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ABSTRACT: Emergent magnetic phenomena at interfaces Magneto-optical profile

represent a frontier in materials science, pivotal for advancing wo¢ FW("fMNB,'SA
technologies in spintronics and magnetic storage. In this Letter, we CaRuO, | CaMnQ,/ iCaRuO,
utilize a suite of advanced X-ray spectroscopic and scattering z2 - MnL, /N
techniques to investigate emergent interfacial ferromagnetism in =, : : i
oxide superlattices composed of antiferromagnetic CaMnO; and o E i ;
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paramagnetic CaRuO;. Our findings demonstrate that ferromag- . : \ ;
netism exhibits an asymmetric profile and may extend beyond the  Tcaruo, 12854 ISR 1255
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interfacial layer into multiple unit cells of CaMnO;. Comple- I CaMnO,

mentary density functional calculations reveal that the interfacial

ferromagnetism is driven by the double exchange mechanism, facilitated by charge transfer from Ru to Mn ions. Additionally, defect
chemistry, particularly the presence of oxygen vacancies, can play a crucial role in modifying the magnetic moments at the interface,
possibly leading to the observed asymmetry between the top and bottom CaMnOj interfacial magnetic layers. Our findings
underscore the potential of manipulating interfacial ferromagnetism through point defect engineering.

KEYWORDS: strongly correlated oxides, interfacial magnetism, X-ray spectroscopy, density functional theory

he control of magnetic properties in oxide superlattices

has attracted significant research interest due to their
potential applications in spintronics.' > Specifically, the
stabilization and control of interfacial ferromagnetic ground
states in material systems composed of two nonferromagnetic
materials hold significant importance from both a fundamental
and technological perspective.’™”

The earliest and perhaps the best-known examples of such a
material systems are oxide superlattices composed of
antiferromagnetic CaMnOj; and paramagnetic CaRuOj layers,
which have been extensively studied for their ferromagnetic
properties.” ' In a pioneering study, Takahashi et al.’
demonstrated a ferromagnetic transition at approximately 95
K, localized near the interface region. The magnetization and
magnetoconductance of the superlattice remained constant
and independent of the varying thickness, indicating the crucial
role of the interface in the observed ferromagnetic-like
behavior.

A subsequent theoretical study'® explained this experimental
observation by finding an exponential leakage of metallic Ru 3d
e, electrons across the interface into the insulating CaMnO;.
This charge transfer was shown to stabilize the ferromagnetic
state at the interface through ferromagnetic Anderson—
Hasegawa double exchange,'”'® which competed with the
antiferromagnetic superexchange in bulk CaMnO; to form a
one-unit-cell-thick ferromagnetic interfacial CaMnOj layer.

© 2024 The Authors. Published by
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The calculations also indicated minimal electron penetration
beyond the interfacial layer, explaining the bulk antiferromag-
netism in the remaining CaMnO;.

Subsequent experiments yielded conflicting results regarding
the size of the ferromagnetic unit cell. One experimental
investigation, using a combination of spectroscopic probes,
demonstrated that the aforementioned ferromagnetic polar-
ization extends 3—4 unit cells (u.c.) into CaMnOj, surpassing
the one-unit-cell limit and suggesting the presence of magnetic
polarons at the interface.'” However, another study, employing
polarized neutron reflectivity, revealed that interfacial
ferromagnetism is indeed confined to only one unit cell of
CaMnOj at each interface.'* Moreover, it has been suggested
that the magnitudes of the interfacial Mn magnetic moments
could be modulated by changing the symmetry of oxygen
octahedra connectivity at the boundary, thus proposing the
tuning of interfacial symmetry as a new route to control
emergent interfacial ferromagnetism.'®
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Figure 1. (a) Upper panel: circular polarization-dependent XRR energy scans across the Mn L; and L, absorption thresholds. The measurements
were carried out at a constant value of momentum transfer g, and at a temperature of 20 K. XRR XMCD difference (I;cp — Izcp) and magnetic
asymmetry (I cp — Incp)/(Icp + Ircp) are shown in the lower panels. Three key photon energies corresponding to the nonresonant excitation (620
€V), the Mn L, peak (639.8 eV), and the Mn L, peak (650.6 €V) are marked with red dashed lines. (b) Momentum-dependent XRR spectra and
the best fits to the experimental data measured at the three photon energies. Self-consistent fitting of the data yields a detailed optical absorption
coefficient /3 profile of the sample, shown in (c), with the extracted layer thicknesses of 12.85 A (CaRuO;) and 16.87 A (CaMnO;), as well as the

average interface roughness (chemical interdiffusion) of 3.63 + 1.04 A.

In this article, we present an in-depth analysis of interfacial
ferromagnetism in CaMnO;/CaRuOj superlattices, leveraging
advanced synchrotron-based resonant X-ray reflectivity (XRR)
techniques and density functional calculations to explore the
magnetic properties at the interface of the two materials. We
derive the detailed magneto-optical profile of the interfacial
ferromagnetic layer and demonstrate that although it is
centered in the interfacial unit cell of CaMnQs;, it exhibits
significant Gaussian-like broadening with a full width at half-
maximum (FWHM) of approximately 8.5 A, possibly
extending beyond a single unit cell. Density functional
calculations confirm that interfacial ferromagnetism is driven
by a double exchange mechanism, facilitated by charge transfer
from Ru to Mn across the interface, and show that oxygen
vacancies alter Mn magnetic moments. Detailed fitting of the
g,-dependent X-ray magnetic circular dichroism (XMCD)
asymmetry spectra reveals pronounced magnetic asymmetry
between the top and bottom magnetic interfaces. Our findings
suggest that the presence of point defects, particularly oxygen
vacancies, significantly influences the magnitude of the
magnetic moments, offering a potential method to manipulate
interfacial ferromagnetism in oxide superlattices for advanced
spintronic applications.

A high-quality epitaxial superlattice consisting nominally of
[4 u.c. CaMnO;/4 u.c. CaRuO;] X 10 was synthesized on a
single-crystalline LaAlO; (001) substrate using pulsed laser
interval deposition.'” In-situ monitoring of layer-by-layer
growth was conducted by using reflection high-energy electron
diffraction (RHEED). The coherent epitaxy, crystallinity, and
layering of the superlattice were verified through ex situ X-ray
diffraction spectroscopy (XRD) and X-ray reflectivity (XRR).
To confirm the correct elemental layering of the superlattice,
standing-wave photoemission spectroscopy (SW-XPS)** meas-
urements were carried out at the soft-X-ray ARPES
endstation”' of the high-resolution ADRESS beamline at the
Swiss Light Source.”” The correct chemical composition was
confirmed using bulk-sensitive hard X-ray photoelectron
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spectroscopy (HAXPES) measurements™ with a laboratory-
based spectrometer. Furthermore, synchrotron-based soft X-
ray resonant and nonresonant reflectivity measurements,
described in detail later in this article (Figures 1 and 2),
were used to determine the individual layer thicknesses and
assess the interface quality. The characterization results of
XRD, XRR, SW-XPS, and HAXPES are presented in Figures
S1, S2, S3 and S4 of the Supporting Information (see also refs
24-29).

To derive the detailed X-ray optical depth profile as well as
the element-specific (Mn) magneto-optical profile of the
superlattice, we utilized polarization-dependent soft X-ray
resonant and nonresonant reflectivity at the high-resolution
(AE =~ 100 meV) Magnetic Spectroscopy beamline 4.0.2 at the
Advanced Light Source.”® All measurements were carried out
in an applied in-plane magnetic field of 0.1 T and at the sample
temperature of 20 K, which is well below the reported T, (~95
K) for this system.”

Figure 1a shows circular polarization-dependent XRR energy
scans across the Mn L; and L, absorption edge carried out at a
constant value of momentum transfer g, in specular X-ray
incidence geometry. The XMCD difference (I cp — Ipcp) and
percent magnetic asymmetry (I cp — Ipcp/Iicp + Ipcp) are
shown in the bottom panels and indicate ferromagnetism on
the Mn sites. These data, measured in specular reflectivity
mode, can be compared to the standard X-ray absorption
(XAS) and XMCD spectra recorded in the total electron yield
(TEY) mode of acquisition on the same sample, as shown in
Figure SSa of the Supporting Information. These spectra show
excellent agreement with the prior XAS studies of the
CaMnO,/CaRuO; superlattices.''® Furthermore, as in these
prior studies, they reveal fine spectral features attributed to
Mn** and Mn*" cations. This suggests a mixed Mn valence
state in CaMnO,, which is required for the Mn**—Mn*
ferromagnetic double exchange interaction.® An additional
reference XAS measurement of a bulk-like 30 nm thick
CaMnOs; film grown on an LaAlOj; substrate was carried out

https://doi.org/10.1021/acs.nanolett.4c02087
Nano Lett. 2024, 24, 15195—-15201
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Figure 2. (2) q.-dependent XMCD asymmetry spectra and the best fits to the experimental data measured at the resonant photon energies of the
Mn L, (639.8 eV) and Mn L, (650.6 eV) XRR peaks. Self-consistent fitting of the data yields the detailed magneto-optical profile of the sample
shown in (b). (b) Depth-resolved magneto-optical profile given by the modulation of the magnetic dichroism of the X-ray absorption coefficient
Ap.,. The expanded region in the bottom panel reveals an asymmetry in the magnetic moment at the top and bottom CaMnO; interfaces. The
interfacial ferromagnetic layer exhibits a characteristic Névot—Croce (Gaussian-like) profile with a FWHM of approximately 8.5 A centered in the

interfacial unit cells of CaMnO;.

using the bulk-sensitive luminescence yield (LY) detection
mode. The spectrum, shown in Figure S6 of the Supporting
Information, exhibits a line shape characteristic of a
predominantly Mn** valence state, with only a minor Mn**-
like component on the lower-photon-energy side. This
suggests that the reduced (3+) Mn state observed in the
superlattice samples is likely due to interfacial effects rather
than intrinsic oxygen deficiency from the growth process.
Similar bulk-sensitive XAS LY measurements were also carried
out on the superlattice samples (Figure S7b).

To derive the detailed X-ray optical depth profile of the
superlattice, we selected three photon energies corresponding
to the off-resonant (620 eV) and resonant (Mn L; at 639.8 eV
and L, at 650.6 eV) conditions and carried out q,-dependent
specular XRR scans that are shown in Figure 1b (red curves).
The photon energies mentioned above were selected by
identifying the strongest peaks in the fixed-q, X-ray reflectivity
and XMCD spectra (Figure la). Notably, the q,-dependent
specular XRR spectra shown in Figure 1b span a wide range of
q. (0—0.6 1/A), encompassing both the first-order and second-
order Bragg conditions (at ~0.22 and ~0.43 1/A, respectively)
and, therefore, contain detailed depth-resolved information on
both the layering and the interfacial structure of the sample.”"

The g,-dependent specular XRR spectra shown in Figure 1b
(red curves) were fitted self-consistently with the XRR analysis
program ReMagX,*” using an algorithm based on the Parratt
formalism® and the Névot—Croce interdiffusion approxima-
tion.”* For off-resonant spectrum fitting, only the thicknesses
of the CaMnO; and CaRuOj layers and the interdiffusion
lengths between them were allowed to vary. The resonant X-
ray optical constants needed for calculations were obtained by
a Kramers—Kronig analysis of the XAS data. These values
served as starting input parameters for the resonant XRR
analysis and were optimized (consistently for the L; and L,
edges) during fitting. The blue spectra in Figure 1b represent
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the best theoretical fits to the experimental data, demonstrating
exceptional agreement in terms of the amplitudes of all features
as well as their relative phases and shapes.

A self-consistent X-ray optical profile of the superlattice
resulting from the fitting of the three g_-dependent specular
XRR spectra is shown in Figure lc. The profile is represented
as the depth-dependent (x-axis) variation of the absorption
coefficient 8 at the photon energies corresponding to the Mn
L; (blue curve) and Mn L, (green curve) edges. The maxima
in such element-selective (Mn) absorption profiles correspond
to the depth-resolved positions of the CaMnOj layers and the
minima to the positions of the CaRuO; layers, where Mn is
absent.

The lower part of Figure 1c presents a magnified view of the
typical X-ray optical profile centered around a CaMnO; layer
roughly midway through the superlattice. The individual layer
thicknesses obtained from the X-ray optical fitting are 12.85 A
for CaRuO; and 16.87 A for CaMnO;. These values
correspond to approximately 3.5 and 4.5 primitive cubic unit
cells of CaRuOj; and CaMnO;, respectively, using the lattice
constants from prior studies.'””””> The average interface
roughness (interdiffusion) is 3.63 + 1.04 A, corresponding to
approximately one primitive cubic unit cell of a typical
perovskite oxide. The total superlattice period of 29.72 A
corresponds precisely to 8 primitive cubic unit cells, matching
lab-based XRR and synchrotron-based SW-XPS character-
ization shown in Supporting Figures S1 and S2. Minor
deviations in calculated layer thicknesses may arise from slight
inaccuracies in the resonant X-ray optical properties used as X-
ray optical constants vary drastically near the Mn L,;
resonances.

Thus, we have demonstrated that polarization-averaged g-
dependent specular XRR measurements combined with X-ray
optical modeling enables determination of the X-ray optical
profile of our CaMnO;/CaRuO; superlattice, which also

https://doi.org/10.1021/acs.nanolett.4c02087
Nano Lett. 2024, 24, 15195—-15201
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Figure 3. (a) Crystal structure of the CaRuO;/CaMnO; supercell (Ca in blue, Mn in magenta, O in red, Ru in gray) after ionic relaxation. (b)
Calculated energy differences between various magnetic states of the CaMnOj layers within the supercell: AFM denotes the entire 4-unit cell slab
in an antiferromagnetic state; FM Interface indicates that only one unit cell at the interface exhibits ferromagnetism while the remaining bulk
retains a bulk-like antiferromagnetic state; FM represents the entire CaMnOj slab in a ferromagnetic state. (c) Net Bader charges for the individual
layers of CaRuO; and CaMnOj in the supercell. (d) Layer-resolved magnetic moments per atom for the Ru atoms in CaRuQOj and the Mn atoms in
CaMnO;. (e) Partial spin-projected densities of states for the Ru 4d states in the CaRuOj layers and for the Mn 3d states in the CaMnO; layers.

corresponds to the chemical/structural profile due to the use of
element-specific (Mn) resonant photon energies. Building on
this, we used the extracted chemical/structural profile as input
in the model for fitting the g,-dependent XMCD asymmetry
(I.cp — Ircp/Iicp + Ircp) spectra shown in Figure 2a. Since
these magnetic asymmetry spectra are derived from the same
reflectivity data used for the chemical/structural analysis, this
method self-consistently constrains the model, allowing
sensitive determination of the depth-resolved magneto-optical
profile.

We used data collected at the photon energies of both Mn
L; (top panel) and L, (bottom panel) edges to further
constrain the fitting. The only three variable parameters were
the thickness and roughness of the interfacial magnetic layer
and the X-ray optical constant Af_, which quantifies the
magnitude of the modulation of the magnetic dichroism of the
X-ray absorption coefficient f. Notably, the use of q,-
dependent XMCD asymmetry spectra significantly enhances
the sensitivity of the fitting due to the intricate spectral line
shapes, as depicted in Figure 2a, and the numerous sharp
modulations with varying amplitudes and shapes across the
entire g, range. This improvement is in contrast to the
traditional use of unnormalized g,-dependent XMCD differ-
ence (Icp — Ircp) spectra, as is commonly seen in similar
studies.

The resultant magneto-optical profiles, characterized by the
thickness-dependent modulations of the values of Af,, at the
resonant energies of Mn L; (positive values, shown in blue)
and Mn L, (negative values shown in green), are depicted in
Figure 2b. The opposite signs are in agreement with the
traditional convention for representing XMCD signals at the L
and L, edges. The difference in the amplitudes between the
Mn L;-derived and Mn L,-derived profiles is also consistent
with expected XMCD signal differences at these two
absorption edges (see Figure SS in the Supporting
Information).
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The expanded region of Figure 2b shows the detailed
magneto-optical profile of the CaMnO; layer, and the two
adjacent CaRuOj; layers, in the superlattice’s central region.
The most striking feature is the several-fold (X5.5) asymmetry
between signals at the bottom (CaRuO;/CaMnO;) and top
(CaMnO,/CaRu0;) interfaces, which will be discussed
shortly. The maxima of the magnetic signal are centered
almost perfectly in the interfacial unit cells of CaMnO;.
However, the estimated thickness of the magnetic layer,
calculated from the full width at half-maximum (FWHM) of
the Af, profile shown in Figure 2b, is approximately 8.5 A,
corresponding to approximately 2.3 primitive cubic unit cells of
CaMnO;. Significant broadening of the magnetic signal,
modeled by the Névot—Croce-type interdiffusion,”* appears
on both sides of the magnetic layer. On the side of the
CaMnO; layer, this indicates a possible extension of the
magnetic signal into adjacent CaMnOj unit cells with gradually
decreasing intensity, as there is no sharp transition from
ferromagnetic to nonferromagnetic regions within the
CaMnO; layer. On the other side, where the CaMnO,
interfaces with the CaRuOj layer, the observed broadening is
also expected, mainly due to chemical interdiffusion of Mn or
intermixing, common in such material systems and, in this
case, was estimated to be about one unit cell wide (see Figure
Ic).

Therefore, although the ferromagnetism is clearly strongest
in the interfacial unit cell of CaMnOj;, the total extent of the
ferromagnetic signal is in the range of 1—2.3 cubic unit cells.
This finding bridges discrepancies between studies that
observe (or predict) interfacial ferromagnetism confined to a
single interfacial unit cell of CaMnO;'*"* and those showing it
extends several unit cells from the interface,'” as the definition
of the magnetic layer thickness can significantly affect its
quantification.

Since the maximum available applied magnetic field in XRR
measurements (0.1 T) was below the reported saturation field
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for the CaMnO;/CaRuQ, ferromagnetic interface (~1 T),” it
was necessary to confirm the observed difference (asymmetry)
between the magnitudes of the magnetic signal at the top and
bottom CaMnOyj interfaces at a higher applied field. Thus, we
conducted a comparative study using XAS/XMCD in TEY
detection mode with a 4 T field. We compared our original
sample, terminated with the CaRuOj layer, to a superlattice
sample synthesized in the same batch but terminated with
reversed layers, specifically with the CaMnO; layer instead of
CaRuO;.

The TEY is a more surface-sensitive modality of XAS, with
an average probing depth of 2—5 nm, decaying exponentially
from the surface into the bulk.>**” Therefore, the XMCD
measurement of the original CaMnO;/CaRuQO; sample
(terminated with CaRuO,;) is most sensitive to the
CaMnO;/CaRuO; (“top” type) interface. Conversely, the
measurement of the CaRuO;/CaMnO; sample (terminated
with CaMnQ,) is most sensitive to the CaRuO,;/CaMnO,
(“bottom” type) interface. Measurements reveal a significantly
weaker (X2.7) magnetic signal for the CaRuO,;/CaMnO,
(“bottom” type) interface compared to the CaMnO,/
CaRuO; (“top” type) interface, qualitatively consistent with
our reflectivity measurements (Figure SS of the Supporting
Information). We speculate that, due to the signal’s
exponential decay with depth, there is still some contribution
to the total magnetic signal from the lower (CaMnO3/
CaRuQ;) interface, resulting in weaker suppression of the
depth-averaged magnetic signal (X2.7) compared to the depth-
resolved XRR measurements (X5.5).

As additional theoretical verification of the observed
asymmetry, we repeated the fitting of the g,-dependent
XMCD asymmetry spectra using the same model, but with
an additional constraint forcing Af, magnitudes to be the
same for both interfaces. This modification resulted in a drastic
deterioration in the quality of the fit (Figure S8 in the
Supporting Information).

To explore the origin of the ferromagnetism at the interface,
we performed DFT calculations of the structure and electronic
properties of CaMnO,/CaRuOj; superlattices (see Supporting
Information).”®*” First, we calculated the energy for three
magnetic configurations—the entire CaMnO; slab set to its
bulk G-type antiferromagnetic (AFM) structure, the interfacial
CaMnO; layers set to be ferromagnetic (FM) with the middle
layers constrained to G-type AFM, and the entire CaMnO;
slab set to be FM, rerelaxing the structure in each case. We
found that the lowest energy arrangement has the G-type AFM
ordering of the bulk in the central region of CaMnOj;, with FM
favored at the interface, consistent with our measurements; the
relative energies are shown in Figure 3b. Interestingly,
interfacial FM is so strongly favored that it is lower in energy
for the entire CaMnOj; slab to adopt the FM configuration
than for it all to have the AFM configuration of the bulk.

Having established that our calculations reproduce our
measured interfacial magnetism, we examined its origin. To
this end, we calculated the layer resolved transition-metal
Bader charges, magnetic moments, and densities of states; our
results are shown as a function of layer number in Figure 3c—e,
respectively, with Ru values in black and Mn values in blue.
Our calculated Bader charges (Figure 3c) show charge transfer
from Ru to Mn layers at the interface, consistent with the
increased interfacial local Mn magnetic moment (Figure 3d)
and the metallic partial density of states (Figure 3e).
Therefore, our calculations point to a double exchange

mechanism driven by interfacial metallicity as the origin of
ferromagnetism, as proposed in refs 8 and 10.

We note that the top and bottom interfaces in our supercells
are identical by symmetry, so our calculations using the
nominal superlattice structure do not capture the measured
asymmetry between the magnetism of the top and bottom
CaMnOs; interfacial layers. To explore the possible role of
defect chemistry in this asymmetry, we repeated our
calculation procedure for a supercell containing oxygen
vacancies at one interface. Specifically, we remove one of the
four oxygen atoms between the Mn and Ru atoms at one
interface, as shown in Figure 4a. The resulting calculated
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Figure 4. (a) Crystal structure of the CaRuO;/CaMnO; supercell
with an oxygen vacancy introduced for one of the O atoms
intermediate between the Mn and Ru atoms. (b) Layer-resolved
magnetic moments per atom exhibiting significant asymmetry
between the top and bottom interfaces, with the increased magnetic
moment in the interfacial CaMnOj layer that contains the vacancy.
Dashed horizontal lines indicate the bulk-like values of the magnetic
moments.

magnetic moment per transition metal ion is substantially
increased in the interfacial CaMnOj; layer containing the
vacancy (see Figure 4b), pointing to a difference in the point
defect chemistry, which could be introduced during the growth
process as the possible origin of the different sizes of the
ferromagnetic moments at the two interfaces. Notably, other
structural and electronic factors, not considered in this study,
could also contribute to the observed magnetic asymmetry.

To rule out some of the other possible origins of the
observed magnetic asymmetry between the top and bottom
CaMnO; interfacial layers, we repeated calculations for
supercells with several plausible deviations from the structure
shown in Figure 3a. Specifically, we considered structures with
mixed [001] and [110] oxygen octahedral tilt patterns leading
to frustrated octahedral tilt connectivity at the interface and
superlattices with odd numbers of primitive cubic unit cell
layers of CaMnO; and CaRuQ;. In each case, our calculations
showed no significant magnetic asymmetry between the top
and bottom interfacial CaMnO; layers (Figure S9 in the
Supporting Information).

In summary, we have discovered that the emergent
ferromagnetism in CaMnO;/CaRuQO; oxide superlattices
presents an asymmetric distribution and may extend beyond
the interfacial layer, suggesting a more complex interfacial
behavior than previously recognized. Density functional
calculations indicate that this ferromagnetism is driven by a
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double exchange mechanism, attributed to charge transfer from
Ru to Mn ions, with defect chemistry—such as oxygen
vacancies—possibly playing an important role in creating the
magnetic asymmetry observed at the interfaces. By pushing the
boundaries of traditional magnetic interface studies and
providing deeper and more detailed insight into the atomic-
level interactions at these interfaces, this work paves the way
for future innovations in magnetic storage and spintronics.
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