ca,MnO; was 242 — 41x A3. Using the Poisson ratio
of LMO of 0.3 [59], we obtained the hole concentration de-
pendence of the c-lattice spacing de/dx=—0.34 A, i.e., one
expects a c-lattice spacing contraction of 0.34 A when oxidiz-
ing LaMn’* O3 to LaMn**O3. Here, we selected the c-lattice
spacing of the annealed LMO as the reference value for Mn*.
In this case, the c-lattice spacings for the as-grown LMO [56],
and the LMO region in NMT and MNT corresponded to
Mn*13F Mn*12* and Mn>!'°*, respectively. The estimated
valences from the lattice spacing showed clear similarity with
those estimated from the energy spectra shown in Fig. 3.

We then examined the spatial distribution of the valence
at the interface region. At the LNO/LMO interface, Ni** has
been reported by XAS measurements [6] for a thickness of
only one u.c. In the present paper, the lattice spacing of LNO
was approximately 3.80 A for both samples, which is the same
as the value for a thick LNO film on STO [54,55] within the
experimental uncertainty even at the LNO/LMO interface.
Similar structural and spectral features have been reported at
the LNO/STO interface [60]. In their report, the introduction
of Ni** with little volumetric change was attributed to the
oxygen vacancy stabilization caused by the tensile strain on
LNO caused by the STO substrate. Note that the cell volume
of LMO is nearly the same as that of STO.

Next, the possible distribution of Mn2* at the LMO /STO
interface, which was reported by XAS [12], was examined.
The Shannon ionic radius of Mn>* is larger than that of Mn**
by 0.18 A. This difference in ionic radius between 2+ and
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FIG. 3. (a) Mn** occupancy as a function of depth for NMT, together with the occupancies of three kinds of B-site elements. (b) Mn**
occupancy as a function of depth for MNT, together with the occupancies of three kinds of B-site elements. (c) Energy spectra of the scattered
x-ray intensity around the Mn K-absorption edge measured at several points on the 00¢ rod for NMT. Black plots show the experimental

results and red solid lines show the calculated intensities. Anomalous

scattering factors f and f” for Mn** and Mn** used for the analysis

are also shown in the panel for { = 1.1625. (d) Energy spectra of the scattered x-ray intensity around the Mn K-absorption edge measured at
several points on the 00¢ rod for MNT. The colors are the same as in (c). (¢) Probability density of the total amount of Mn*" derived from the

energy spectra.

3+ ions is larger than the difference between 3+ and 4+
ions (0.12 A), and therefore Mn>" affects the lattice spacing
as much as Mn**. Thus, we assumed as constant dc/dx,
—0.34 A, for the —1 < x < 1 range. Figure 2(b) shows that
there was an elongation of 0.04 A for the ¢ lattice spacing
at the Z = 6.5 position (LMO/STO interface). The amount
of interfacial expansion corresponded to the addition of 0.12
electrons/Mn ion. In the LMO region for NMT, the average
valence of Mn was estimated to be Mn>!2*. Therefore, the
in-plane average of the Mn valence at the Z = 6.5 position
was close to Mn*. This result means that there should be
as much Mn*" as Mn?* at the interface. There is a little
lattice spacing expansion at the MNT surface, as can be seen
at Z = 15.5 in Fig. 2(f). This expansion may be caused by
the Mn?* formation at the surface, which is induced by air
exposure reported for La;_,Sr,MnO;3 [61]. Similar surface
lattice expansion was also reported for surface 2 u.c. range
of a LaggSrg,MnO; film [62], while the magnitude of the

surface expansion in our MNT sample was much smaller than
theirs.

The spatial distribution of the valence of Mn around
the LNO/LMO interface derived from the energy spectra is
shown in Figs. 3(a) and 3(b). The Mn** ions distributed in
a wide range in the MNT sample, and were concentrated
at the LMO/LNO interface in the NMT sample for a 2- to
3-u.c.-thick region. The region where Mn** was concentrated
in the NMT sample had a Ni occupancy of more than 70% and
a small c-lattice spacing of 3.83 A, which is very close to the
lattice spacing of LNO. The Mn ions mixed into the LNO side
had little volume, and the pressure made Mn** stable.

The magnetic properties of LMO/LNO interfaces have
been well studied. In the case of the (001) interface, it has
been reported that LMO shows ferromagnetism for 5 u.c.
range from the interface [30,32], and LNO shows it for 1 u.c.
range [32] based on the soft-x-ray resonant reflectometry and
magnetic circular dichroism measurements. The origin of the
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FIG. 4. Schematic view of the analyzed interfacial structures of
the two samples. Blue and red octahedra represent NiOg and MnOg,
and purple octahedra show (Ni,Mn)QOg octahedra. The Mn** distri-
bution is also marked. The green spheres show the La ions and the
green arrows on them show the direction of the atomic displacement
caused by the local polarization.

interfacial ferromagnetism is sometimes discussed as a result
of the Kanamori-Goodenough rule [30,34]. The stacking or-
der effect in LMO/LNO interface was also reported [30,33].
Sputter-made NMT has four times larger electric resistance
and seven times larger magnetization than MNT [30]. Based
on our present result, we can construct microscopic interpre-
tation on the interfacial magnetism.

In NMT, Mn*" is concentrated at the LMO/LNO inter-
face. In Fig. 3(a), the Mn*" ratio to all Mn ions in the
region of 10 < Z < 13 is ~50%. The magnetism of the bulk
manganites having such a hole concentration is dominated
by the ferromagnetic double-exchange interaction. The con-
centrated Mn** is, as mentioned above, the consequence
of the electron-lattice coupling or chemical pressure effect.
The ferromagnetic double exchange interaction dominates the
densely doped region, i.e., interfacial region 10 < Z < 13 and
the adjacent layer, Z = 9.5. The amount of Mn, defined by
the Mn occupancy within this range, is 2-u.c.-thick. Outside
this range should be discussed separately using averaged hole
concentration, 15%. This amount of doping in bulk mangan-
ite is a ferromagnetic insulator in many compounds, such
as AMnO3 with A=(La,Ca), (La,Sr), (Pr,Ca) [63,64]. The
ferromagnetic insulator phase is originated from antiferro-
orbital ordering [65], thus interfacial antiferro-orbital ordering
is worth examining, although a direct observation of it is
challenging.

B. Local polarization

The local electric polarization was estimated from the
depth profile of §z presented in Fig. 2(a). The local electric
polarization is a good measure of the local electric field be-
cause LMO is a paraelectric material. The electric polarization
in perovskite oxides is mainly caused by the Slater mode

and the Last mode atomic displacements, and these both in-
volve a relative displacement of A-site and B-site ions. In the
case of compounds whose tolerance factor is smaller than 1,
B-site ions have little room around them whereas A-site ions
have more room and the Last mode is the main origin of
the polarization. Both LNO and LMO are assigned to this
class of compounds. Theoretical calculation [66] on the Pnma
phase of LaMnOj; actually showed that the three lowest energy
modes of B, symmetry, which correspond to the electric polar-
ization parallel to the a, b, and ¢ axes, were mainly composed
of La displacements. Therefore, one can approximate the lat-
tice system as fixed BOg octahedra and loosely bound A-site
ions. The typical energy of the lowest energy modes [66] is
90 cm !, which means the force constant for La displacement
is 70 N/m. Using this force constant, one can estimate the
intensity of the local electric field at the La position.

The LNO regions in both samples showed little relative
displacement of A- and B-site ions, which meant that there
was no polarization. No polarization was as expected because
LNO is metallic. A large polarization was observed at the
interface between LMO and LNO in the NMT sample and at
the LMO region in the MNT sample. The polarization in the
two samples showed opposite directions. The local electric
field in the LMO region pointed toward the LNO layer. The
observed relative displacements of A-site and B-site ions in
NMT was 0.08 & 0.01 A and that in MNT was 0.05 + 0.02 A
for two to three layers around the interface. Using the valence
of La as 34, we obtained the intensity of the local electric
field as 1 (0.7) GV/m pointing from LMO to LNO in the
NMT (MNT) sample.

Qualitatively, the direction of the electric field is consistent
with the band bending to align the oxygen 2p level [10].
Quantitatively, this estimation of the electric field intensity
involves an uncertainty of ~50% because the lowest energy
B, modes range from 76 to 90 cm~!, and the Born effec-
tive charge of the rare-earth ion R3* for RMnO; [67-69]
ranges from 3.34 to 3.8+ instead of 34-. The obtained mag-
nitude of the electric field is similar to the values reported
for various perovskite heterostructures based on tunneling
transport measurement [70], cross-sectional scanning tunnel-
ing microscopy [13], and first-principles calculations [11,12].
The spatial distribution of Mn** and that of the electric field
are very similar to those of the metal-semiconductor junction
except for the very small spatial scale.

Our samples consist of only two layers, 2 nm each, on
top of the substrate. The surface may have electric dipole
made by the surface reconstruction, electric monopole made
by charged contamination, or electric quadrupole made by
the surface orbital order. Such surface effects may cause a
big effect on various properties of the film. Nevertheless, the
local polarization is clearly controlled by the stacking order,
showing that the dominant origin of the internal electric field
is the LMO/LNO junction even in the ex sifu case. The local
polarization can be used to modulate multiferroic properties
in many Mn oxides.

V. CONCLUSION

The interfacial structures of two samples with differ-
ent stacking orders, LNO/LMO/STO substrate (NMT) and
LMO/LNO/STO substrate (MNT), were examined by precise
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atomic displacement and Mn valence distribution measure-
ments. The interplane distance of the LMO region in MNT
was very close to the reported lattice spacing of an as-grown
LMO film [56] with ferromagnetic ordering. In contrast, the
interplane distance of LMO in the NMT sample was between
those of annealed and as-grown LMO films. Using the lattice
spacing, the valence of Mn ions was estimated as Mn>!>*
and Mn*'** for NMT and MNT, respectively. The obtained
valence is quantitatively consistent with the values derived by
the energy spectra of the CTR signal.

Local polarization was examined by the displacement of
the A-site ions. Polarization was found in the LMO region
for MNT and in the LMO/LNO interface region for NMT.
The magnitude of the local field estimated by the La displace-
ment was approximately 1 GV/m, which is a typical value
for perovskite oxide heterointerfaces. The local electric field

pointed from LMO to LNO regardless of the stacking order.
Our simultaneous observation of the valence distribution and
detailed atomic arrangement demonstrates the correlation be-
tween the local electric field and the Mn** distribution, which
corresponds to the space charge layer.
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