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ABSTRACT

The burgeoning fields of spintronics and topological electronics require materials possessing a
unique combination of properties: ferromagnetism, metallicity, and chemical stability. StRuO3
(SRO) stands out as a compelling candidate due to its exceptional combination of these attributes.
However, understanding its behavior under tensile strain, especially its thickness-dependent
changes, remains elusive. This study employs machine-learning-assisted molecular beam epitaxy
to investigate SRO films with thicknesses from 1 to 10 nm. This work complements the existing
focus on compressive-strained SRO, opening a new avenue for exploring its hitherto concealed
potential. Using soft X-ray magnetic circular dichroism, we uncover an intriguing interplay
between film thickness, electronic structure, and magnetic properties. Our key findings reveal an
intensified localization of Ru 4d #,,-O 2p hybridized states at lower thicknesses, attributed to the
weakened orbital hybridization. Furthermore, we find a progressive reduction of magnetic
moments for both Ru and O ions as film thickness decreases. Notably, a non-ferromagnetic
insulating state emerges at a critical thickness of 1 nm, marking a pivotal transition from the
metallic ferromagnetic phase. These insights emphasize the importance of considering thickness-
dependent properties when tailoring SRO for next-generation spintronic and topological electronic
devices.



I. INTRODUCTION

Due to its unique combination of ferromagnetism, metallicity, chemical stability, and compatibility
with other perovskite-structured oxides, the 4d itinerant ferromagnetic perovskite STRuO3 (SRO),
whose bulk Curie temperature (7c) is 165 K, has been extensively studied.!-® The recent
observations of Weyl fermions in it has sparked renewed attention for investigating unique
quantum transport phenomena and possible applications in the field of topological electronics.!*-
!4 In addition, a ferromagnetic state at a single monolayer SRO has been reported,'®> making it a
unique candidate for realizing single-layer magnetic Weyl semimetals. Additionally, it has been
reported that SRO exhibits spin-related transport phenomena such as tunneling
magnetoresistance!¢ and current-injected magnetization switching,!” making SRO promising for
applications in spintronics.

The successful integration of SRO into spintronics and topological electronics necessitates
comprehensive consideration of its strain-dependent electrical and magnetic properties at
heterointerfaces, particularly under the ubiquitous presence of epitaxial strain arising from lattice
mismatch. While the thickness dependence of these properties under compressive strain on SrTiOs3
(STO) (001) substrates has been extensively investigated,!>1822 a critical knowledge gap exists
concerning SRO under tensile strain. Notably, in compressive-strained SRO films, a well-defined
critical thickness of ~ 2 nm marks the transition to a non-ferromagnetic, insulating state. However,
the strong coupling between lattice, electron, and spin degrees of freedom in SRO?*-?7 casts doubt
on the direct extrapolation of this behavior to tensile strain scenarios. Therefore, a systematic
investigation of the thickness-dependent evolution of electronic and magnetic properties in tensile-
strained SRO films is an urgent and paramount endeavor.

In this study, we investigated the magnetic and electrical properties of tensile-strained SRO
films with thicknesses # = 1-10 nm grown by machine-learning-assisted molecular beam epitaxy
(ML-MBE).28-30 The transport properties were characterized by magnetotransport measurements.
The element-specific electronic structure and magnetic properties of the Ru 4d and O 2p states
were clarified using soft X-ray absorption spectroscopy (XAS) and X-ray magnetic circular
dichroism (XMCD).*!-3* Our investigation reveals a pronounced localization of the Ru 4d £,.-O 2p
hybridized states with decreasing film thickness (7). The magnetic moments of Ru and O ions
decreased with decreasing ¢ and the SRO film became nonferromagnetic at # = 1 nm. The increased
localization also resulted in insulating electrical properties of the SRO films with # = 1 and 2 nm.
These results indicate that the localization due to disorders near the interface®>-¢ weakens orbital
hybridization and causes the change from a ferromagnetic metallic state in thick films to a
nonferromagnetic insulating state at # = 1 nm.

II. METHODS

We grew epitaxial SRO films having 0.8% tensile strain with 7 of 1, 2, and 10 nm on TSO (110)
substrates [Fig. 1(a)] in an MBE system equipped with multiple e-beam evaporators for Sr and
Ru. The oxidation during growth was carried out with a mixture of ozone (O3) and O gas (~15%
03 + ~85% 0O2). All SRO films were prepared under the same growth conditions as in Ref. 27, in
which detailed crystallographic analyses by 6—20 X-ray diffraction and high-resolution X-ray
reciprocal space mapping for the SRO film with # = 60 nm on TSO (110) substrate were reported.
The growth parameters were optimized by Bayesian optimization, a machine learning
technique.?®3” The sharp streaky reflection high-energy electron diffraction patterns confirmed in-
plane epitaxial growth of the SRO films. Further information about the MBE setup and preparation
of the substrates is described elsewhere.?%38



Magnetotransport was measured using a standard four-probe method with Ag electrodes
deposited on the SRO surface in a DynaCool physical property measurement system (PPMS).

The XAS and XMCD measurements were performed at the helical undulator beamline BL25SU
of SPring-8.3%4° The monochromator resolution E/AE was over 5,000 at the Ru M3 edges. The
designed beam spot size was 10 x 100-200 um?. For the XMCD measurements, absorption spectra
for circularly polarized X-rays with the photon helicity parallel (1) or antiparallel (¢") to the spin
polarization were obtained by reversing the photon helicity at each photon energy 4#v and recording
them in the total-electron-yield (TEY) mode. The measurement temperature was 30 K. All XAS
and XMCD spectroscopy measurements were performed at 1.92 T, the maximum applied magnetic
field in the system.>*%° The u* and p~ spectra at the Ru M> 3 edges and O K edge were taken under
both positive and negative applied magnetic fields and averaged to eliminate spurious dichroic
signals. To estimate the integrated values of the XAS spectra at the Ru M>3 edges, hyperbolic
tangent functions as background were subtracted from the spectra. To measure the perpendicular
and in-plane magnetic moments, the angles of the external magnetic fields and incident X-rays
measured from the sample surfaces were set to 8 = 90° and 20°, respectively [Figs. 1(b) and 1(c)].

RESULTS

Figure 2(a) shows the temperature dependence of the longitudinal resistivity p for 0.8% tensile-
strained epitaxial single-crystalline SRO films with thicknesses 7 of 1, 2, 4, and 10 nm on TbScO3
(TSO) (110) substrates grown by ML-MBE. TSO has the GdFeOs structure, which is a distorted
perovskite structure with the (110) face corresponding to the pseudocubic (001) face. The p values
of the films with # = 10 and 4 nm decreases with decreasing temperature 7, indicating that these
films are metallic in the whole measurement temperature range. Similarly, the p value of the 2-nm
film decreases upon decreasing temperature from 300 K down to 26.5 K, but for 77< 26.5 K, p
increases with decreasing temperature, indicating insulating behavior due to weak localization of
charge carriers in the low-temperature region.!>?? With a further decrease in 7 to 1 nm [inset in
Figure 2(a)], the film shows insulating behavior (dp/dT is negative) for the whole measurement
temperature range. In addition, the thinner the film is, the larger the p value becomes at each
temperature. These results suggest that the interface-driven disorder causes increased resistivity
and carrier localization. The residual resistivity ratio (RRR) [= p(300 K)/p(2 K)] of the SRO film
with = 10 nm was 10.1. This value is smaller than that for the -0.7% compressive-strained SRO
film on STO (001) substrate with £ = 10 nm (RRR = 21) grown by ML-MBE reported in Ref. 22.
Furthermore, the -0.7% compressive-strained SRO/STO film with # = 2 nm does not show
insulating behavior at low temperatures.??> While the magnitude of the absolute strain experienced
by compressive-strained SRO/STO and tensile-strained SRO/TSO films may be comparable, the
former exhibits a significantly higher RRR. This discrepancy, which exists even though the growth
conditions are optimized by Bayesian optimization in both strain cases, highlights the profound
influence of strain type on SRO's electrical properties. Notably, the emergence of an insulating
state at 2 nm only in tensile-strained SRO further underscores this distinction. Considering the
importance of minimizing Joule heating and energy loss in heteroepitaxial devices, these findings
suggest that compressive-strained SRO, with its higher conductivity and metallic behavior at
thinner thicknesses, presents a more suitable choice for metallic ferromagnetic oxide electrodes.
When ¢ = 10 or 4 nm, the p vs T curves show a clear kink [Fig. 2(a)], at which the ferromagnetic
transition occurs and spin-dependent scattering is suppressed.* To highlight this transition, Curie
temperature 7c at which the dp/dT curves show a peak is also shown in black arrows in Fig.



2(a). Note that, generally, 7c determined from dp/dT is a few kelvins lower than the values
measured from the temperature dependence of the magnetization.*! The T¢ value decreases with
decreasing ¢ from 10 nm to 2 nm. This criterion to define 7¢ cannot be applied to the 1-nm film
due to the insulating behavior. The lower 7¢ values in the thinner films can be attributed to the
degradation of the exchange interaction in SRO. The degradation should come from disorders near
the interface.

We also performed magnetotransport measurements. Figure 2(b) shows the ¢ dependence of the
magnetoresistance (MR) [(p(u«oH) — p(0 T))/p (0 T)], where the magnetic field uoH was applied in
the out-of-plane [110] direction of the TSO substrate at 30 K. The SRO film with =1 nm could
not be measured since p at 30 K is larger than the measurement range of the DynaCool PPMS. For
the SRO films with 7 = 10, 4, and 2 nm, negative anisotropic magnetoresistance (AMR),*? which
is proportional to the relative angle between the electric current and the magnetization, is clearly
observed. This is in contrast to the positive AMR observed in compressive-strained SRO/STO
films.*?? According to the extended Campbell-Fert model, the negative AMR is not observed for
majority spin conduction in ferromagnets; thus, the negative AMR observed here is thought to
come from the minority spin conduction.** The AMR peak position, which corresponds to the
coercive field H. of SRO,!! becomes larger with decreasing ¢. Since the magnetic domains tend to
be pinned by grain boundaries and other defects, the large H. in thinner films also suggests poor
crystalline quality near the interface. This result also supports the scenario that the disorders near
the interface degrade the exchange interaction in SRO.

To get detailed insights into the thickness-dependent electronic structures and magnetic
properties, we carried out XAS and XMCD measurements, which are tools sensitive to the
element-specific electronic structure and magnetic properties.>!-** First, we show the thickness-
dependent XAS and XMCD results taken in the in-plane configuration (8 = 20°) [Fig. 1(c)].
Figures 3(a)-3(c) shows XAS and XMCD spectra at the Ru M>3 edge with ¢t = 10, 2, and 1 nm,
taken at 8 = 20°. For all the films, the Ru M3 and M> XAS absorptions from the Ru 3p3» and 3p1.2
core levels into the Ru 4d states are observed at around 463 and 485 eV.44 On the other hand,
the Ru M3 and M> XMCD absorption peaks are observed only at # = 10 and 2 nm, indicating that
the SRO films with # =10 and 2 nm are ferromagnetic at 30 K, while the SRO film with 1 nm is
nonferromagnetic. Together with the magnetotransport, these results show a change from
ferromagnetic metal to nonferromagnetic insulator between ¢t = 2 and 1 nm. As shown in Figs.
3(d)-3(f), the O K-edge XAS and XMCD spectra represent the unoccupied electronic structures
hybridized with the O 2p states and the O 2p orbital magnetic moments [Figs. 3(d)-3(f)]. The
absorption peak at 528.9 eV arises from the transition to the coherent part of the Ru 4d t,, states.*’
The spectra in the energy range of 529.5-531.5 eV correspond to the incoherent part of the Ru 4d
hg states, as reported by Takizawa et al*’ and Okamoto ef al.** As with the Ru M> 3 edge, the O K-
edge XMCD peaks, which represent the substantial orbital magnetic moments of the O 2p states,
were observed only at ferromagnetic states at = 10 and 2 nm and not at 1 nm. The Ru 4d £, peak
in the O K-edge XMCD spectrum reveals a significant O 2p orbital magnetic moment due to a
charge transfer from the O 2p states to the Ru 4d states. This suggests the formation of Ru 4d-O
2p spin-polarized bands at the Fermi level (Er).!!4

The large intensity of the coherent Ru 4d ¢ peak at t = 10 nm indicates the high itineracy and
long lifetime of the hybridized Ru 4d t,-O 2p states.*®*® To investigate the variation of the
itinerancy of the hybridized state, we plotted the Ru 4d 1, peak intensity in the O K-edge XAS
spectrum normalized at 531 eV, which corresponds the absorption energy for the incoherent part



of the Ru 4d #, states, as a function of ¢ (blue triangles in Fig. 4). In Fig. 4, the data reported in
Ref. 49 are also plotted for # = 60 nm. The coherent peak exhibits reduced intensity as ¢ decreases,
suggesting a decrease in the lifetimes of quasiparticles within the hybridized Ru 4d £,,-O 2p states.
This decrease in intensity also indicates a strengthening of the localization of the hybridized states,
attributed to disorders near the interface.>>*¢ The increased localization with decreasing 7 is thought
to be the origin of the insulating electrical properties observed in Fig. 2(a). An increase in
localization should result in lower hybridization strength between the Ru 4d 1, and O 2p states by
shrinking the wave function. We also clarified the change in the magnetic moment accompanied
by the weakening of the hybridization by evaluating the total magnetic moment (M = morb + Mspin)
of Ru in the in-plane configuration (6 = 20°), M ”Ru, and the mo of O in the in-plane configuration
(8 =20°), m(?rb’". According to the XMCD sum rules,’! the integrated intensity of XMCD divided
by that of XAS (XMCD/XAS integrated intensity) at the Ru M> edge is proportional to the total
magnetic moment M of Ru.’® Therefore, the M of Ru was evaluated by integrating the Ru M>-edge
XMCD/XAS intensity from 471 to 495 eV. Similarly, the mon of O was evaluated by integrating
the O K-edge XMCD/XAS intensity®*>! from 527 to 531 eV, where finite O K-edge XMCD
intensity appears [Figs 3(d) and 3(e)]. As shown in Fig. 4, the Mlﬁu (green circles) and mgrb," (red
circles) decrease with the decrease in the O K-edge Ru 4d t, peak intensity (blue triangles) as ¢
decreases from 60 to 2 nm. In Fig. 4, the M" and m(?rb," values are normalized by those at # = 60
nm to see the thickness dependence. This result means that the orbital magnetic moment of oxygen
decreases as a result of reduced charge transfer through orbital hybridization and that the Ru 4d
t¢-O 2p hybridization is important for the ferromagnetic ordering of Ru. When ¢ further decreases
to 2 nm, the O K-edge Ru 4d £, peak intensity decreases to 0.27 times that of 60 nm, and the
XMCD peak disappears at £ = 1 nm.

To examine how the magnetic anisotropy changes with 7, we also performed the XMCD
measurements in the perpendicular (6 = 90°) configuration. Figures 5(a) and 5(b) show the
normalized XMCD spectra at the Ru M>3 and O K edges with #=10 and 2 nm at 8 = 90° and 6 =
20°. The mo/mspin ratio of Ru is exclusively derived from the ratio of the XMCD absorption
intensities at the Ru M3 edge to M> edge, as dictated by the XMCD sum rules. The substantial
overlap in the Ru M> 3-edge spectra means that the Ru 4d states have a constant mor/mspin of 0.081,
as determined by the XMCD sum rules,’! regardless of ¢ and 6. Similarly, normalized O K-edge
XMCD spectra are identical to each other, meaning that the electronic structure contributing to the
orbital magnetic moment of O, among the hybridized Ru 4d £,,-O 2p states, does not change with
t and 0. Figure 5(c) shows XMCD-pu,H curves measured at the Ru M3-edge with =2 nm at 30 K
for 8 = 90° and 6 = 20°. There is no large anisotropy, but the magnetic moment at 1.92 T and the
remanent magnetization at 0 T are slightly larger in the in-plane configuration, indicating weak in-
plane magnetic anisotropy for the SRO film with # =2 nm. To investigate more quantitatively the
magnetic anisotropy in the SRO films with 7 > 2 nm, we plotted the M*"/MR" and m(?rb,"/mgrb' n
vs. t at 30 K with a magnetic field uoH of 1.92 T [Fig. 5(d)]. In Fig. 5(d), the data reported in Ref.
49 are also plotted for £ = 60 nm. Here, M}" and mgrb, . are the total magnetic moment of Ru

(MRY = mRu + m?ﬁ‘in) at = 90° and the mQy, at & = 90°, respectively. The M{"/MR¥ and
m9., /m9., | represent the magnetic anisotropy of Ru and O, respectively. A ratio larger than 1
orb, || orb, L p g Py P y g
indicates in-plane magnetic anisotropy. As reported in Ref. 49, at # = 60 nm, both M"Ru/MLRu and
mO, ,/mP are 1.4, indicating the in-plane magnetic anisotropy with magnetic couplin
orb,|| orb, L g P g Py g phing

between the Ru and O ions. In contrast, at ¢ =2 and 10 nm, both M"/MR" and m(?rb'"/mgrh L are



about 1.0-1.1 (almost isotropic), suggesting that the magnetic anisotropy is weakened by the
presence of interface defects while Ru and O are still magnetically coupled. As reported in Ref.
50, in compressive-strained SRO/STO films, strong perpendicular magnetic anisotropy remained
at # = 10 nm, where the magnetic moment in the perpendicular direction was about 1.8 times larger
than in-plane. This difference indicates that the ultrathin tensile-strained SRO is more suitable for
use as a soft magnet.

IV. CONCLUSION

Our systematic investigation using magnetotransport, XAS, and XMCD measurements has shed
light on the interplay between thickness, strain, and electronic structure in tensile-strained SRO
films. Decreasing film thickness ¢ reveals a progressive localization of the Ru 4d 1,-O 2p
hybridized states, evidenced by the declining intensity of the coherent XAS peak. This localization,
likely exacerbated by interfacial disorder, weakens the charge transfer-induced O 2p orbital
moment and the Ru 4d magnetic moment, leading to a complete suppression of ferromagnetism at
t = 1 nm. Furthermore, the increasing localization coincides with the emergence of insulating
behavior for # <2 nm. Strikingly, even below ¢ = 10 nm, the in-plane magnetic anisotropy exhibits
a pronounced reduction compared to thicker films, highlighting its sensitivity to the weakening of
orbital hybridization under tensile strain. These findings offer valuable insights for engineering
SRO-based electrodes in future electrical and spintronic devices. By carefully considering the
delicate interplay between strain, thickness, and electronic structure, we can optimize SRO's
behavior to achieve desired electrical and magnetic properties at the heterointerface, paving the
way for innovative device architectures.
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Figures and figure captions

(a)

SRO

t=1-10
nm

(b) perpendicular (C) in-plane
circular polarized — ane
x-ray ¢ =30

©=100""..,
H <>
6=90" "..||

Fig. 1. Schematic diagrams depict the sample and crystal structures of the SRO films. In the crystal
image, strontium, oxygen, ruthenium, and titanium are represented by yellow, blue, red, and purple
spheres, respectively. Illustrations outline the measurement configurations for (b) perpendicular
and (c¢) in-plane XAS and XMCD measurements.
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Fig. 2. (a) Temperature dependence of resistivity p on thickness # (=1-10 nm). Arrows indicate
kinks. The inset in (a) shows data plotted with log scale for =1 nm. (b) Thickness ¢ dependence
of MR (p(B)—p(0 T))/p(0 T) at 30 K with uoH applied in the out-of-plane [110] direction of the

TSO substrate.
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Fig. 3. (a)—(c) XAS and XMCD spectra at the Ru M>3 edge with ¢ = (a) 10, (b) 2, and (¢) 1 nm at
30 K with a magnetic field uoH of 1.92 T at 8 = 20°. (d)—(f) XAS and XMCD spectra at the O K
edge with = (d) 10, (e) 2, and (f) 1 nm.
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49 are plotted for # = 60 nm.
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Fig. 5. (a),(b) Ru M>3-edge XMCD spectra normalized at 462.2 eV (a) and O K-edge XMCD
spectra normalized at 529.1 eV (b) with =10 and 2 nm at 8 = 90° and 6 = 20°. (¢) XMCD-u H
curves measured at the Ru M3-edge with =2 nm at 30 K and 8 = 90° and 6 = 20°. (d) Thickness
dependence of the M*"/M ™ and m(?rb,"/m(?rb, , at 30 K under a magnetic field 4o of 1.92 T. In
(d), the data reported in Ref. 49 are also plotted for £ = 60 nm.
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