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Abstract

In transition metal oxides, strong electron, spin, and lattice correlations originating from d-p
orbital hybridization govern their functional properties. These functional properties are
highly sensitive to their lattice symmetry. Here we demonstrate the control of crystal
symmetry in SrRuO; by engineering a SrTiO,/SrRuQ, heterointerface with atomic-scale
thickness variation. Proximity to the cubic SrTiO, substrate can induce a non-tilted RuO,
configuration, stabilizing a tetragonal phase in ultrathin SrRuO,. As the thickness of SrRuQ,
film increases, the structure transitions toward a monoclinic-distorted orthorhombic
symmetry. High-resolution X-ray diffraction confirms this evolution. The films within the
critical thickness range exhibit tetragonal symmetry, enhanced saturation magnetization,
and isotropic in-plane magnetism, whereas thicker films become a monoclinic-distorted
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orthorhombic phase with strong in-plane magnetic anisotropy. This work establishes oxygen octahedral engineering
as a powerful method for tailoring magnetic anisotropies in transition metal oxides.

INTRODUCTION

Quantum materials are a class of matter whose macroscopic properties are governed by quantum mechanical
effects!?. Owing to their unique quantum behaviors, these systems have attracted extensive research interest
for their promising applications in quantum technologies and spintronics”. Among them, a family of 4d
ruthenium oxides has garnered particular attention. These materials are typically excellent conductors
featuring ruthenium in the Ru** oxidation state. For instance, RuO, has recently been identified as a
prototypical altermagnet!. Its crystal structure features opposite-spin sublattices connected via rotational
symmetry, a unique spin group, zero net magnetization, and a characteristic d-wave pattern of time-reversal
symmetry-breaking spin splitting on its Fermi surfaces. Sr,RuO,, with a superconducting critical temperature
of 1.5 K, most likely exhibits a chiral p-wave spin-triplet state with broken time-reversal symmetry, although
its precise order parameter remains under debate!**!. SrRuO, (SRO) stands as a ferromagnetic Weyl
semimetal that exhibits nonmonotonic temperature dependence of both anomalous Hall conductivity and
spin-wave gap” . For the 4d ferromagnetic SRO, the magnetic properties are highly sensitive to its lattice
symmetry"?**. This symmetry can be tuned via oxygen displacements from their face-center sites, which
alter the transition metal-oxygen bond lengths and angles">'. These structural changes manifest as tilts or
rotations of the oxygen octahedra. Although epitaxial strain is a common tool for manipulating the
octahedral distortions, the structural changes it produces are complex. Recently, the results demonstrate that
interface engineering of the oxygen coordination environment allows one to control additional degrees of
freedom in SRO films""”**). Interface engineering has thus been recognized as a promising route for
controlling the octahedral tilts in the heterostructure. The interfacial coupling has a short impact length
scale, unlike strain. This allows us to tailor the structural symmetry and magnetic properties by controlling
the thickness of SRO films, rather than introducing oxygen vacancies in previous work">”!. Introducing
defects can affect the magnetic moment for SRO film.

In this Article, we modulate the crystal symmetry of SRO by fabricating a SrTiO, (STO)/SRO heterointerface
with mismatched lattice symmetry and exerting atomic-level control over the SRO layer thickness. Near the
STO/SRO interface, the RuO, follows the non-tilted STO structure due to the cubic symmetry in STO,
thereby suppressing octahedral tilting in ultrathin SRO films and stabilizing a tetragonal phase. As the film
thickness increases, the octahedral tilts in thicker films approach the orthorhombic symmetry in SRO.
Experimentally, high-resolution X-ray diffraction (XRD) is used to confirm such a structural symmetry
transition. The corresponding critical thickness is about 15-unit cells (uc). Below 15 uc of thickness, the SRO
tilms exhibit a tetragonal lattice symmetry, enhanced saturation magnetization, and isotropic in-plane
magnetic behavior. In contrast, beyond 15 uc, the SRO lattice symmetry is monoclinic-distorted
orthorhombic, similar as bulk SRO, with a strong in-plane magnetic anisotropy. As a result, we demonstrate
the control of the lateral magnetic anisotropies by atomic-scale symmetry design of the oxygen coordination
environment in SRO films.

MATERIALS AND METHODS
Epitaxial SRO thin films with different thicknesses were prepared on the TiO,-terminated (001) STO

substrates via pulsed laser deposition (PLD). Film growth was performed using a KrF excimer laser (248 nm
wavelength) with a laser fluence of 2 ] cm™” and a repetition rate of 13 Hz, under an oxygen atmosphere of
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100 mTorr and a substrate temperature of 680 °C. A commercial 99.99%-purity SRO ceramic target (Kurt J.
Lesker Company) was adopted for deposition, with the target-substrate distance fixed at 4.5 cm. The film
thickness was monitored in situ by reflection high-energy electron diffraction (RHEED) throughout the
growth process [Supplementary Figure 1]. To explore the thickness-dependent structural phase evolution
and magnetic anisotropy of SRO films, samples with thicknesses of 10, 15, 20, 30, and 50 uc were prepared
and systematically investigated.

The crystal structure of the epitaxial SRO films was characterized by XRD, including a 26-e scan of the (002)
reflection and reciprocal space mapping of the STO substrate (204) peak at ¢ = 0°, 90°, 180°, and 270°.
Surface topography was investigated by atomic force microscopy (AFM) over a scanning area of 5 x 5 um®.
Magnetic hysteresis (M-H) loops were acquired at 10 K using a Quantum Design superconducting quantum
interference device (SQUID) magnetometer (MPMS) along the (100), (010), and (001) crystallographic
orientations of the STO substrate. Hall transport properties were evaluated with a physical property
measurement system (PPMS).

RESULTS AND DISCUSSION

Figure 1A displays the schematic diagram of SRO thin films grown on STO substrates. Figure 1B presents the
XRD 20-w scan spectrum of the as-prepared SRO films. Clear Laue fringes around the SRO (002) diffraction
peak are observed for our epitaxial SRO films on STO substrates. We further performed XRD rocking curve
measurements on all SRO thin films, as presented in Supplementary Figure 2. Narrow full width at half-
maximum (FWHM) values of 0.105°, 0.098°, 0.093°, 0.082°, and 0.076° were obtained for the SRO (002)
diffraction peaks corresponding to film thicknesses of 10, 15, 20, 30, and 50 uc, respectively. The presence of
pronounced Laue oscillations and sharp rocking curves demonstrates the high crystalline uniformity of the
SRO films on STO substrates. With increasing SRO film thickness, the SRO (002) diffraction peaks gradually
shift toward higher Bragg angles, indicating a lattice shortening along the out-of-plane c-axis. The pseudo-
cubic c-axis lattice parameters extracted from the SRO (002) peak positions are plotted as a function of film
thickness in Figure 1C, which reveals a monotonic decrease in the ¢-lattice constant with increasing film
thickness. Additionally, AFM characterization reveals a uniform step-terrace morphology for the 10 uc SRO
film, demonstrating an atomically smooth surface [Figure 1D]. SRO films with different thicknesses exhibit
analogous step-terrace surface topography, with only minor variations in terrace width stemming from slight
differences in the cutting angle of commercial STO substrates [Supplementary Figure 3]. These
morphological features further verify the excellent epitaxial quality of the SRO films.

The crystal structure of the SRO film was further examined by reciprocal space mappings (RSMs) using
high-resolution XRD (HRXRD). RSMs were acquired around the asymmetric STO (204) Bragg reflection at
® = 0° 90° 180° and 270° to evaluate the epitaxial strain and structural coherence of SRO films. We observe
that the structural symmetry of SRO films changes from tetragonal to monoclinic-distorted orthorhombic
with increasing the thickness of SRO films. Figure 2A presents the RSM results for 15 uc SRO films. Note
that the z direction corresponds to the out-of-plane direction of the sample surface plane. Both the film and
substrate peaks exhibit the same Q, values across the RSM patterns, demonstrating that all films are
coherently strained to match that of the STO substrate and possess identical in-plane lattice parameters. For
the 15 uc SRO film, the diffraction peaks occur at the same Q, value across different azimuthal ¢ angles,
which is characteristic of a tetragonal structure®*'. The corresponding structural schematic of the tetragonal
phase is illustrated in Figure 2B""*). The out-of-plane orientation is along the (001), of SRO with a notably
elongated lattice constant c¢,. In this configuration, the Ru-O-Ru bond angle ¢, which determines the
octahedral tilting degree calculated as (180°-6)/2, aligns along the out-of-plane direction. In contrast, the 30
uc SRO film shows distinct Q, variations at different azimuthal ¢ angles, verifying a monoclinic-distorted
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Figure 1. Structural characterization of SRO films grown on STO (001) substrates at room temperature. (A) Schematics of the SRO and
STO crystal structure. Morphology; (B) 20-m XRD scans of the epitaxial SRO films around the STO (002) peak with variable thickness; (C)
Lattice constant c vs. thickness of SRO film. The black dotted line represents the pseudo-cubic c-lattice of bulk SRO; (D) The AFM
topography images of the SRO film, offering a visual representation of its surface. SRO: SrRuQ,; STO: SrTiO,; XRD: X-ray diffraction; AFM:
atomic force microscopy.

orthorhombic structure [Figure 2C], and the corresponding structural schematic is presented in Figure 2D.
Here, the out-of-plane direction corresponds to the (110), plane of SRO, while the ¢, axis lies in the film
plane and is fully constrained by the substrate. In this case, the Ru-O-Ru bond angle ¢ tilts along the in-plane
direction. We determined the room-temperature lattice parameters of the 30 uc SRO film as a, = 5.58 A, b, =
5.54 A, c,=7.81 A, a,=p,=90%and y, = 89.3°. To distinguish between orthorhombic and tetragonal phases,
we define an orthorhombicity factor as the ratio a,/b *"". The orthorhombicity factor is 1.007 for 30 uc SRO
film. In contrast, for the 15 uc film, the orthorhombicity factor is 1.000. The thickness-dependent evolution
of a /b, is summarized in Figure 3. The plotted trend reveals that lattice symmetry transition takes place at a
critical thickness of 15 uc, which is in good agreement with previous studies”". SRO films with thicknesses
above the critical value adopt a stable monoclinic-distorted orthorhombic phase, while thinner films retain
the tetragonal phase.

The octahedral tilt angle of SRO thin films, which correlates structural symmetry with internal lattice
distortion, can be quantitatively calculated from the orthorhombicity factor through the following empirical

formula:

by b (180" —9) (1)
——COS | —(——

dy qoct 9
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Figure 2. (A) RSMs of 15 uc SRO films grown on STO substrates measured at room temperature; (B) Corresponding schematic diagram
illustrating the tetragonal structure of SRO films grown on STO substrates; (C) RSMs of 30 uc SRO films grown on STO substrates
measured at room temperature; (D) Schematic diagram showing the orthorhombic structure of SRO films grown on STO substrates. The
peak positions of the SRO (260),, (444),, (620),, and (44-4), reflections, corresponding to STO (204), (024), (-204), and (0-24),
respectively. Figure 2B and D, adapted from(™!, Copyright 2013, AIP Publishing. SRO: SrRuO,; STO: SrTiO5; RSMs: reciprocal space
mappings.

Here, the ratio b°“/a°** denotes the bond length in a RuO, octahedron. As previously reported, this value is
close to 1.0, and its variation is negligible during oxygen octahedral rotation, owing to the unchanged strain
state. Therefore, the octahedral tilt angle is predominantly governed by the orthorhombicity factor a /b,. For
a 30 uc SRO film, the measured orthorhombicity factor of 1.007 corresponds to an octahedral tilt angle of
approximately 6.8°, which is slightly lower than the bulk SRO value of ~10°*?l. This comparison
demonstrates that thicker films are capable of achieving octahedral distortion magnitudes close to those of
bulk SRO. In contrast, the orthorhombicity factor is 1.000 for 15 uc SRO film, indicating a complete
suppression of octahedral tilting in the tetragonal SRO films. Such a tetragonal phase differs fundamentally
from the orthorhombic structure of bulk SRO, demonstrating that continuous oxygen octahedral
connectivity across the interface modulates the phase stability of ultrathin SRO films. This underscores the
vital role of the interface-tailored oxygen coordination environment in governing the structural evolution of
the SRO layer. From the correlation between a /b, and the SRO film thickness, the impact of the octahedral
coupling can maintain about 15 uc. Given the absence of TiO, octahedral tilting in STO substrate, the RuO,
tilting in the SRO film is suppressed to maintain oxygen octahedral continuity across the STO/SRO interface.
This interfacial suppression effect gradually weakens with increasing distance from the interface and
completely disappears beyond the critical thickness of 15 uc.

Given that the RuO, octahedral tilt strongly influences hybridization between Ru 4d and O p orbitals, the

magnetic anisotropy of the SRO layer in STO/SRO heterostructures can be governed by the interfacial Ru-O-
Ti bond angle for ultrathin SRO films. Figure 4A and B presents the M-H curves for 15 uc and 30 uc SRO
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Figure 3. The orthorhombicity factor (a,/b,) at room temperature as a function of SRO film thickness. The abrupt change signifies a
structural phase transition from tetragonal to monoclinic-distorted orthorhombic. The error bars represent the standard error, derived
from the peak position of RSM measurements. SRO: SrRuO,; RSM: reciprocal space mapping.

films at 10 K, respectively. The 30 uc orthorhombic SRO film exhibits an out-of-plane easy axis with a
saturation magnetization of 185 emu/cm’ and anisotropic projections along the [1-10], {[100] } and [001],
{[o10] } directions. Here c represents the pseudo-cubic structure. In contrast, the 15 uc tetragonal SRO film
also exhibits an out-of-plane easy axis, accompanied by a high saturation magnetization of 330 emu/cm’ and
isotropic in-plane magnetic hysteresis loops. This distinct difference in saturation magnetization and in-
plane magnetic anisotropy stems from the structural symmetry transition of SRO films. Figure 4C presents
the saturation magnetization of SRO films as a function of film thickness, measured with the magnetic field
applied along the STO [001],, [100], and [010]_directions. When the field is aligned along the out-of-plane
[001]_ direction, the saturation magnetization decreases monotonically with increasing SRO film thickness
[Supplementary Figure 4]. This trend exhibits a strong correlation with the variation of the c-axis lattice
constant. Such a correlation originates from c-axis lattice elongation, which weakens the orbital overlap
between Ru 4d and O 2p states along the out-of-plane direction®. The reduced orbital overlap suppresses
the quenching of orbital magnetic moments, thereby boosting the saturation magnetization of ultrathin SRO
films. In contrast, the saturation magnetization along both [100]. and [010]. directions follow a non-
monotonic trend, increasing first to a maximum and then declining with increased film thickness. This
transition occurs at a thickness of 15 uc, which aligns well with the structural transition from the tetragonal
to the monoclinic-distorted orthorhombic phase. It is noteworthy that for film thicknesses exceeding 15 uc,
the saturation magnetization along the in-plane [100]_and [010]_ directions exhibit a clear separation, further
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Figure 4. The curve of magnetization vs magnetic field at 10 K. (A) 15 uc and (B) 30 uc sample; (C) and (D) the saturation magnetization
and coercivity field as a function of the thickness of SRO film, respectively. SRO: SrRuO..

evidencing anisotropic in-plane magnetization in monoclinic-distorted orthorhombic SRO films. Such
anisotropic magnetic behavior could be attributed to the symmetry change of the unit cell. Similar
anisotropic behaviors, including in-plane magnetization and resistivity anisotropy, have also been reported
in manganite films grown on orthorhombic substrates such as NdGaO, and DyScO,"**??. The thickness-
dependent evolution of coercivity is further presented in Figure 4D. For the out-of-plane [001]_direction, the
coercivity exhibits a slight increase with increasing film thickness. In contrast, for the in-plane [100]_and
[010], directions, the coercivity presents obvious difference between the tetragonal and orthorhombic phases.
The result indicates that the in-plane magnetization of tetragonal SRO films is more easily switched than that
of monoclinic-distorted orthorhombic SRO films.

To elucidate the in-plane magnetic anisotropy in SRO films, we investigate its correlation with octahedral
rotation, a structural modulation that couples lattice distortion to magnetic characteristics. As illustrated in
Figure 2B, the Ru-O-Ru bond angle ¢ in tetragonal SRO films aligns along the out-of-plane direction. The
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Figure 5. (A) The anomalous Hall effect (AHE) hysteresis loops for the SRO films at 10 K. Note that the OHE background and p,,
contribution have already been subtracted; (B) The coercivity field of the AHE data and the out-of-plane M-H loops as a function of the
film thickness; (C) Depiction of the saturation magnetization and saturation AHE resistivity as a function of the film thickness. SRO:
SrRuO;; AHE: anomalous Hall effect; OHE: ordinary Hall effect.

crystal structure remains symmetric along the in-plane [100]_and [010]_directions, leading to isotropic in-
plane magnetization. In comparison, the monoclinic-distorted orthorhombic SRO films feature an in-plane-
oriented Ru-O-Ru bond angle ¢ that breaks the structural symmetry, thereby giving rise to anisotropic in-
plane magnetic behavior [Figure 2D]. This anisotropy originates from the high susceptibility of magnetic
coupling in SRO systems to the orbital overlap between Ru 4d and O 2p orbitals. In orthorhombic SRO films,
the anisotropic in-plane Ru-O-Ru bonding effectively modulates such orbital overlap, which ultimately
induces the formation of the anisotropic in-plane magnetic moment. The anisotropic orbital overlap also
causes the low-temperature resistivity anisotropy, observed in the La_,Sr, . MnO, (LSMO) film on the DyScO,
(DSO) substratel!.

Figure 5A presents the anomalous Hall effect (AHE) measurements of SRO films at 10 K. The transverse
resistivity, p, , of SRO films can be expressed as:

Pxy = POHE + PAHE = RoH + RaM (2)

where p,;; = RH corresponds to the ordinary Hall effect, with the ordinary Hall coefficient R, and the out-
of-plane magnetic field H. The linear field-dependent p,, component has been subtracted from the raw
data. Meanwhile, p,,,, = R,M represents the AHE, where R, is the anomalous Hall coefficient and M is the
out-of-plane magnetization. The anomalous component of transverse Hall resistivity p,, as a function of H,
exhibits nearly 100% remanence and sharp magnetization reversal for all measured samples, indicative of
robust perpendicular magnetic anisotropy (PMA). Notably, the tetragonal SRO film exhibits a distinct
discrepancy in coercivity between the AHE measurement and the out-of-plane M-H curve [Figure 5B]. As
displayed in Supplementary Figure 5, the out-of-plane M-H loop of the 10 uc SRO film can be decomposed
into two superimposed hysteresis components: M,-H with low coercivity and high saturation magnetization,
and M,-H with high coercivity and low saturation magnetization. The out-of-plane M-H loop was fitted

using™’:

H+H._
M(H) = Mg_1 X tanh (—I

(3)

H+H._
) + Mg_T X tanh (—T)

I T

where the first and second terms on the two M-H contributions: M;-H and M.-H loops. M, (M, ;) and H_,
(H_ ) are the saturation magnetization and coercivity, respectively, of the M-H (M,-H) loop. H, and H, are
two fitting constants. The coercivity values extracted from AHE measurements are highly consistent with
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those of the M,-H component. As reported in previous studies, M,-H response originates from the interfacial
ferromagnetic insulating phase of the SRO layer. This phase emerges within the 3-4 uc region near the
substrate interface due to abundant oxygen vacancies”®*. Such an interfacial phase makes no contribution to
the AHE signal. Although the M;-H component exists in SRO films of all thicknesses, its relative contribution
gradually declines as the film thickness increases. According to Equation 2, the saturation anomalous Hall
resistivity, py, should be proportional to the saturation magnetization. Nevertheless, an obvious discrepancy
between the trends of p,, and the saturation magnetization is observed in the tetragonal SRO film [Figure
5C]. This abnormal phenomenon can be attributed to a significant contribution from the interfacial
insulating phase to the magnetic moment in ultrathin films.

CONCLUSIONS

In summary, we realize atomic-scale modulation of magnetic anisotropy in SRO thin films via thickness-
engineered structural phase transition. The cubic STO substrate effectively suppresses RuO, octahedral tilting
at the heterointerface, which stabilizes the tetragonal phase in ultrathin SRO films below the critical
thickness. Such tetragonal symmetry endows the films with enhanced saturation magnetization and isotropic
in-plane magnetic behavior. In contrast, SRO films thicker than the critical dimension undergo a structural
transition to the monoclinic-distorted orthorhombic phase, triggering the emergence of prominent in-plane
magnetic anisotropy. These findings demonstrate that precise modulation of oxygen octahedral coupling at
oxide heterointerfaces offers an effective strategy for artificially tailoring the functional magnetic properties
of correlated oxide systems.
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