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ABSTRACT: The La,y,Sry;Co0O;5_s/Lay-SrysMnO,_s (LSCO/
LSMO) bilayer system is an ideal perovskite oxide platform for
investigating interface reconstruction and its effect on their
magnetic properties. Previous studies have shown that LSCO
can separate into magnetic sublayers, which possess distinct trends
as the total LSCO thickness increases. In this study, we used
polarized neutron reflectometry to quantify changes in the
magnetic and chemical depth profiles, and it confirms the
formation of ~12 A-thick interfacial LSCO and LSMO layers,
characterized by a decreased nuclear scattering length density
compared to the bulk of the layers. This decrease is attributed to
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the combined effects of oxygen vacancy formation and interfacial charge transfer, which lead to magnetically active Co®" ions with
ionic radii larger than the Co*"/Co*" ions typically found in bulk LSCO or single-layer films. The interfacial magnetization values, as
well as Co** ion and oxygen vacancy concentrations, depend strongly on the LSCO layer thickness. These results highlight the
sensitive interplay of the cation valence states, oxygen vacancy concentration, and magnetization at interfaces in perovskite oxide
multilayers, demonstrating the potential to tune their functional properties via careful design of their structure.

KEYWORDS: magnetism, exchange bias, perovskites, thin films, charge transfer, interface reconstruction, polarized neutron reflectometry

B INTRODUCTION

Perovskite oxides have received significant interest for
applications in next-generation magnetic and ferroelectric
devices due to their tunable charge, spin, lattice, and orbital
degrees of freedom that provide remarkable sensitivity to
external stimuli.' In particular, interfaces in multilayers have
been shown to drive charge transfer reactions and unexpected
phenomena that are not observed in the constituent
materials.” "> Exchange spring magnets, bilayers composed of
hard/soft magnetic materials, have been studied intensely for
their use as permanent magnets”’ and in heat-assisted
magnetic recording devices.”” Most exchange spring research
has been focused on metal bilayers, but an all-oxide exchange
spring could provide a degree of tunability absent in the purely
metallic counterparts. One example is the perovskite exchange
spring bilayer composed of Laj,Sry3Co0;_5 and
Lay;Sry3MnO;_s (LSCO/LSMO), hard and soft ferromag-
netic (FM) layers, respectively. In this system, an interfacial
layer characterized by magnetically active Co** ions (s-LSCO)
couples to, and switches concurrently with, the soft LSMO
layer.'”"" Previous studies have suggested that for LSCO
thicknesses greater than ~S0 A, beneath the s-LSCO layer, the
remaining LSCO layer maintains the expected Co®*/Co**
valence state and hard FM behavior of single-layer films (h-
LSCO). The h-LSCO layer imposes a reversible exchange bias
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(EB) shift in the coupled soft layers in a direction opposite to
the bias field. A detailed spectroscopy study as a function of
LSCO layer thickness demonstrated that the Co’* ion
concentration is inversely related to the total LSCO thick-
ness.'”> However, these prior studies were unable to
quantitatively determine the interface layer magnetization
and thickness, the role of oxygen vacancies, and whether
magnetization reversal proceeds via a gradual unwinding as
with metallic exchange springs or via domain nucleation within
the soft layer.

To address these questions, we used polarized neutron
reflectometry (PNR), which combines the depth sensitivity of
thin-film reflectivity experiments with the magnetization-
dependent scattering of polarized neutrons, as well as the
capability to quantify changes in oxygen content from nuclear
scattering that is typically difficult due to its low atomic
mass.' >~ ° Among a variety of magnetic systems, this
technique has been used to map the chiral magnetic structures
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Figure 1. Bulk magnetization: (a) major hysteresis loops and (b) biased minor hysteresis loops. The minor hysteresis loops have been centered
vertically to remove the shift due to the saturated h-LSCO layer not reversed by 0.1 T magnetic fields. (c) Co-XA and (d) Co-XMCD spectra;
closed/open symbols correspond to TEY/LY detection. LY Co-XMCD spectra were collected with a fixed field and alternating circular polarization
after field cooling in 0.3 T, while TEY Co-XMCD spectra were taken with +0.3 T and fixed circular polarization. Black and green curves

correspond to Co**and Co*"/Co*" reference spectra, respectively.

of metallic exchange spring multilayers including the SmCo/
Fe,'” CoFe,0,/CoFe,,,'® Fe/Cr,"” and FeyPt,s/NigFey’
systems. It has also attracted intense interest in the study of
perovskite oxide thin films and multilayers, owing to their
unusual magnetic behavior produced by interfacial electronic
reconstruction. Hoffman et al. revealed that a noncollinear
magnetic structure existed between successive LSMO layers in
(LaNiO;),/(LSMO), superlattices (n is the number of unit
cells), which they attributed to charge transfer at the LaNiO;/
LSMO interface and Ni** ions that couple to the LSMO
layers.”"** Furthermore, in situ measurements of magnetic
depth profiles in ion gel-gated La, sSry sCoO;_; films correlated
a decrease in magnetization to gating-induced oxygen vacancy
formation.”” Gilbert et al. investigated oxygen vacancies
introduced in Gd-capped LSCO films, which produced a
spontaneous redox reaction at room temperature to form
GdO,, and led to degraded magnetic properties and a
topotactic phase transition to the La, ;S ;C00O, s brownmiller-
ite structure.”””® These examples highlight the need of a
depth-sensitive probe-like neutron reflectometry to help
unravel emergent interfacial phenomena and nanoscale
magnetic variations in systems similar to the LSCO/LSMO
bilayers investigated here.

The PNR measurements were combined with bulk
magnetometry and soft X-ray magnetic spectroscopy to
quantitatively describe changes in the chemical and magnetic
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depth profiles in two LSCO/LSMO bilayers resulting from
electronic reconstruction. Two bilayers with different LSCO
layer thicknesses were chosen to investigate the two switching
regimes indicated from previous studies of this system:'" the
single-phase magnetic reversal when the LSCO thickness is
below ~S0 A and the two-phase reversal exchange biased
regime for thicker LSCO layers. The PNR measurements
reveal that the charge transfer interfacial layers of ~12 A
possess decreased nuclear scattering length density compared
to the bulk of the layers on both sides of the LSCO/LSMO
interface. These results explain that the magnetization of the s-
LSCO sublayer depends strongly on the LSCO thickness due
to changes in the Co*" ion and oxygen vacancy concentrations.

B EXPERIMENTAL SECTION

The LSCO/LSMO exchange spring bilayers were grown on (001)-
oriented (LaAlO;),;(Sr,TaAlOg),, (LSAT) substrates by pulsed laser
deposition. The designed LSCO layer thicknesses were 40 and 80 A,
each capped with 60 A of LSMO, referred to as samples C4M6 and
C8MS6, respectively. Therefore, the bilayers investigated here bridge
the critical LSCO thickness needed to observe EB from the h-LSCO
layer. The bilayers were grown at a substrate temperature of 700 °C in
300 mtorr O, pressure, using a KrF (248 nm) excimer laser at 0.9 J/
cm? fluence and 1 Hz repetition rate. The samples were cooled to
room temperature in 300 torr O, to ensure proper oxygen content
within the bilayer.

The structural properties of the films were characterized by X-ray
reflectivity (XRR), high-resolution @—20 scans, and reciprocal space
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maps (RSMs) with a Bruker D8 Discover X-ray diffractometer using
Cu Ka; X-rays. They were further characterized using resonant X-ray
reflectivity (RXRR) measurements at beamline 2-1 of the Stanford
Synchrotron Radiation Lightsource at SLAC National Accelerator
Laboratory. RXRR profiles were measured at the Co and Mn K-edges
and an off-resonance energy (8 keV). By tuning the resonance
energies of the B-site ions, we improve the scattering length density
(SLD) contrast between perovskite oxide layers of similar chemical
density.*® All three energies were fit simultaneously to one structural
model using GenX reflectivity software,”” where atomic scattering
factors were selected as additional fit parameters to account for on-
resonance variations in the SLD. A carbon surface layer was added to
the sample model due to prolonged sample exposure to hard X-rays in
air.

The bulk magnetic properties were investigated using a Quantum
Design VersaLab physical properties measurement system. Minor
hysteresis loops were measured to +0.4 T after biasing the sample
with +3 T. Magnetization values were calculated based on the total
layer thicknesses of the bilayers. The magnetic/electronic structure
was probed using X-ray absorption and X-ray magnetic circular
dichroism (XA/XMCD) spectroscopy at beamline 4.0.2 of the
Advanced Light Source (ALS) at Lawrence Berkeley National
Laboratory. To ensure the saturation of the h-LSCO layer, the
samples were field-cooled in 0.3 T and XMCD measurements were
taken with a fixed field of 0.3 T and alternating circular polarization of
the X-rays. Two detection methods were used: total electron yield
(TEY), which provides surface sensitive measurements of the top 4—
10 nm of the sample,”® and luminescence yield (LY), which probes
the full thickness of the film stack.”’ Therefore, Co-TEY measure-
ments primarily probe the s-LSCO layer at the LSCO/LSMO
interface, while Co-LY measurements are well suited to probe the
buried h-LSCO layer. All magnetic and spectroscopy measurements
were performed at 80 K.

PNR measurements were performed at the Magnetism Reflec-
tometer (Beamline 4A) of the Spallation Neutron Source (SNS) at
Oak Ridge National Laboratory’® using the time-of-flight method and
a neutron wavelength band of 2—S5 A. Bilayer C4M6 was measured in
a saturating field of 1.1 T, while bilayer C8M6 was field-cooled in
—1.1 T to saturate all magnetic layers, followed by measurement in
0.2 and 1.1 T, corresponding to antiparallel and parallel alignments of
the hard/soft magnetic layers, respectively. R* and R™ spin channels
were measured, which correspond to initial up/down neutron
polarization, respectively, and the data was co-refined simultaneously
in GenX”” with XRR data.

B RESULTS AND DISCUSSION

RXRR data and fits for the three X-ray energies are shown in
Figure S1 for both bilayers, and the fit parameters are given in
Tables S1 and S2. Best fits were obtained using a structural
model that separates both the LSMO and LSCO layers into
two sublayers with an interface roughness of <S A, indicating
that the bilayers possess smooth structural interfaces with
minimal chemical intermixing. @—26 scans (Figure S2) display
clear thickness fringes indicating that the bilayers possess a
high degree of structural coherence in the out-of-plane
direction. Fitting was performed using Bruker Leptos
software,”' and fit parameters are listed in Table S3. The
layer thicknesses are in reasonable agreement with the
designed values, and both film layers are coherently strained
to the LSAT substrate as demonstrated by the reciprocal space
maps in Figure S3.

The bulk magnetic hysteresis loops of the two bilayers
(Figure 1a) display the expected behavior for LSCO/LSMO
bilayers with LSCO layer thicknesses, that bridge the critical
LSCO thickness for EB from the h-LSCO layer.'’™"* Bilayer
C4M6 displays a single, sharp transition due to the magnetic
coupling of the s-LSCO and LSMO layers, while bilayer C8M6

shows two magnetic transitions from the h-LSCO layer and the
coupled soft layers. As a result, bilayer C8M6 displays an EB
shift (Figure 1b) in the biased minor loops characteristic of
exchange spring systems. The minor hysteresis loops have been
centered vertically to remove the shift due to the saturated h-
LSCO layer not reversed by 0.1 T magnetic fields.

Further insight into the magnetic behavior can be obtained
from the Co-XA/XMCD spectra for the bilayers (Figure 1c,d
with the reference spectra for Co>* ions (La,CoMnOg
(LCMO)) and Co*/Co* ions (LSCO) included). While
the differences in the shapes of the XA spectra between
bilayers and comparing TEY and LY detection modes are
subtle, notable differences exist in the XMCD spectra. For
bilayer C4M6, a strong XMCD signal closely resembling the
Co™" reference spectrum is observed only for the TEY
detection mode, confirming the presence of magnetically
active Co®" ions in the interfacial s-LSCO layer. The signature
of Co®" ions is also present in the TEY XA spectrum (features
indicated by the vertical black dashed lines), while the
corresponding LY XA spectrum is dominated by signatures
of mixed Co’*/Co*" ions indicating that a weakly magnetic
LSCO layer lies at the LSAT substrate interface. In contrast,
the dominant XMCD signal for bilayer C8M6 is observed with
the LY detection mode with characteristics dominated by
mixed Co**/Co* ions of the h-LSCO layer. The TEY data
exhibits an 85% decrease in XMCD peak intensity compared to
the LY data and has nearly equal contributions from Co** and
Co’*/Co*" type FM ordering. A slight shift of the main Co L,
peak to lower energy in the TEY spectrum compared to the LY
spectrum corroborates the presence of Co* ions at the LSCO/
LSMO interface. Therefore, the magnetization of the s-LSCO
layer decreases as the LSCO thickness increases due to the
presence of the h-LSCO layer."

The Mn spectra (Figure S4) resemble that for single-layer
LSMO films for both bilayers. The main Mn L; peak in the LY
spectra is shifted to slightly higher photon energies, indicative
of a higher Mn*-to-Mn®" ratio and consistent with charge
transfer at the LSCO/LSMO interface.'” The TEY XMCD
peak intensity is 20% smaller than the LY data, likely due to a
surface layer of reduced magnetization commonly observed in
LSMO films.*> ¢

To clarify the relationship between total LSCO thickness, its
constituent sublayer thicknesses and magnetization, and
oxygen content, we next address the PNR data. Figure 2a
plots this data for bilayer C4M6, where the splitting between
the two spin channels indicates FM order. The best fits
consisted of a model with two LSCO layers: the main layer at
the substrate interface and the s-LSCO layer; and three LSMO
layers: the interface layer with increased Mn** concentration,
the main LSMO layer, and the surface layer of reduced
magnetization.”>>” The nuclear SLD from this fit (Figure 2b)
indicates the formation of thin layers (12 A or three unit cells)
with a decrease in the nuclear SLD on either side of the
LSCO/LSMO interface, 3.9 and 3.3% decreases for interface
LSCO and LSMO layers, respectively. The densities of the
main layers are consistent with the theoretical density. The
thicknesses of these interface layers are consistent with that
reported for charge transfer layers at oxide interfaces.””” The
reduced density likely results from the large ionic radius of
Co’" ions compared to Co®"/Co*" ions (18—32% larger for
high-spin-state conﬁ[gurations)38’3’9 and possibly the presence
of oxygen vacancies.””~** Attributing this density loss solely to
oxygen vacancies places upper bounds of oxygen non-
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Figure 2. (a) Simultaneous PNR fits at 1.1 T and (b) nuclear SLD
and magnetization profiles for bilayer C4M6.

stoichiometry at the interface at § = 0.20 + 0.01 for the LSCO
and LSMO interface layers.*’ To confirm the sensitivity of the
PNR model to the decrease in density for the interfacial layers,
alternative fits are presented in Figures SS and S6 for bilayer
C4MBS, each of which provides an inferior fit to the measured
data. The corresponding sample magnetization indicates that
the main LSCO layer retains a small magnetic moment (0.4
ug/Co ion or 66 emu/cm?) compared to ~0.9 up/Co ion (150
emu/cm®) for bulk LSCO,* while the s-LSCO layer has a
much larger moment of 1.46 up/Co ion (240 emu/cm?). The
magnetizations of the interface, main, and surface LSMO
sublayers are 3.4 (538 emu/cm?), 3.7 (586 emu/cm?), and
0.52 py/Mn ion (80 emu/cm?®), respectively, where the
magnetization of the main layer is consistent with bulk
values.* By comparing the magnetization values obtained from
the PNR fits to the bulk magnetization data, described in
greater detail in the Supporting Information, we estimate the
individual layer magnetization values to be within +20% of the
neutron fit values, and the magnetization trends are consistent
across all measurement techniques.

While bilayer C4M6 exhibited an LSCO interface layer with
magnetization larger than bulk values, the PNR data and SLD
profiles for bilayer C8M6 shown in Figure 3 exhibit the
opposite behavior. Best fits were obtained using a similar
model to bilayer C4M6 with an additional 4 A nonmagnetic
LSCO layer at the LSAT/LSCO interface™ such that the
LSMO and LSCO layers are both broken up into three
sublayers. The LSCO and LSMO interface layers maintain a
thickness of ~12 A with 3.1 and 1.6% nuclear SLD reductions
for LSCO and LSMO, respectively. These densities correspond
to upper bounds on oxygen nonstoichiometry of 6 = 0.09 +
0.01. A fit with fixed nSLD for all LSCO layers is presented in
Figure S7, which shows larger deviation from the measured
data compared to the fit with decreased density for the
interfacial layers. The s-LSCO and h-LSCO layers have
magnetizations of 0.29 and 1.16 uy/Co ion, respectively. The

;
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Figure 3. PNR data and fits for bilayer C8M6 at (a) 1.1 and (b) 02 T

after an initial field cooling in —1.1 T. (c) Nuclear SLD and
magnetization depth profiles.

PNR fits for both bilayers also indicate the formation of an
LSMO interface layer with decreased density. Unlike the Co®"
rich s-LSCO layer, the oxygen vacancies and charge transfer
model produce counteracting effects on the Mn valence state
in the LSMO layer; oxygen vacancies produce excess negative
charge and thus a greater proportion of Mn®' ions, while
interfacial charge transfer between Co and Mn ions favors the
formation of Mn*" ions. The Mn XA spectra for the bilayers
are consistent with these counteracting mechanisms as they
show minimal deviation from an LSMO thin film.

In comparison to bilayer C4M6, the magnetization of the s-
LSCO layer is significantly decreased, while that of the h-
LSCO layer is enhanced, in agreement with the TEY/LY Co-
XMCD signals for this bilayer. The magnetizations of the
interface, main, and surface LSMO sublayers are 2.41, 2.91,
and 0.27 pg/Mn ion, in reasonable agreement with those of
bilayer C4M6. The difference in LSMO magnetization
compared to C4M6 is likely attributed to an increase in
Mn* ion concentration, which is expected to decrease the
magnetization, an assertion supported by the Mn spectroscopy
data in Figure S4. The as-designed LSMO is near the optimal
doping limit for maximized magnetization and T¢,"” and an
increase in the Mn*"-to-Mn®" ratio effectively shifts the LSMO
to higher Sr doping and leaves fewer 3d electrons to contribute
to the magnetization. Furthermore, the magnetization profile
indicates the antiparallel alignment of the h-LSCO and s-
LSCO/LSMO layers at 0.2 T, with negative magnetization
within the h-LSCO layer and no component of the
magnetization perpendicular to the field direction. Therefore,
magnetization reversal is likely driven by domain nucleation in
the LSMO layer parallel to the magnetic field, which switches
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the s-LSCO layer through interfacial coupling, rather than
through a helical magnetic structure at the magnetic interface.

The magnetization depth profiles obtained from PNR
measurements provide further information for our interface
model of the LSCO thickness dependence of the magnetic
behavior of LSCO/LSMO bilayers. > According to this model,
the LSCO and LSMO layers break up into multiple sublayers
with differing density, electronic structure, and magnetic
properties. Charge transfer occurs across the LSCO/LSMO
interface forming two interface layers of ~12 A thickness with
increased Co** and Mn*" ion concentrations, respectively, and
with reduced densities compared to bulk values. Within the
resolution of our measurements, the thickness of the interface
layers is independent of LSCO thickness. On the LSMO side
of the bilayer, the interfacial LSMO sublayer has suppressed
magnetization, consistent with oxygen-deficient LSMO and an
increase in the Mn*"/Mn®* ratio,‘s’48’49 while the main and
surface LSMO sublayers behave as expected for LSMO thin
films.>* 3

However, the behavior is more complex on the LSCO side
of the bilayer. The s-LSCO layer is characterized by
magnetically active Co’* ions, which couple to the soft
LSMO layer. As the LSCO layer thickness increases, the Co**
ion concentration and XMCD contribution in the s-LSCO
layer decrease, leading to a decrease in the s-LSCO
magnetization, while the h-LSCO layer coercivity and
magnetization gradually increase. As a result, a critical LSCO
thickness of ~50 A exists, above which a distinct h-LSCO layer
forms and which imposes a reversible EB shift in the coupled
soft layers. Below the critical thickness, the s-LSCO layer is
dominated by the magnetically active Co*" ions leading to a
large magnetization (1.46 pz/Co ion) and reduced density due
to the relative Co®*/Co*/Co*" ionic radii. In contrast, above
the critical thickness, the Co**/Co*" ions that replace Co*"
ions in the s-LSCO layer do not contribute significantly to its
magnetization despite a valence state closely resembling that of
bulk LSCO, which might suggest a bulk-like moment. We
believe that this is due to the limited number of Co®" ions,
which disrupt the double exchange mechanism between Co**
and Co*" ions. The resulting s-LSCO magnetization lies below
that of bulk LSCO, suggesting that the reduced density in this
case occurs more due to oxygen vacancies at the interface, as
the larger Co®" ions comprise a much smaller percentage of
interface Co ions. It should be noted that the small lattice
mismatch between LSCO and LSAT (0.61% tensile strain) is
expected to limit the driving force for the formation of ordered
oxygen vacancies observed in cobaltite thin films,*® such that
we do not expect to form a significant amount of
brownmillerite phase within the cobaltite layer.

B CONCLUSIONS

In summary, we present a comprehensive interface model to
explain the LSCO thickness dependence of the magnetic
behavior of LSCO/LSMO bilayers. We determine that the
length scale of electronic reconstruction in the form of charge
transfer extends ~12 A from either side of the LSCO/LSMO
interface. These interface layers are characterized by reduced
density and increased Co®* and Mn*' ion concentrations
compared to the bulk of the layers. The magnetization values
of the LSCO sublayers depend strongly on the LSCO
thickness: the s-LSCO magnetization decreases from 1.46 to
0.30 up/Co ion for LSCO thicknesses of 40 and 80 A,
respectively, while the h-LSCO magnetization increases from
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04 to 1.16 up/Co ion, with a corresponding increase in
coercivity. These trends result from a gradual decrease in the
concentration of magnetically active Co®" ions in the s-LSCO
layer, as well as the presence of oxygen vacancies. As a result, a
critical thickness of ~50 A exists, above which the h-LSCO
layer forms and which can impose EB to the coupled s-LSCO/
LSMO soft layers. These results highlight the interplay of
charge transfer and oxygen stoichiometry in altering the
magnetic profiles of perovskite oxide multilayers and provide a
route to tune their functional properties via careful design of
their structures.
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