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Interfacial charge transfer in oxide heterostructures gives rise to a rich variety of electronic and magnetic phe-
nomena. Designing heterostructures where one of the thin-film components exhibits a metal-insulator transition
opens a promising avenue for controlling such phenomena both statically and dynamically. In this work, we
utilize a combination of depth-resolved soft x-ray standing-wave and hard x-ray photoelectron spectroscopies
in conjunction with polarization-dependent x-ray absorption spectroscopy to investigate the effects of the
metal-insulator transition in LaNiO; on the electronic and magnetic states at the LaNiO;/CaMnOQj; interface.
We report a direct observation of the reduced effective valence state of the interfacial Mn cations in the metallic
superlattice with an above-critical LaNiO; thickness (6 unit cells, u.c.) facilitated by the charge transfer of
itinerant Ni 3d e, electrons into the interfacial CaMnOs layer. Conversely, in an insulating superlattice with a
below-critical LaNiO; thickness of 2 u.c., a homogeneous effective valence state of Mn is observed throughout
the CaMnOs layers due to the blockage of charge transfer across the interface. The ability to switch and tune
interfacial charge transfer enables precise control of the emergent ferromagnetic state at the LaNiO3/CaMnO;
interface and, thus, has far-reaching consequences on the future strategies for the design of next-generation

spintronic devices.

DOLI: 10.1103/PhysRevB.108.054441

I. INTRODUCTION

Application-driven atomic-level design of complex-oxide
heterostructures that exhibit functional electronic and mag-
netic phenomena has become a diverse and vibrant subfield of
condensed-matter physics and materials science [1-3]. Of par-
ticular interest are the materials systems wherein rich physics
and intricate interplay between various degrees of freedom at
the interface give rise to functional properties not observed
in the constituent materials [4-8]. In such heterostructures,
charge transfer across the interface often plays a key role
in establishing new electronic [9-11], magnetic [12,13], and
orbital [14-16] states with properties that can be tailored
via dimensionality [17,18], epitaxial strain [19,20], interface
termination [21,22], doping [23,24], and engineered defects
[25,26]. Thus, the flexibility and diversity of the perovskite
oxide structures coupled with state-of-the-art thin-film syn-
thesis turn the fundamental and robust phenomenon of charge
transfer into a powerful tuning knob for creating the desired
ground state and controlling its functionality.

Epitaxial superlattices consisting of antiferromagnetic
CaMnO; and paramagnetic LaNiO3 exhibit emergent ferro-
magnetism [13] that can be tailored by varying the thickness
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of individual layers [27]. Such thickness dependence has been
attributed to the electronic-structural changes in the LaNiO;
layer, which undergoes a metal-insulator transition in the
ultrathin (few unit-cell, u.c.) limit [28]. According to
our current understanding based on several experimental
[13,27,29,30] and theoretical studies of LaNiO3/CaMnOs [31]
and similar systems (e.g., CaRuO3;/CaMnO3) [32], in metallic
superlattices with an above-critical LaNiOj thickness, inter-
facial charge transfer mediated by the itinerant Ni 3d e, elec-
trons is expected to create an increased concentration of Mn**
cations at the interface. Such charge reconstruction creates
an electronic environment favorable for the emergence of the
Mn**-Mn** double-exchange interaction, which stabilizes
long-range canted ferromagnetic order in an approximately
1-u.c.-thick interfacial layer of CaMnOj3. Conversely, in su-
perlattices with a below-critical LaNiOj3 thickness (<4 u.c.),
partial or complete blockage of charge transfer from the
now-insulating LaNiOj results in a significant (approximately
threefold) suppression of the observed magnetic moment
[27]. The residual magnetic moment of approximately 0.3 pg
per interfacial Mn atom has been attributed to the presence
of the Ni>*-Mn*" superexchange interaction made possible
by the oxygen vacancies in the LaNiOj3 layers [27,30] that
are driven to the LaNiO3;/CaMnOs; interfaces by the polar
mismatch. Such defects, as well as possible chemical inter-
mixing, play a minor role and could be controlled via growth
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conditions and epitaxial strain [26,33]. Thus, the phenomenon
of interfacial charge transfer is currently considered to be
the main driving force responsible for the emergence of the
long-range ferromagnetic order at the LaNiO3/CaMnOj; in-
terface. Furthermore, the possibility of switching and tuning
this magnetic phenomenon in the quantum-confined struc-
ture via either static or dynamic control of the metallicity
of the LaNiO; layers makes the LaNiO3/CaMnOj3 system a
prime candidate for high-density spintronic devices wherein
energy-efficient magnetic switching could be accomplished
with electric fields or other external stimuli.

Detection and characterization of interfacial charge-
transfer phenomena like the ones described above present a
unique practical challenge due to the lack of direct yet non-
destructive techniques capable of probing minute changes in
the valence state at a buried interface with element specificity
and Angstrom-level spatial resolution. The LaNiO3/CaMnO;
heterostructure exemplifies a class of materials systems where
such stringent measurement requirements are necessary due to
the extremely localized nature of the phenomenon of interest.

In this paper, we report a direct observation of the tunable
character of interfacial charge transfer in LaNiO3;/CaMnOs3
superlattices using depth-resolved soft x-ray standing-wave
photoelectron spectroscopy (SW-XPS) [34]. We examined
two otherwise identical superlattices containing either insulat-
ing or metallic LaNiOj3 layers and extracted element-specific
and valence-state-sensitive spectroscopic data from the in-
terfacial regions. Standing-wave (SW) excitations in both
first-order and second-order Bragg reflection geometries were
utilized to enhance the depth resolution of the technique.
Our results revealed a depth-dependent modification of the
effective valence state on the interfacial Mn cations in
the metallic [6—u.c. LaNiO3/4—u.c. CaMnO3]x 10 superlat-
tice that is consistent with the enhanced charge-transfer
picture. Conversely, a homogeneous effective valence state
throughout the CaMnOj; layers was observed for the thinner
[2—u.c. LaNiO3/4—u.c. CaMnO3]x 10 superlattice, suggest-
ing suppression of charge transfer across the interface due to
the insulating nature of the below-critical-thickness LaNiO3
films. Complementary bulk-sensitive hard x-ray photoelectron
spectroscopy (HAXPES) measurements of the valence-band
electronic structure revealed suppression of the Ni 3d e,
density of states near the Fermi level, consistent with the
thickness-dependent metal-insulator transition in the LaNiO3
layers, which was confirmed via conventional electronic
transport measurements. Concomitant suppression of the in-
terfacial magnetic moment on the interfacial Mn sites was
observed via polarization-dependent x-ray absorption spec-
troscopy (XAS) with x-ray magnetic circular dichroism
(XMCD) at the Mn L, 3 edges.

II. RESULTS AND DISCUSSION

A. Probing bulk-sensitive electronic and magnetic
structure via HAXPES and XMCD

For our experiments, two high-quality epitaxial superlat-
tices consisting of ten repetitions of LaNiO3/CaMnO3; were
synthesized using pulsed-laser interval deposition [35] on a
single-crystalline LaAlO3(001) substrate. The thickness of

the CaMnOj layers in the superlattices was kept the same at
4 u.c., while the thickness of the LaNiOj layers was fixed at
N =2 u.c. for the first (insulating) superlattice and N = 6 u.c.
for the second (metallic) superlattice. Thicknesses and layer-
by-layer deposition were monitored in situ using reflection
high-energy electron diffraction (RHEED). After the growth,
the resultant high quality, crystallinity, and correct layering of
the superlattices were confirmed ex situ using x-ray diffrac-
tion (XRD). Correct chemical composition was confirmed
via bulk-sensitive HAXPES measurements carried out using
a laboratory-based spectrometer (see Methods section in the
Supplemental Material [36]). Individual thicknesses of the
layers and the quality of the interfaces were confirmed using
synchrotron-based SW-XPS measurements that are described
in detail later in this paper (see Fig. 2). The results of the
XRD, RHEED, and HAXPES characterization are presented
in Figs. S1 and S2 of the Supplemental Material [36] (see also
Refs. [37-40] within).

To probe the thickness-dependent variation in the valence-
band electronic structure of LaNiOj3 and its effect on the
resistivity of the superlattices, we utilized a combination
of bulk-sensitive valence-band HAXPES spectroscopy at the
P22 beamline [41] of the PETRA III synchrotron (DESY)
(see Methods section in the Supplemental Material [36]) and
electronic transport measurements. Figure 1(a) shows the
experimental valence-band spectra of the N = 6 u.c. super-
lattice (red line) and the N = 2 u.c. superlattice (blue line).
The corresponding temperature-dependent sheet-resistance
curves measured using the standard van der Pauw method
are shown in the inset. The near-Fermi-level region of the
spectra exhibits two prominent features which, based on prior
studies, correspond to the strongly hybridized Ni 3d e, and
I, states at 0.3 and 1.0 eV, respectively [28,42]. It is im-
portant to note that the spectral range near the Fermi level
does not contain any CaMnQOs-derived electronic states due
to its insulating nature with a band-gap “window” on the
order of 1.35-3.05 eV as determined via theory and exper-
iment, respectively [43,44]. Consistent with prior studies of
the thickness-dependent metal-insulator transition in LaNiO3
[28,42], the superlattice containing below-critical-thickness
LaNiOj; layers (N = 2 u.c.) exhibits a significant suppression
of the near-Fermi-level electronic states resulting directly in
the approximately two orders of magnitude enhancement in
sheet resistivity. In the context of interfacial ferromagnetism,
such bulk-sensitive HAXPES measurements demonstrate di-
rectly the depletion of the itinerant Ni 3d e, states that, in
metallic superlattices, facilitate charge transfer from Ni to the
interfacial Mn sites, thus creating an electronic environment
that stabilizes the ferromagnetic state mediated by the double-
exchange interaction.

The effect of suppressing the Ni-to-Mn charge-transfer
channel in the N =2 u.c. superlattice is immediately evi-
dent in the element-specific (Mn) XMCD measurements of
these two otherwise identical samples (see Methods section
in the Supplemental Material [36]). The XAS measurements
at the Mn L, 3 edges [top panel of Fig. 1(b)] do not exhibit
significant differences between the two superlattices, due to
the depth-averaging nature of the technique. On the other
hand, the XMCD spectra shown in the lower panels are only
sensitive to the interfacial ferromagnetic state and, therefore,
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FIG. 1. (a) Angle-integrated bulk-sensitive HAXPES valence-band spectra of N = 6 u.c. (red line) and N = 2 u.c. (blue line) superlattices
recorded with photon energy of 6 keV at T = 60 K. Significant depletion of near-Er Ni 3d e, and t,, density of states results in metal-insulator
transition in N = 2 u.c. sample, as probed with sheet-resistivity measurements shown in inset. (b) Bulk-sensitive Mn L, 3-edge XAS spectra
measured in LY detection mode at 7 = 20 K and probing entire depth of superlattice (top panel) reveal no significant differences in depth-
averaged valence states of Mn between two samples. XMCD spectrum of the N = 6 u.c. superlattice (middle panel) shows significant magnetic
signal of up to —0.20% at Mn L; edge. Light-red spectrum represents raw data while solid red curve has been smoothed using Savitzky-Golay
method. Conversely, N = 2 u.c. spectrum (light-blue spectrum in bottom panel) exhibits nearly negligible XMCD signal of approximately
—0.05% in same photon energy range. Solid blue spectrum represents N = 6 data scaled by factor of 4 (x0.25), for comparison. All XMCD
measurements were carried out in applied (in-plane) magnetic field of 1.5 T.

isolate the magnetic signal from the interface (without facil-
itating quantitative depth resolution). Consistent with prior
studies [13,27], the thicker N = 6 u.c. superlattice exhibits
a significant XMCD signal (approximately —0.20% at the
Mn Lj edge), which is directly proportional to the magnetic
moment on Mn in the interfacial region of the CaMnOj; layers.
Conversely, the below-critical-thickness N = 2 u.c. superlat-
tice exhibits almost no discernible XMCD signal throughout
the spectrum, except a slight excursion from zero (approxi-
mately —0.05%) at the photon energies corresponding to the
Mn Lj absorption threshold (640-643 eV). Such a fourfold
suppression of the Mn magnetic moment is qualitatively con-
sistent with a prior study by Flint ef al. [27], where magnetic
moments of up to 1 pug/vn were observed for the above-
critical-thickness superlattices and only 0.2 ug,m, for the
ultrathin (2-u.c. LaNiO3) samples. All XMCD measurements
were conducted in an applied in-plane magnetic field of 1.5 T.

B. Probing interfacial charge transfer with soft x-ray SW-XPS

Our measurements, carried out using bulk-sensitive spec-
troscopies such as HAXPES and XAS/XMCD (luminescence
yield, LY), in concert with prior studies suggest a direct con-
nection between the depletion of the Ni 3d e, states near the
Fermi level in the ultrathin (VN = 2 u.c.) LaNiOj3 films and
the suppression of interfacial magnetic moment on Mn sites
in the adjacent CaMnOs films. In order to bridge this connec-
tion and link it to interfacial charge transfer from Ni to Mn,
we have measured the depth-resolved evolution of the Mn va-
lence state at the LaNiO3/CaMnQOj; interface in both samples
using soft x-ray standing-wave photoemission spectroscopy
at the soft x-ray angle-resolved photoelectron spectroscopy

(SX-ARPES) endstation [45] of the high-resolution ADRESS
beamline at the Swiss Light Source [46]. The results are
presented in Figs. 2 and 3 below.

In the SW-XPS technique, shown schematically in
Fig. 2(a), Angstrom-level depth resolution is facilitated by
generating an x-ray SW interference field within a periodic
superlattice sample [34,47]. The maximum-contrast modula-
tions in the x-ray E-field intensity are achieved at the first-
and second-order Bragg conditions that are typically found by
varying the x-ray grazing-incidence angle at a fixed photon
energy. Once the x-ray SW field is established within the
sample, it can be translated vertically (perpendicular to the
sample’s surface) by approximately half of the superlattice
period by scanning (rocking) the grazing x-ray incidence an-
gle across the Bragg condition. In a recent soft x-ray study
[48], the depth resolution of one cubic perovskite unit cell
(approximately 3.8 A) was demonstrated using the same ex-
perimental setup (see Methods section in the Supplemental
Material [36]).

As the first step in such an experiment, incidence-angle-
dependent “rocking curves” of the core-level intensities for
several constituent elements in the superlattice are measured
in the first-order Bragg condition for each sample. Typically,
for unambiguous x-ray optical fitting, it is necessary to record
and analyze such rocking curves for at least one element from
each layer, as well as the adventitious carbon from the surface
atmospheric contaminant layer [49].

Figures 2(b) and 2(c) show experimental rocking-curve
spectra for the integrated intensities of the Mn 2p, Mn 3s,
Ca 2p, O 1s, Ni 3p, and C 1s core-level peaks measured
on the N = 6 u.c. and N = 2 u.c. superlattices, respectively
(circular markers). The measurements were carried out with
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FIG. 2. (a) Schematic diagram of SW-XPS experiment and investigated superlattice structures consisting of 10 LaNiO3;/CaMnOs bilayers
grown epitaxially on LaAlO;(001) substrate, with each bilayer consisting of 4 u.c. of CaMnO; and N u.c. (N = 6 and 2) of LaNiOs. (b) Best fits
between experimental (circular markers) and calculated (solid lines) SW rocking curves for all accessible representative core levels in thicker
(N = 6 u.c.) superlattice. Resultant depth profile yielding values of individual layer thicknesses and interface roughness (interdiffusion) is
shown on right. (c) Similar results of x-ray optical fitting of experimental SW rocking curves for thinner (N = 2 u.c.) superlattice and resultant

depth profile.

a resonant photon energy of 835.2 eV (La 3ds;, absorption
threshold) to maximize the x-ray optical contrast between
LaNiO3; and CaMnOj; [50]. It is immediately obvious that
the Mn/Ca, Ni, and C signals originate from different layers
(vertical locations) within the sample due to the contrasting
line shapes (phases) of their respective rocking-curve spectra.
The O 1s rocking curve is dominated by the signal from
the upper CaMnO; layer due to the limited probing depth
and, therefore, resembles the Ca and Mn spectra, consistent
with prior studies [30,48]. The Bragg features for the thinner
(N = 2 u.c.) superlattice appear at higher grazing-incidence
angles (16°-20°), as expected from the basic diffraction
formalism.

The experimental rocking curves were simultaneously and
self-consistently fitted using x-ray optical theoretical code for
automatic structure optimization (see Methods section in the
Supplemental Material [36]). The best fits (solid curves) to
the experimental data and the resultant Angstrom-level depth-
resolved chemical profiles of the superlattices are shown in
Figs. 2(b) and 2(c). The resultant total thicknesses of the 4-u.c.
CaMnO3; and 6-u.c. LaNiOj3 layers in the thicker superlattice
are consistent to within 0.5 u.c with the lattice constants
of 3.89 A (LaNiOs) and 3.73 A (CaMnOs) reported previ-
ously in the literature [51-53]. For the thinner (N = 2 u.c.)
superlattice, the resultant total thicknesses are consistent
within <0.2 u.c. The best-fit values of the interface roughness
(interdiffusion length) are 5 A (~1.3 u.c.) for the thicker su-
perlattice and 2A (~0.5u.c.) for the thinner superlattice,
which are consistent with typical high-quality layer-by-layer
growth [35]. Finally, the thickness of the surface-adsorbed
contaminant layer from exposure to the atmosphere (labeled
C/O) has typical values of 12—13 A. Such an element-specific
structural analysis adds to the host of other characterization

results attesting to the high quality and precise control of our
superlattice synthesis.

The x-ray optical models and sample structures were then
used to calculate the depth-resolved profiles of the x-ray SW
electric-field intensities (E?) inside the two superlattices in the
first-order Bragg condition. The purpose of such calculations
is to determine the two x-ray grazing-incidence angles for
each of the superlattices, wherein the antinodes (high E?)
of the standing wave preferentially highlight (1) the middle
“bulklike” sections of the CaMnOj3 layers and (2) the interfa-
cial sections adjacent to LaNiO3. Consequently, by scanning
the x-ray grazing-incidence angle between these two values,
a detailed center-to-interface valence-state profile on Mn can
be obtained by measuring the depth-resolved evolution of the
Mn 3s core-level multiplet splitting [30].

The results of such calculations for the experimental ge-
ometries corresponding to the first-order Bragg condition
are shown in Fig. S3 in the Supplemental Material [36]. It
is evident that while the optimal experimental geometries
highlighting the bulklike and interface-like sections of the
CaMnO; layers can be attained for the thinner (N = 2 u.c.)
sample [see Fig. S3(b)], the tripled thickness of the LaNiO3
layers (N = 6 u.c.) and the nearly doubled period (10 u.c.)
of the thicker superlattice preclude such depth-selective mea-
surements with comparable contrast and depth resolution in
the first-order Bragg condition [see Fig. S3(a)].

It has been suggested by Libera et al. [54] that carrying out
x-ray SW experiments in the second-order Bragg geometry
could result in an enhancement of the depth resolution due
to the doubling of the SW frequency within the sample (at the
expense of some diminution of the SW contrast). Thus, for the
thicker superlattice (N = 6 u.c.) with nearly double the period
(10 u.c. compared to 6 u.c.), such SW frequency doubling
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FIG. 3. (a) Simulated intensity of x-ray standing-wave electric field (E?) inside N = 6 u.c. superlattice as function of depth for x-ray
grazing-incidence angles of 23.25° (top panel) and 25.50° (bottom panel) sensitive to interface-like and bulklike regions of CaMnO; layer,
respectively. (b) Similar simulations for N = 2 u.c. superlattice with characteristic x-ray incidence angles of 16.60° and 19.15° corresponding
to interface-sensitive and bulk-sensitive experimental geometries, respectively. (c) Mn 3s core-level photoemission spectra for N = 6 u.c.
superlattice recorded in interface-sensitive (top) and bulk-sensitive (bottom) experimental geometries, respectively. Difference in multiplet
energy splitting of 0.16 eV is observed. (d) Similar measurements of Mn 3s core-level spectra for N = 2 u.c. superlattice reveal no differences
in magnitude of splitting between interface and bulk. (e) Depth-dependent evolution of Mn 3s multiplet splitting (in eV) as function of x-ray
grazing-incidence angle showing change in effective valence state of Mn in CaMnO; from +3.86 (in bulk) to 4+-3.70 (at interface) in N = 6 u.c.
superlattice. (f) Similar measurement for N = 2 u.c. superlattice, showing homogeneous Mn valence state throughout thickness of CaMnO;

layers.

within the sample results in a similar SW intensity profile
and, therefore, facilitates a comparable depth resolution to that
seen in the thinner sample (measured in the first-order Bragg
condition).

The simulated SW E-field intensity profiles for the optimal
x-ray grazing-incidence geometries highlighting the bulklike
and interface-like sections of the CaMnO; layers are shown
in Fig. 3. Figure 3(a) depicts the second-order SW profiles in
the topmost layers of the thicker (N = 6 u.c.) superlattice. It
reveals that the optimal x-ray grazing incidence for probing
the interface-like and bulklike sections of the CaMnOj layers
are 23.25° and 25.50°, respectively. Conversely, the first-order
SW profiles for the thinner (N = 2 u.c.) superlattice shown in
Fig. 3(b) reveal the optimal angles of 16.60° (interface) and
19.15° (bulk).

To quantify the valence state of Mn in the bulk CaMnOj3
and at the interfaces, we carried out high-resolution measure-
ments of the multiplet-split Mn 3s core-level peaks in each of
the above-mentioned experimental geometries. In transition-
metal oxides, the exchange-coupling interaction between the
3s core-hole and 3d electrons in the valence bands result in
the splitting of the 3s core level [55]. The magnitude of this
energy splitting is inversely proportional to the valence state
of the Mn ion and, thus, can be used to estimate the said
valence state [56]. To date, Mn 3s core-level energy-splitting

XPS analysis is considered to be one of the most reliable
methods for accurately quantifying changes in the Mn valence
state because it does not rely on the relative peak-intensities
analysis (e.g., XAS and EELS), which can be heavily affected
by the background subtraction, limited energy resolution, and
the degree of overlap between the peaks corresponding to
different valence states (e.g., Mn L, 3 XAS analysis).

Figures 3(c) and 3(d) show Mn 3s peaks for the N =6 u.c.
and N = 2 u.c. superlattices, respectively, measured and fit-
ted self-consistently using two Voigt line shapes after a
Shirley background subtraction. The two panels in each
figure correspond to the interface-like and bulklike ex-
perimental geometries characterized by the x-ray grazing-
incidence angle and the SW E-field intensity profile shown
on the left of the plot.

It is clear that even with the lower SW contrast for the
second-order Bragg geometry, a significant increase in the
magnitude of the Mn 3s energy splitting (~160 meV) for the
N = 6 u.c. superlattice is observed at the interface (AE =
4.69 eV) as compared to bulklike CaMnO; (AE = 4.53 eV).
These values of splitting can be used to estimate the formal
valence state of the Mn cation in the bulk and at the interface
of the 4-u.c.-thick CaMnOs film [56], which yields values
of +3.86 (near-stoichiometric +4) for the bulk and +3.70
(reduced by 0.16 ™) at the interface.
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It is important to note that the observed bulk-to-interface
change in the Mn 3s multiplet splitting (~160 meV) is
approximately 70% larger than our total experimental energy
resolution (95 meV). However, since the two multiplet com-
ponents of the Mn 3s peaks are well separated by nearly
5 eV, our ability to quantify the central positions of the cor-
responding Voigt peaks is much better than 95 meV and is
more closely related to the energy stability of the beamline
(<10 meV).

In contrast to this, for the thinner (N = 2 u.c.) superlattice,
the magnitudes of the Mn 3s core-level multiplet splitting are
virtually identical at 4.75 eV (interface) and 4.76 eV (bulk).
This result suggests that the valence state of Mn cations in the
thinner (N = 2 u.c.) superlattice does not evolve with depth or
as a function of proximity to the interface with LaNiO3. Due
to a higher SW contrast in the first-order Bragg geometry, our
measurement for the thinner superlattice is even more sensi-
tive to depth-dependent changes. It is important to reiterate
here that the only difference between the two superlattices
investigated in this study is the thickness (and thus metallicity)
of the LaNiO; layers. The thickness of the CaMnOs3 layers
(4 u.c.) as well as the number of layers in the superlattice (10)
are the same for both samples.

To further confirm our findings and to investigate the
depth-dependent evolution of the Mn valence state in both
samples, we scanned the x-ray grazing-incidence angle in 0.2°
steps between the two “extreme” SW conditions, effectively
translating the SW antinode from the interface to the central
section of the 4-u.c.-thick CaMnOs film. The resultant plots of
the Mn 3s core-level multiplet splittings (in eV) as a function
of the x-ray grazing-incidence angle are shown in Figs. 3(e)
and 3(f) using the same relative vertical (energy) scales.

For the thicker (N = 6 u.c.) superlattice [Fig. 3(e)], a clear
steplike decrease in the magnitude of the splitting is observed
over the range of x-ray grazing-incidence angles spanning the
second-order Bragg condition (24°-25°). In this narrow angu-
lar range, the intensity contrast of the SW within the sample
is maximized, and its phase changes (shifts) from interface
sensitive to bulk sensitive. These findings suggest that the
formal valency of the Mn cations changes from approximately
+3.86 to 4-3.70 over a distance of 2 u.c. from bulk to inter-
face, respectively. Thus, the interfacial unit cells of CaMnOj3
in the superlattice with thicker (metallic) LaNiO3 layers host
an increased concentration of Mn** cations compared to bulk.
The electronic (charge-transfer) nature of this phenomenon is
strongly evidenced by the absence of such interfacial valency
reduction in the superlattice with the below-critical-thickness
(insulating) LaNiO; layers, as shown in Fig. 3(f).

It is important to note that some minor but measurable
oscillation in the magnitude of the Mn 3s splitting is observed
at both lower (interface-sensitive) and higher (bulk-sensitive)
x-ray grazing-incidence angles. Such oscillations are typically
observed in SW-XPS measurements of core-level intensi-
ties as well as x-ray reflectivity and are termed the Kiessig
(or Fresnel) fringes [50]. The intensity modulations result in
modulations of the SW contrast (or amplitude). Thus, at cer-
tain x-ray grazing-incidence angles (e.g., 23.7°), we observe
some averaging between the interface-like and bulklike Mn 3s
energy-splitting values.

Previous studies have suggested that the reduced effec-
tive valence state of the interfacial Mn cations in metallic
superlattices with an above-critical LaNiO3 thickness occurs
due to charge transfer of itinerant Ni 3d e, electrons to Mn
in the interfacial CaMnO; layer [13,27,30]. The resultant
charge reconstruction at the interface creates an electronic
environment favorable for the emergence of the Mn*"-Mn>*
double-exchange interaction, which stabilizes a long-range
canted ferromagnetic order. Conversely, in the insulating
superlattices with below-critical LaNiOj thickness, the de-
pletion of the Ni 3d e, states at the Fermi level results in a
partial or complete blockage of charge transfer from Ni to
Mn and thus prevents the stabilization of the ferromagnetic
state. Prior to this study, the amount of charge transfer nec-
essary to stabilize the ferromagnetic order in CaMnO3; was
calculated to be in the wide range of 0.07-0.20 e~ per Mn
cation [32].

Thus, our current results establish a direct connection
between the depletion of Ni3d e, states (measured via
HAXPES) that results in the metal-insulator transition in
LaNiOj3 (measured via electronic transport) and the suppres-
sion of the charge-transfer-induced ferromagnetic state in
CaMnO3; (measured via Mn L, 3 XMCD). Furthermore, we
directly observe the depth-dependent reduction of the Mn
valency by 0.16 ¢~ at the interface with metallic LaNiO3
[Fig. 3(e)]—an amount that is consistent with the prior the-
oretical prediction of the charge transfer to Mn in a similar
materials system (0.07-0.20 ¢7) [32]. In contrast to this, in a
similar superlattice with insulating LaNiOj3, no such change
in the interfacial Mn valency is observed [Fig. 3(f)], con-
sistent with the charge-transfer suppression scenario. The
above-mentioned quantitative agreement between our work
and theory further supports the explanation that the mag-
netism is tuned by the charge transfer across the interface,
rather than by the emergence of defects and/or additional
interfacial phases (e.g., La;_,Ca,MnOs3). Density-functional
theory and spin-sensitive experimental techniques, such as
resonant inelastic x-ray scattering and neutron scattering, are
critical to shed light on the detailed interfacial spin structures
in this material system.

It is important to note that neither of the two samples con-
tains perfectly stoichiometric CaMnQO3 with an effective Mn
valence state of 44-. This is typically the case with coherently
epitaxial CaMnOj films under tensile strain due to the forma-
tion of oxygen vacancies [26]. The SW-XPS measurements
of the thinner (N = 2. u.c.) superlattice [see Fig. 3(f)] yield
a lower average valence state of Mn (+3.60) due to several
experimental factors, such as a higher surface sensitivity of
the first-order SW measurement as well as a possibly slightly
higher tensile strain at the surface of the thinner superlat-
tice (less relaxation) leading to more oxygen vacancies. Our
bulk-sensitive HAXPES measurements of the Mn 3s core-
level splitting confirm the same depth-averaged Mn valence
state (+3.85) in both superlattices (see Figure S4(a) in the
Supplemental Material [36]), which is consistent with the
similarly bulk-sensitive XAS (LY) measurements shown in
Fig. 1(b). To confirm the surfacelike origin of the lower
valence state of Mn in the thinner (N = 2 u.c.) sample,
we carried out additional surface-sensitive Mn L, 3 XAS
measurements using the total electron-yield detection mode,
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which facilitates an average probing depth of only ~ 5 nm
[57]. The results are shown in Fig. S4(d) of the Supplemental
Material [36] and reveal a significant increase in the intensities
of the Mn>* features at the lower photon-energy side of the
Mn L absorption edge (at ~ 639-641 eV), thus confirming
the surface origin of this effect. An extended discussion is
provided in the Supplemental Material [36].

It is also important to note that the strain state of CaMnOs3
has been shown to have no measurable effect on interfacial
ferromagnetism in prior studies [53]. In fact, a significant
interfacial ferromagnetic moment on Mn was observed even
for the samples grown in a different crystallographic orienta-
tion (111 as opposed to 001) [58]. Thus, any minor structural
differences between the two measured samples are not likely
to have a significant effect on the electronic and magnetic
structure at the interface.

III. SUMMARY AND CONCLUSIONS

In conclusion, we used a combination of bulk-sensitive
valence-band HAXPES, magnetic spectroscopy, and elec-
tronic transport measurements to probe layer-resolved elec-
tronic and magnetic properties of LaNiO3/CaMnQj3 superlat-
tices. Our results established a direct connection between the
depletion of the Ni 3d e, states leading to the metal-insulator
transition in LaNiO3 and the concomitant suppression of the
interfacial ferromagnetic state in CaMnQOj3. We then utilized
depth-resolved SW-XPS in both first- and second-order Bragg
reflection geometries to link the emergence of interfacial fer-
romagnetism in CaMnOs to the direct observation of Ni-Mn
charge-transfer induced valence-state change (by 0.16 ™)
of the interfacial Mn cations in the metallic (N = 6 u.c.)
superlattice. The tunable (or switchable) character of this phe-
nomenon was demonstrated by tailoring the thickness of the

individual LaNiO; layers in the high-quality layer-by-layer
grown LaNiO3;/CaMnOj superlattices. Our results provide a
recipe for designing next-generation spintronic devices using
charge-transfer phenomena for efficient tuning and switching
of low-dimensional electronic and magnetic states at inter-
faces.
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