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ABSTRACT

While stoichiometric SrRuO3 (SRO) is a metallic itinerant ferromagnet with relatively homogeneous magnetization, Ru deficiency pro-
vides a powerful route to alter its electronic transport and depth-dependent magnetic properties. Ru-deficient SRO thin films grown by
radio frequency high-oxygen pressure sputtering were investigated using a combination of x-ray reflectivity, polarized neutron reflec-
tometry, off-specular neutron scattering, scanning transmission electron microscopy with energy-dispersive x-ray spectroscopy, electrical
transport, and magnetometry. Structural and compositional analyses reveal that Ru deficiency is intrinsic to the films, with an enhanced
deficiency at the interfaces. As a result, coherent electronic transport is suppressed and saturation magnetization is reduced, while the
Curie temperature remains largely unaffected, placing Ru-deficient SRO in a regime consistent with ferromagnetic insulator-like behav-
ior. Depth- and lateral-resolved magnetic measurements further indicate that the interfacial regions remain ferromagnetic, with a reduced
in-plane magnetic projection consistent with enhanced perpendicular magnetic anisotropy that keeps the local magnetization predomi-
nantly out-of-plane. Our results establish Ru deficiency as a key control parameter governing transport, magnetization, and anisotropy
in SRO thin films and highlight defect and interface engineering as powerful routes to tailor interfacial magnetism in correlated oxide
heterostructures.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0329378

I. INTRODUCTION and the periodic crystal lattice. These interactions place SRO at the

frontier of materials research for both conventional electronics and
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SrRuOj; (SRO) is a complex transition metal oxide that has been
used in ferroelectric tunnel junctions and as an electrode material
due to its low room-temperature resistivity and high chemical and
thermal stability.' Beyond these functional properties, SRO exhibits
a wide range of rich and intriguing physical phenomena arising from
strong coupling between charge, spin, and orbital degrees of freedom

emerging quantum technologies.””’

SRO stands out as a rare example of a 4d transition metal oxide
that simultaneously exhibits itinerant ferromagnetism and metallic
conductivity below its Curie temperature (Tcurie) of 160 K. More
recently, it has attracted renewed interest as a platform for study-
ing correlated and topological phenomena.”® For instance, SRO
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displays strain-tunable magnetic anisotropy with narrow domain
walls, strong spin-orbit coupling, and unconventional transport
behavior, including anomalous and topological Hall effects, linked
to nontrivial Berry curvature.”’ "’ Moreover, recent theoretical
predictions suggest that SRO may host topological semimetal
phases, such as Weyl points and Dirac nodal lines near the Fermi
level.!” Its physical properties are remarkably sensitive to epitax-
ial strain, dimensional confinement, interfacial effects, and film
stoichiometry.'' ™

Among these parameters, Ru deficiency plays a particularly
important role in SRO thin films. Rather than acting as a sim-
ple source of disorder, Ru vacancies strongly modify the elec-
tronic bandwidth, magnetic exchange interactions, and magnetic
anisotropy.”"™'° As a result, Ru-deficient SRO films can deviate
substantially from the metallic itinerant ferromagnetic ground state
of stoichiometric SRO, particularly at interfaces where stoichio-
metric disorder and anisotropy gradients are enhanced.'”'” Wak-
abayashi et al. conducted a comparative study of the structural and
electronic transport properties of stoichiometric and Ru-deficient
SRO thin films grown by molecular beam epitaxy (MBE)."” They
observed two primary types of structural disorder in Ru-deficient
films (Ru vacancies within the lattice and interface-driven dis-
orders), which are thickness-dependent. These structural features
were correlated with an enhanced magnetic moment, a reduction
in Tcurie» and the suppression of the magnetic Weyl semimetal
state.

In contrast, Mlynarczyk et al. investigated SRO films grown
by direct current high oxygen pressure sputtering (DC-HOPS) and
found that the Ru deficiency, ~14%, was localized at both film inter-
faces (i.e., at the surface and at the film-substrate interface), while
the bulk of the film remained stoichiometric.'® Despite the pres-
ence of Ru deficiency, the crystallinity of such films remains high,
as evidenced by well-defined finite-thickness (Laue) oscillations in
x-ray diffraction (XRD) measurements. The only notable differ-
ence between stoichiometric and Ru-deficient samples is a slight
out-of-plane lattice expansion.'” These observations highlight the
complex nature of disorder in SRO thin films: even in the absence
of major structural degradation, subtle modifications in stoichiom-
etry can lead to significant changes in magnetic and electronic
behavior.

In this work, we investigate Ru-deficient SRO thin films grown
on Nb-doped and undoped SrTiOs substrates by radio frequency
high oxygen pressure sputtering (RF-HOPS). Similar to the stud-
ies by Wakabayashi et al. and Mlynarczyk et al., our films also
exhibit signatures of Ru deficiency and interfacial inhomogeneity.
While previous studies on such films have largely focused on trans-
port properties and volume-averaged magnetic measurements, the
impact of Ru deficiency on the depth-dependent magnetic struc-
ture, particularly at buried interfaces, remains poorly understood.
Here, we address this issue by combining x-ray reflectivity and
polarized neutron reflectometry to directly probe the nuclear and
magnetic scattering length density profiles with nanometer resolu-
tion. Our approach provides new insights into how stoichiometry
variations and interface quality affect the magnetic properties of
Ru-deficient SRO thin films and is broadly relevant for defect-
engineered control of interfacial magnetism in correlated oxide
heterostructures.

pubs.aip.org/aip/apm

Il. EXPERIMENTAL DETAILS

Single-crystal Nb-doped (Nb:STO, 0.05 wt. % Nb, ~0.1 at. %)
and undoped SrTiO3 (STO) (001) substrates, supplied by Shinkosha,
with miscut angles ranging between 0.05° and 0.1°, were used for
thin film growth. While undoped STO is a standard substrate for
high-quality SRO thin films, it undergoes an antiferrodistortive
(AFD) structural phase transition at ~105 K, which leads to the
formation of structural domains and associated strain fields near
the surface that can affect neutron scattering experiments and the
magnetic response of adjacent thin films.”’ To avoid such effects,
polarized neutron reflectometry and off-specular neutron scatter-
ing measurements were performed exclusively on films grown on
Nb:STO substrates, for which Nb incorporation modifies the AFD
transition temperature and domain formation behavior, reducing
structural inhomogeneity at low temperatures.”** Prior to depo-
sition, all substrates were chemically etched using buffered HF
and subsequently annealed at 950°C for 2 h in air to obtain a
well-defined TiO;-terminated surface.””

The SRO thin films were deposited from a stoichiometric SRO
target using RF-HOPS.” *° To guarantee high-quality thin film
growth and an environment free of contaminants, the SRO target is
pre-sputtered and the deposition chamber is pumped for 24 h before
film deposition. The SRO thin film was deposited at T4, = 785 °C
using a target-substrate distance (Drs) of 2.5 cm, oxygen pressure
(Po,) of 1.5 mbar, and RF plasma generated using a forward power
(FWDP) of 100 W. The SRO growth rate at such growth parameters
is about 125 A/h.*

The sample morphology and local roughness were analyzed
using atomic force microscopy (AFM) in intermittent contact mode,
employing an Agilent 5400 AFM/SPM system equipped with Mikro-
mash HQ:NSC15 cantilevers. Epitaxial quality, layer thickness, and
total surface roughness were examined through x-ray diffraction
(XRD), x-ray reflectivity (XRR), reciprocal space mapping (RSM),
and ¢-scan measurements, conducted on a Rigaku SmartLab diffrac-
tometer. The crystal structure and the chemical composition across
the film, with particular focus on the top and bottom interfaces, were
investigated by high-angle annular dark-field (HAADF) scanning
transmission electron microscopy coupled with energy-dispersive x-
ray spectroscopy (STEM-EDS) using TFS Spectra 300 STEM and FEI
Titan G2 80-200 ChemiSTEM.

Magnetic hysteresis and field-cooled magnetization measure-
ments were performed as a function of temperature and applied
magnetic field using a superconducting quantum interference device
(SQUID) quantum design magnetic properties measurement sys-
tem (MPMS-XL). The temperature dependence of the electrical
transport properties was investigated by standard four-point probe
resistivity measurements using a quantum design physical property
measurement system (PPMS).

Polarized neutron reflectivity (PNR) and off-specular neutron
scattering (OSS) were measured on the Magnetism Reflectometer,
MAGREF,” at BL-4A of the Spallation Neutron Source, Oak Ridge
National Laboratory, using a 10 x 10 mm? sample. Reflectivity was
measured up to wave vector transfer (Q,) of0.12 A™! at 100, 80, and
5K, following field cooling in a 4.8 T in-plane magnetic field (applied
along the [100] crystallographic direction). The neutron spin polar-
ization was set either parallel (R+) or antiparallel (R-) to the field
direction and was applied throughout the measurements.
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I1l. RESULTS AND DISCUSSION

Unless otherwise stated, the structural and magnetic results
presented in this section refer to Ru-deficient SRO films grown
on Nb:STO substrates, which were selected for neutron scatter-
ing experiments to avoid substrate-related structural artifacts. The
Nb:STO substrate exhibits the characteristic terraced morphology
associated with TiO, surface termination [Fig. 1(a)]. Its root mean
square (RMS) local roughness calculated from 5 x 5 um* AFM scans
is~8+£2A.

The morphology of the deposited 375 A (determined from
the calibrated SRO growth rate) SRO thin film [Fig. 1(b)] reveals
evidence of a Stranski-Krastanov growth mode (layer-plus-island

1.7 nm

0.0
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growth), as indicated by the presence of multiterraced islands. Such
growth behavior may be influenced by several factors, including
the substrate miscut angle,””" the terraces alignment in relation
to the [010] substrate direction (also called the angle of miscut
direction),”””" and the substrate surface energy.’! Figure 1(c)
shows a magnified view of the region marked in Fig. 1(b), emphasiz-
ing the contours of a multiterraced island. The presence of multiple
concentric terraces surrounding an individual island nucleus sug-
gests that secondary nucleation occurs on top of preexisting islands.
Importantly, the island morphology appears largely isotropic in the
plane of the film, indicating that the directional information associ-
ated with the substrate step edges is not preserved during growth.
As a consequence, any step-edge-induced anisotropy is strongly
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FIG. 1. Atomic force microscopy micrographs of (a) the Nb:STO substrate and (b) the SRO thin film grown on Nb:STO. (c) Magnified view of the highlighted region in panel
(b). The magnified image highlights the concentric multi-terraced structure of an individual island. (d) X-ray diffraction pattern showing clear Laue oscillations, indicating the
high crystalline quality of the SRO film. (e) Reciprocal space map and (f) ¢-scans measured around the (103) crystallographic reflection of the SRO thin film and Nb:STO
substrate. (g) Cross-sectional high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of the epitaxial SRO film on the Nb:STO
substrate. (h) Atomic-resolution image of the interface, revealing a sharp transition with alternating RuO,/SrO/TiO; planes; the white dashed line marks the position of
the SRO/Nb:STO interface. The inset shows the fast Fourier transform of the atomic-resolution image. (i) X-ray reflectivity data (black symbols) and corresponding GenX
simulations (red line) based on a structural model that includes reduced scattering length density (SLD) layers at both the surface and the buried interface (SRO/Nb:STO).
The inset shows the real part of the extracted SLD depth profile. The dashed—dotted horizontal line indicates the nominal x-ray SLD expected for stoichiometric SRO, shown

as a reference.
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reduced in the SRO layer. This isotropic island growth and rela-
tively high roughness are consistent with the coexistence of multiple
in-plane crystallographic domain variants. The RMS local rough-
ness of the SRO film, calculated over an area of 2.5 x 2.5 /,tmz, was
37+ 14 A

The high crystalline quality of the SRO thin film is evidenced
by the presence of Laue oscillations in the XRD pattern [Fig. 1(d)].
The film shows epitaxial growth, with an in-plane lattice para-
meter that is compressed and aligned with that of the substrate, as
confirmed by the RSM and ¢-scans performed around the pseu-
docubic (103) crystallographic reflection of the SRO thin film and
Nb:STO substrate [Figs. 1(e) and 1(f)]. The out-of-plane lattice para-
meter obtained from the RSM (3.98 + 0.02 A), which is larger
than that for stoichiometric SRO films (3.949 A), provides a first
indication of Ru deficiency in the film."”"” The in-plane crystallo-
graphic structure was further examined by ¢-scan measurements
around the SROp. (103) reflection [Fig. 1(f)]. The ¢-scan reveals four
well-defined peaks separated by 90°, evidencing the coexistence of
two in-plane orthorhombic (110) domain variants. The compara-
ble peak intensities indicate similar domain populations, consistent
with previous reports on SRO films grown on exact or low-miscut
TiO,-terminated STO substrates.”””” Such multidomain growth is
commonly observed when no dominant step-edge anisotropy is
imposed by the substrate, in agreement with the isotropic island
morphology observed by AFM.

Cross-sectional high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) reveals a fully epi-
taxial SRO film grown on Nb:STO with a coherent and atomically
sharp interface, confirming the high crystalline quality of the het-
erostructure [Fig. 1(g)]. The atomic-resolution image in Fig. 1(h)
clearly shows the alternating RuO,, SrO, and TiO, planes, indica-
tive of an ordered perovskite stacking across the interface. The white
dashed line marks the position of the SRO/Nb:STO interface. The
inset in Fig. 1(h) shows the fast Fourier transform (FFT) of the
atomic-resolution image, confirming the high degree of crystallinity
and epitaxial coherence. It is worth noting that, at the Ru deficiency
levels inferred from compositional analyses, the perovskite stack-
ing remains intact and structural signatures of Ru vacancies are not
directly discernible in atomic-resolution HAADF-STEM images,
which primarily probe the local structural order.

To quantitatively determine the total film thickness (t) and
interfacial roughness (o), XRR data were analyzed using GenX soft-
ware.” Several structural models, based on stacked block-like layers
on a substrate, were implemented to represent the layered archi-
tecture of the film. A schematic overview of these models, along
with their key parameters, is provided in the supplementary material
(Sec. S1). While all tested models successfully reproduced the over-
all periodicity of the XRR oscillations (supplementary material,
Sec. S2), primarily sensitive to the film thickness and interfaces,
only one model (model 4) adequately captures the finer features
associated with interfacial roughness. This model includes reduced
scattering length density (SLD) interfaces at both the top (surface)
and bottom (SRO-Nb:STO) film boundaries. The experimental XRR
pattern and the corresponding simulation are shown in Fig. 1(i).

The total film thickness is ¢ = 382 + 3 A, corresponding to the
sum of all sublayer thicknesses and consistent with the expected
thickness based on the calibrated SRO growth rate. In contrast

pubs.aip.org/aip/apm

to the total geometrical thickness obtained from XRR, the finite-
thickness (Laue) oscillations observed around the SROp. (002)
reflection yield a structurally coherent crystalline thickness of ton
=255 + 6 A. The smaller coherent thickness compared to the XRR-
derived value reflects the distinct physical quantities accessed by the
two techniques: while XRR is sensitive to the full electron density
profile, including chemically and structurally modified surface and
SRO/Nb:STO interface regions, Laue oscillations arise only from
the coherently ordered fraction of the film. In Ru-deficient SRO,
vacancy-induced disorder and strain inhomogeneities are expected
to reduce the out-of-plane coherence length, consistent with the
vacancy-driven structural degradation discussed in Ref. 15.

The roughness parameters extracted for the substrate/film
interface, internal film interfaces, and the film surface were
0 =10, 5, and 21 A, respectively. Assuming uncorrelated inter-
faces, these values yield an average effective interfacial roughness
of 0efr ~ 13.7 £ 2 A, estimated by an RMS combination of the indi-
vidual roughness parameters. This assumption is physically justified
by the different origins of roughness at the substrate and film
interfaces: substrate roughness is dominated by step-terrace struc-
tures associated with the miscut, whereas film roughness arises
from growth-induced morphology and island coalescence, leading
to largely independent height fluctuations.

The thicknesses of the surface and SRO-STO interface regions
are estimated to be in the ranges of 4-10 and 10-30 A, respectively,
in good agreement with values reported by Mlynarczyk et al.'”'* In
those studies, Ru deficiency was found to be concentrated at both the
top and bottom interfaces of the film, leading to Sr enrichment in
these regions, while the bulk of the film remained stoichiometric.'®
Here, our XRR results provide a quantitative structural signature of
this compositional variation by revealing a reduced x-ray SLD at the
interfaces. Moreover, Ru deficiency is not confined to the interfaces
but extends throughout the entire film thickness, as evidenced by the
reduced SLD in the central region (1.633 + 0.024 reA™?) compared
to the theoretical x-ray SLD of stoichiometric SRO (1.746 reA%), as
indicated by the dashed-dotted horizontal line [see inset of Fig. 1(i)].
Assuming constant atomic density and full oxygen stoichiometry,
the reduced x-ray SLD corresponds to an effective Ru deficiency of
24%, providing an upper bound for the Ru vacancy concentration
(supplementary material, Sec. S3).

This interpretation is further supported by Rutherford
backscattering spectroscopy (RBS) measurements. Figure 2(a) shows
the RBS spectrum of the SRO/Nb:STO film together with RUMP
simulations using two representative compositions: stoichiometric
SrRuO; and a Ru-deficient model (SrRug7503). The Ru content
predominantly affects the feature around ~1.1 MeV and the high-
energy shoulder of the Ru signal, for which the Ru-deficient model
provides a significantly improved agreement with the experimen-
tal spectrum. This indicates that the film is globally Ru-poor, with
an effective Ru deficiency on the order of ~20%-25%. We note that
as a depth-integrated and heavy-element-weighted technique under
the present measurement conditions, RBS primarily constrains the
overall cation stoichiometry and is comparatively less sensitive to
interfacial composition gradients and oxygen non-stoichiometry.

To obtain spatially resolved compositional information and
directly probe interfacial chemical gradients, STEM-EDS was per-
formed in the cross-sectional region [Fig. 2(b)]. Elemental maps for
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FIG. 2. (a) Rutherford backscattering spectroscopy spectrum of the SRO/Nb:STO thin film together with RUMP simulations assuming stoichiometric SrRuOs (blue line) and
a Ru-deficient composition (SrRug 7503, red line). (b) Cross-sectional HAADF-STEM image of the region used for compositional mapping. (c)—(f) Corresponding STEM-EDS
elemental maps of Ru, Ti, Sr, and O, respectively. The dashed lines in panels (c)—(f) are guides to the eye, marking the approximate positions of the film surface and the
buried SRO/Nb:STO interface. (g) Laterally integrated and normalized STEM-EDS intensity profiles extracted from the region indicated in panel (c), plotted as a function of

depth z, where z = 0 corresponds to the SRO/Nb:STO interface.

Ru, Ti, Sr, and O are presented in Figs. 2(c)-2(f). Laterally integrated
STEM-EDS intensity profiles are shown in Fig. 2(g) to facilitate a
direct comparison of the depth-dependent elemental distributions
across the sample. The profiles were extracted from the region indi-
cated in Fig. 2(c) and are plotted as a function of depth using the
same convention adopted in the x-ray and neutron reflectometry
analyses, with the SRO/Nb:STO interface defined as z = 0.

The Ru map reveals pronounced compositional gradients,
with reduced Ru signal near both the film surface and the buried
SRO/Nb:STO interface, qualitatively consistent with the reduced
SLD layers inferred from XRR. The Ru depletion appears stronger

at the buried interface than near the surface, suggesting that Ru
deficiency is enhanced at the substrate side. In addition, a slight
Ru enhancement is observed in the subsurface region, indicating
a non-uniform Ru distribution across the film thickness. Although
the nominal growth parameters were kept constant during depo-
sition, chemically non-uniform incorporation may still occur in
SRO under high-temperature oxidizing growth conditions. Previ-
ous studies on SRO epitaxy have shown that the growth surface can
be chemically dynamic, with termination-dependent surface diffu-
sion and growth-mode evolution.’* In addition, preferential Ru loss
under oxidizing conditions has been discussed in the literature in
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terms of volatile Ru-oxide formation, particularly RuO3; and RuOy,
at elevated temperature and oxygen partial pressure.'”'**> Within
this framework, the near-surface compositional inhomogeneity may
reflect the combined effects of preferential Ru loss at the film surface,
local redistribution during growth, and post-growth reorganization
during cooling and oxidation. Quantitative interpretation remains
limited by the spatial resolution and thickness integration of the EDS
measurement.

The Ti map shows no clear evidence of Ti diffusion into
the SRO layer (within the sensitivity of STEM-EDS), supporting
chemically well-defined interfaces. The Sr and O maps exhibit com-
paratively weaker variations; regions of reduced Ru signal tend
to coincide with a slight relative Sr enhancement, consistent with
local cation redistribution and relative off-stoichiometry. A fully
quantitative description would additionally require assessing pos-
sible oxygen non-stoichiometry, which is not robustly constrained
by the present RBS/EDS data. The combined RBS and STEM-EDS
results corroborate the XRR-based structural model and support a
picture of Ru deficiency that is enhanced at interfaces and present
throughout the film.

The high volatility of Ru can lead to the formation of dis-
tinct types of Ru-vacancy-related disorder, as identified by Wak-
abayashi et al.'” One contribution arises from Ru vacancies dis-
tributed throughout the bulk of the film, introducing structural
disorder that can reduce the coherent crystalline thickness relative
to the total thickness measured by XRR. A second contribution is
interface-driven disorder, associated with compositional and struc-
tural variations localized at the film-substrate interface, which can
influence the interfacial quality and the depth-dependent SLD pro-
file. In this context, XRR provides the quantitative link between the
depth-integrated stoichiometry obtained from RBS and the local
compositional variations revealed by STEM-EDS, yielding a sta-
tistically averaged depth profile of Ru deficiency across the film.
This combined structural and compositional picture establishes a
consistent physical framework for understanding the properties of
Ru-deficient SRO.

Electron transport properties are strongly affected by Ru defi-
ciency, as evidenced by the temperature dependence of the resistivity
[Fig. 3(a)] for films grown on both Nb-doped and undoped STO
substrates. The absence of a discernible kink at the Curie temper-
ature (Tcurie ~ 160 K) and the pronounced increase in resistivity
at low temperatures indicate semiconducting or insulating behav-
ior within the measured temperature range. The insulating response
observed for the film grown on the undoped STO substrate demon-
strates that the Ru-deficient SRO layer itself is intrinsically non-
metallic, consistent with previous reports on Ru-poor SRO thin
films.”> For the film grown on the Nb-doped substrate, the resis-
tivity curve exhibits apparent metallic-like temperature dependence.
However, this behavior is dominated by a shunting effect, whereby
the electrical current preferentially flows through the highly conduc-
tive Nb:STO substrate rather than through the SRO layer. As a result,
the measured resistivity underestimates the intrinsic resistivity of the
Ru-deficient SRO film, as it includes a substantial contribution from
the conductive substrate. This decoupling between electronic trans-
portand magnetic order reflects the sensitivity of Ru-O-Ru hopping
to vacancy disorder, while the ferromagnetic exchange interaction
remains comparatively robust.

pubs.aip.org/aip/apm

The temperature dependence of the magnetization M(T'), mea-
sured after field cooling the sample in a magnetic field of 50
Oe applied perpendicular (out-of-plane) and parallel (in-plane)
to the film surface, is shown in Fig. 3(b). The Tcure value of
158.6 + 0.5 K was extracted from the first derivative of the FC data
[inset of Fig. 3(b)]. Complementary magnetization measurements
performed on Ru-deficient SRO films grown on undoped STO sub-
strates are provided in the supplementary material (Sec. S5, Fig. S3).
The Tcurie value is not strongly affected by the Ru deficiency in
SRO films prepared by RF-HOPS, which contrasts with Tcyrie val-
ues of Ru-poor SRO films prepared by MBE (~140 K) and pulsed
laser deposition (~143 K), where similar levels of non-stoichiometry
have been reported to lower Tcurie. ' These observations highlight
the distinct behavior of SRO films grown by RE-HOPS, suggesting
that this technique not only influences the spatial distribution of Ru
vacancies but also may mitigate their detrimental effects on mag-
netic ordering. This combination of non-metallic transport behavior
and a robust Tcuyrie is consistent with a ferromagnetic insulator-like
regime induced by Ru-vacancy-related disorder.

In addition to the ferromagnetic transition, a distinct feature
emerges in FC magnetization below Tcurie, starting at ~117 K and
peaking near 87 K. This temperature range coincides with the AFD
cubic-to-tetragonal structural transition of the STO substrate, which
typically occurs between 110 and 65 K. Simultaneously, a clear
bifurcation between the out-of-plane and in-plane magnetization
components develops in Fig. 3(b), consistent with an enhance-
ment of perpendicular magnetic anisotropy (PMA) upon cooling.
The persistence of this feature suggests that Nb doping does not
suppress the AFD transition, but rather modifies its onset tem-
perature and domain configuration,”"** potentially influencing the
magnetic anisotropy of the adjacent Ru-deficient SRO film. At the
same time, given the pronounced depth-dependent Ru deficiency
of the film, an additional contribution from film-intrinsic variations
in magnetic response and anisotropy across the thickness cannot be
excluded.

The temperature evolution of the magnetic anisotropy is fur-
ther elucidated by the magnetic hysteresis loops M (H), as shown in
Figs. 3(c)-3(g). All hysteresis loops were recorded after field cool-
ing under an applied magnetic field of 5 T. At 135 K and 120 K
[Figs. 3(c) and 3(d)], the out-of-plane (OP) and in-plane (IP) M(H)
are nearly identical, indicating only weak PMA in this temperature
range. Upon further cooling to 100 K [Fig. 3(e)], a clear bifur-
cation between the OP and IP magnetization emerges, marking a
crossover toward enhanced PMA. This crossover temperature coin-
cides with the onset of the OP-IP separation observed in the FC
M(T) [Fig. 3(b)]. At lower temperatures, 80 and 5 K [Figs. 3(f)
and 3(g)], the anisotropy becomes pronounced, with the OP direc-
tion acting as a clear easy axis, characterized by sharp magnetization
reversal and easier saturation compared to the IP hard axis. The pro-
gressive enhancement of PMA upon cooling suggests that structural
and interfacial effects, potentially amplified by the AFD transition of
the Nb:STO substrate, may play an important role in stabilizing the
magnetic anisotropy in Ru-deficient SRO films.

At the lowest temperatures, additional features appear in the
hysteresis loops, most notably small irregularities in the magnetiza-
tion reversal, particularly at 5 K. Such step-like features are char-
acteristic of multidomain behavior commonly observed in strained
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FIG. 3. (a) Temperature dependence of the resistivity for SRO thin films grown on undoped STO and Nb-doped STO substrates. (b) Field-cooled magnetization measured
under an applied field of 50 Oe, with the field oriented perpendicular (out-of-plane, OP) and parallel (in-plane, IP) to the film surface. The inset shows the first derivative
of the magnetization, highlighting the Curie temperature (Tcyuie) and the antiferrodistortive transition temperature (Tarp) of the STO substrate. (c) and (d) Magnetic
hysteresis loops M(H) measured at 135 and 120 K, respectively, showing weak perpendicular magnetic anisotropy (PMA) with nearly identical OP and IP responses. (e)
M(H) measured at 100 K, revealing the onset of a clear bifurcation between OP and IP magnetization, indicative of a crossover toward enhanced PMA. (f) and (g) M(H)
measured at 80 and 5 K, respectively, displaying a pronounced enhancement of PMA, with easier saturation along the OP direction. For clarity, the hysteresis loops at 135
and 120 K are shown up to 3 T due to increased noise at higher fields. All M(H) were performed after field cooling the sample in 5 T.

SRO thin films.”””* In this regime, multiple crystallographic and
magnetic domain variants can coexist, giving rise to non-smooth
magnetization reversal processes.”””” These multidomain states are
consistent with terrace-induced IP variants arising from the low sub-
strate miscut and terrace orientation. In the present Ru-deficient
film, this low-temperature behavior may additionally reflect the
fact that different parts of the film thickness may not respond

identically because of the depth-dependent composition and
anisotropy.

In stoichiometric SRO, the OP saturation magnetic moment
per Ru atom typically reaches about 1.6 y, at low temperatures.'®
In contrast, the present Ru-deficient film exhibits a significantly
reduced effective magnetic moment of ~0.53 yp/Ru at 5 K. This
value was obtained by normalizing the SQUID magnetization to
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the effective magnetic moment per Ru atom following the pro-
cedure described in the supplementary material (Sec. S6). This
normalization is used as a convenient way to compare the effec-
tive magnetic moment with literature values expressed in u,/Ru
and should not be interpreted as a site-specific attribution of the
entire magnetic moment exclusively to Ru. This reduction is consis-
tent with a weakening of the Ru-O-Ru exchange interactions that
mediate ferromagnetism in SRO,'° as Ru vacancies locally break
these exchange paths, introducing magnetic frustration and weak-
ening the double-exchange mechanism responsible for long-range
order."”” Nevertheless, the persistence of a robust ferromagnetic
signal indicates that the vacancy concentration remains below the
threshold that would fully suppress magnetic ordering.

The high-field saturation magnetization also shows a clear
dependence on the direction of the applied magnetic field, a behav-
ior commonly reported for SRO thin films. Several factors may
contribute to this anisotropic response.’” Ziese et al. noted that
the typical procedure for subtracting the diamagnetic substrate
background, which is done by removing the extrapolated high-
field slope, may neglect paramagnetic contributions from the film
itself, potentially leading to incorrect estimates of the saturation
magnetization along different crystallographic directions.”” More-
over, the anisotropy field in SRO can exceed the maximum applied
magnetic field, thereby preventing full saturation magnetization
along the magnetic hard axes.'® Structural defects may also con-
tribute to the suppression of full saturation by disrupting magnetic
order.”’
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The SQUID magnetization curves (Fig. 3) provide values
directly proportional to the total volume magnetization of the sam-
ple and, as such, do not offer the spatial resolution necessary to
probe interface-specific magnetic behavior. In contrast, PNR pro-
vides depth-resolved information on both the nuclear and magnetic
structures of thin films and buried interfaces.""” The nuclear scat-
tering length density (nSLD) describes the atomic structure, whereas
the magnetic scattering length density (mSLD) reflects the IP com-
ponent of the magnetization as a function of depth.”' ™ It, there-
fore, represents the effective magnetic contribution to the neutron
magnetic scattering, rather than a site-specific decomposition into
separate Ru and O moments. This distinction is particularly rele-
vant in SRO, where the magnetic response arises from the hybridized
Ru-O electronic network, and oxygen is known to carry a significant
fraction of the total magnetic moment."**’

To investigate the influence of Ru deficiency on the magnetic
depth profile of SRO thin films, PNR measurements were performed
at selected temperatures following field cooling in a 4.8 T magnetic
field applied parallel to the film surface (IP). During the measure-
ments, the magnetic field remained applied IP and the neutron
spin polarization was set parallel (R+) or antiparallel (R-) to this
direction, corresponding to the IP [100] axis, which represents the
magnetic hard axis of the film. In this configuration, the neutron
spin is sensitive to the IP component of the effective magnetization,
allowing the separation of the nuclear and magnetic SLD profiles.
The applied field of 4.8 T corresponds to the maximum available
at the instrument and remains well below the reported anisotropy
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FIG. 4. (a)—(c) Spin asymmetry [(R+) — (R-)J/[(R+) + (R—)] measured at (a) 100 K, (b) 80 K, and (c) 5 K after field cooling the sample in a 4.8 T in-plane magnetic field.
The open symbols represent the experimental data, and the solid lines represent the fits obtained from the best-refined model. (d) Nuclear scattering length density (nSLD,
left axis) and magnetization profiles (right axis) derived from the magnetic scattering length density (mSLD) extracted from the fits. The dashed line indicates the nominal
nuclear SLD expected for stoichiometric bulk SrRuQ;. The reduced nSLD relative to the reference value indicates Ru deficiency extending throughout the film thickness. The
interfacial regions at the film surface and at the SRO/STO interface, where the nSLD is further reduced and consistent with enhanced Ru deficiency, are highlighted by the
shaded areas. The magnetization profiles reveal finite magnetization at all temperatures, with reduced values in these interfacial regions compared to the film bulk.
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field of SRO along the hard axis (12-14 T),'® such that the film is not
fully saturated in this direction. PNR measurements were performed
at 100, 80, and 5 K, corresponding to representative temperatures
selected based on the magnetometry results.

Figures 4(a)-4(c) shows the experimental spin asymmetry
[(R+) = (R-)]/[(R+) + (R-)] curves together with the corresponding
fits. The use of spin asymmetry emphasizes the magnetic contribu-
tion to the reflectivity by removing the purely structural background.
The oscillatory behavior observed at 100, 80, and 5 K indicates a
finite magnetic contrast within the film, which increases slightly
upon cooling. Although the amplitude of the spin asymmetry is
small, consistent with the weak in-plane magnetic contrast of Ru-
deficient SRO in the present measurement geometry, it is sufficient
to extract reliable depth-dependent magnetization profiles.

The corresponding nSLD and magnetization profiles obtained
from the fits are shown in Fig. 4(d). The magnetization profiles
were derived from the mSLD obtained in the PNR fits, follow-
ing the procedure described in the supplementary material (Sec.
$6). The structural parameters extracted from PNR, including the
film thickness and interface roughness, are in good agreement
with those derived from XRR and AFM analyses, confirming the
internal consistency of the structural model. Complementary to
the XRR results, the PNR data indicate that the reduced nSLD is
not confined to the interfaces but extends throughout the entire
film thickness, consistent with Ru deficiency across the film thick-
ness and resulting in a uniformly reduced nSLD compared to
the stoichiometric value [dashed line in Fig. 4(d)]. A quantita-
tive comparison between the nSLD obtained from PNR and the
x-ray-derived SLD further supports this consistency (supplementary
material, Sec. S4). Notably, the nSLD profiles exhibit further reduc-
tions in the interfacial regions, which appear as lighter shaded areas
in Fig. 4(d). These regions coincide with the interfaces identified
by XRR and STEM-EDS and are, therefore, consistent with an
enhanced Ru deficiency near both the film surface and the buried
SRO/STO interface.

From the magnetic point of view, the film retains a finite
magnetic signal across all temperatures, as shown by the mag-
netization profiles in Fig. 4(d). Here, the magnetization profiles
represent the in-plane component probed by PNR. The interface
regions also exhibit measurable magnetic signals, although signifi-
cantly reduced relative to the film bulk. For quantitative comparison
with SQUID magnetometry, the depth-resolved magnetization pro-
files obtained from PNR were normalized to an effective magnetic
moment per Ru atom (¢z/Ru), following the procedure described
in the supplementary material (Sec. S6). This normalization is used
for comparison with literature values expressed in y,/Ru and does
not imply that the magnetic moment is exclusively localized on
Ru. The average magnetic moment values extracted from PNR ({u)
= 0.18, 0.26, and 0.29 ug/Ru at 100, 80, and 5 K, respectively)
were calculated as a thickness-weighted mean of the layer mag-
netizations according to (u) = >;u;ti/>;ti, where t; and y, are the
thickness and magnetization of each layer, respectively. This proce-
dure yields a thickness-weighted average in-plane magnetic moment
per Ru, directly comparable with the SQUID values expressed
in pg/Ru.

The obtained values fall between the IP and OP SQUID mag-
netization components: at 100 and 80 K, the PNR magnetization is
closer to the OP SQUID values, while at 5 K, it approaches the IP

pubs.aip.org/aip/apm

component. This evolution is consistent with a gradual rotation of
the effective magnetization toward the film plane under field cool-
ing in 4.8 T, although complete IP alignment is not achieved. The
small amplitude of the spin-asymmetry signal and the lack of full
IP saturation further support the presence of a significant OP com-
ponent stabilized by the strong PMA. The strong PMA observed
in SQUID magnetometry independently indicates that the reduced
in-plane magnetization detected by PNR at the interfaces is more
naturally interpreted as a suppression of the in-plane projection
rather than a complete loss of magnetic order. Within this frame-
work, the PNR results are consistent with a partially canted mag-
netic configuration that evolves upon cooling under an IP applied
field. In a film with depth-dependent Ru deficiency, such behavior
may also reflect a depth-dependent magnetic configuration aris-
ing from local variations in composition and PMA across the film
thickness, rather than a rigid rotation of a single uniform magne-
tization vector. All SQUID and PNR measurements discussed here
were performed following the same field-cooling protocol. There-
fore, the observed evolution can be discussed in terms of intrinsic
changes in the magnetic configuration under equivalent preparation
conditions.

Figure 5 shows the OSS maps acquired at 100, 80, and
5 K for both spin channels (R+ and R-). The maps display the
expected central specular line at K, — K¢ = 0 and diffuse scattering
along the diagonal directions, characteristic of lateral structural or
magnetic roughness and interfacial inhomogeneity, called Yoneda
scattering.’"***’ The scattering arises from refraction and enhance-
ment of the scattered waves at the surface and interface of a material,
particularly when the angle of the scattered waves is close to the
critical angle of the film. Upon cooling, the diffuse magnetic scat-
tering becomes more pronounced. Here, this evolution is discussed
in terms of a relative redistribution of the diffuse scattering intensity
since the maps are background-subtracted and compared using the
same color scale.

The OSS results provide complementary qualitative evidence
supporting the depth-resolved magnetic profiles obtained from
PNR. The enhanced diffuse scattering at low temperature is consis-
tent with changes in the magnetic configuration under the applied
IP field, within a picture where strong PMA preserves a finite OP
magnetization component while the applied field favors an increas-
ing IP projection upon cooling. In a film with depth-dependent Ru
deficiency, this behavior may also be associated with a magnetic
configuration that varies both in thickness and laterally, leading to
modified magnetic correlations and a redistribution of the diffuse
scattering intensity. Within the present experimental sensitivity, the
OSS data, therefore, qualitatively support the PNR-based interpre-
tation that the magnetization does not rotate rigidly into the film
plane, but instead evolves toward a partially canted state at low
temperature.

Simulated OSS maps [Figs. 5(g) and 5(h)], performed accord-
ing to Refs. 50 and 51 using the structural and magnetic parameters
extracted from the 5 K PNR fits, capture the main experimental fea-
tures, including the diagonal diffuse bands. This agreement indicates
that the structural and magnetic roughness of the film and sub-
strate are largely uncorrelated, consistent with island-like growth on
TiO,-terminated Nb:STO substrates. The analysis further suggests
that within the present experimental sensitivity, the lateral magnetic
roughness closely follows the nuclear roughness profile, while the
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FIG. 5. Polarized off-specular neutron scattering (OSS) maps measured at 100, 80,
and 5 K for both spin channels R+ (a), (c), and (e) and R— (b), (d), and (f), after
field cooling in a 4.8 T in-plane magnetic field. The intensities were background-
subtracted, and the same color scale is used for all temperatures to facilitate
comparison of relative changes in the scattering distribution. The light-gray regions
indicate areas outside the physical scan area, while the darker-gray regions cor-
respond to measured parts of the scan where no intensity values are displayed
after background subtraction and intensity cutoff. Panels (g) and (h) show sim-
ulated OSS patterns calculated from the PNR-derived structural and magnetic
parameters at 5 K, capturing the main experimental features.

reduced magnetic response of the Ru-deficient SRO film limits the
overall magnetic contrast.

Given the substantial reduction in interfacial magnetization
observed in Fig. 4(d), it is plausible that the film interfaces may
behave as magnetically inactive or dead layers. This interpretation
is consistent with well-established observations in related complex
oxide systems. For example, Porter et al. reported magnetic dead
layers of ~0.8-1.5 nm in Lag7Sro3MnO; (LSMO) films grown on
STO substrates, depending on substrate type and film thickness.”*
Similar interfacial magnetic suppression has also been observed in
SRO thin films. Horiuchi et al. recently described a ~3 nm region
near the SRO/STO interface as a dead layer characterized by reduced
magnetization and conductivity, although the microscopic origin
of this behavior was not discussed in detail.”” Other studies have
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also reported that near-interface regions in SRO exhibit diminished
ferromagnetism or even non-magnetic behavior associated with dis-
order, stoichiometric deviations, or strain effects.”*” In manganite
heterostructures, the emergence of such magnetically dead layers
has been linked to a combination of structural distortions, orbital
reconstruction, oxygen vacancies, and interfacial strain.”’*’ Sim-
ilar mechanisms may also play a role in the interfacial magnetic
suppression observed in ruthenate films.

In the present case, however, modeling the interfaces
as completely non-magnetic did not yield satisfactory results
(supplementary material, Sec. S7). Such a model significantly altered
the oscillation periodicity of the reflectivity curves, leading to
unphysical estimates of the film thickness. These discrepancies indi-
cate that, although the interfacial magnetization is strongly reduced,
it does not vanish entirely. A more physically consistent explana-
tion is that the PMA near the interfaces is stronger than in the
film bulk, constraining the local magnetization to remain predom-
inantly OP and thus reducing its IP projection detected by PNR. In
SRO, such an interfacial anisotropy enhancement is more appropri-
ately understood in terms of the coupled Ru-O electronic network
than as a purely Ru-centered effect. Recent work has highlighted the
role of ligand-driven anisotropy in SRO, showing that the orbital
response of the ligand O 2p states, induced through hybridization
with Ru 44 states, plays a key role in determining the magnetic
anisotropy, while neutron diffraction studies on bulk single crys-
tals have shown that oxygen carries a non-negligible fraction of the
total magnetic moment, on the order of ~ 30%.**” Within this
framework, interfacial Ru deficiency and non-stoichiometry may
alter the local Ru-O hybridization and thereby enhance the inter-
facial anisotropy while reducing the in-plane magnetic projection
detected by PNR. Accordingly, the refined model incorporating par-
tially magnetized interfacial regions due to enhanced OP anisotropy
reproduces the experimental data more accurately.

This finding highlights that Ru deficiency and local anisotropy
variations at the interfaces play a central role in suppressing the
IP magnetization, while the overall ferromagnetic integrity of the
SRO film remains preserved. Importantly, these results show that
the reduced interfacial magnetization often inferred in Ru-deficient
SRO does not originate from magnetically dead layers, but rather
from strongly anisotropic interfacial magnetism, plausibly linked to
local modifications of the Ru-O electronic structure.

54,5

IV. CONCLUSION

In summary, a comprehensive set of complementary tech-
niques establishes that SRO thin films grown by RF-HOPS are
intrinsically Ru-deficient, with an enhanced deficiency at the inter-
faces and a finite deficiency extending throughout the film bulk. This
non-stoichiometry strongly suppresses coherent electronic trans-
port and reduces the saturation magnetization without significantly
affecting Tcurie, placing Ru-deficient SRO in a regime consistent with
ferromagnetic insulator-like behavior.

Depth- and lateral-resolved magnetic probes indicate that the
reduced magnetization at the interfaces does not arise from fully
magnetically dead layers. Instead, the interfacial regions remain
ferromagnetic and show a reduced in-plane magnetic projection
consistent with enhanced PMA that keeps the local magnetization
predominantly out of plane. As a result, the magnetic response of
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Ru-deficient SRO films is more consistently understood in terms
of anisotropy gradients and partial canting than as a simple loss of
magnetic order.

These findings highlight Ru deficiency as an effective control
parameter for simultaneously tuning transport, magnetization, and
anisotropy in correlated oxide thin films. These results show that
defect and interface engineering provide effective routes to modu-
late interfacial magnetism beyond simple dead layer scenarios, with
direct relevance for the design of oxide heterostructures with tailored
magnetic functionalities.

SUPPLEMENTARY MATERIAL

The supplementary material provides additional structural,
magnetic, and neutron-scattering analysis, including complemen-
tary characterization data, model comparisons, and quantitative
estimates supporting the main text.
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