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ARTICLE INFO ABSTRACT

Keywords: Recent advances in thin film technologies enable us to engineer structural details of surface and interface in
Interface transition metal oxide films, and provide numerous valuable opportunities to manipulate electric and magnetic
Surface

properties via strong couplings among charge, spin, and lattice degrees of freedom. In this work, we exploit an
optical second harmonic generation technique to determine crystalline symmetries of surface and interface of
compressively strained SrRuOs thin films, which have been widely used as one of representative ferromagnetic
metals in oxide devices. We reveal that the structural symmetries of the surface, the inner-bulk part, and the
interface of the films are given distinctly owing to the compressive strain and its relaxation. Furthermore, we
trace evolutions of the surface/interface structural symmetries with variations of temperature and film thickness,
and discuss their similarities and differences compared to the bulk crystal. The structural phase diagram pre-
sented here will provide fundamental information of the surface and interface structural symmetry in exploring

Crystallographic symmetry
SrRuO3 thin film
Second harmonic generation

electronic and magnetic phenomena emerging in relevant oxide heterostructures.

1. Introduction

Surface and interface of condensed matters have attracted lots of
attentions as the arrangement of the crystalline lattice can be largely
altered near the structural boundary. Although the atomic arrangements
at surface and interface are usually difficult to control, they can provide
unique structural environments to stabilize unconventional electric and
magnetic phases which are hard to be realized in the bulk state [1-4].
For the transition metal oxides (TMO), charge and spin degrees of
freedom are strongly coupled with the crystalline lattice, and hence the
structural engineering particularly at surface and interface has been
proven to be a quite useful approach to realize numerous intriguing
phenomena, such as metal-insulator transition in the SrRuOs surface
[5], superconductivity at the LaAlO3-SrTiOs interface [6], ferromagnetic
metal phase at the LaMnO3-SrMnOj interface [7], and so on.

For an in-depth study of these novel electric and magnetic properties,
it is essential to make a precise characterization of the crystal structure
at surface and interface. There are several powerful techniques available
to investigate local crystal structures, such as scanning tunneling mi-
croscopy, transmission electron microscopy, and surface x-ray scattering
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measurements combining the coherent Bragg rod analysis [8], and they
have been used to uncover lots of intriguing structural details near
surface and interface. For example, an evolution of oxygen octahedral
rotation could be traced near the interface of CaTiOs films grown on
various substrates [9], and local strain gradient was revealed at the
morphological phase boundary in BiFeOs thin films [10]. Optical second
harmonic generation (SHG) has also played an important role in char-
acterizing the crystal structure. Although the optical wave used usually
makes the probing area to be fairly large, the SHG can be one of the most
sensitive techniques to explore the macroscopic crystalline symmetry of
surface and interface because the broken inversion symmetry at the
surface/interface can be a primary source of the SHG process particu-
larly for bulk centrosymmetric materials.

In this work, we characterize the crystal structure of surface and
interface of SrRuO3 (SRO) thin films grown on SrTiO3 (STO) substrate by
using the optical SHG technique. SRO is one of the most widely inves-
tigated TMO systems as having itinerant ferromagnetism [11,12] and
being commonly utilized as an electrode in oxide devices [13,14].
Although its bulk property has been heavily understood [11,15-17],
surface and interface have been comparatively less investigated
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particularly for the thin films. Recently, several research groups have
reported the magnetic skyrmion emerging in SRO films not only at their
interfaces with heavy-ion SrIrO3 or ferroelectric BaTiO3 but also at the
surface of the bare SRO films, and this triggered a large attention for
characterizing the structural details of surface and interface of SRO films
[18-21]. By monitoring the SHG responses of SRO films with various
thicknesses and particularly by varying optical geometries, we could
distinguish the surface and interface SHG contributions from inner-bulk
part. Based on the distinct anisotropic patterns, we could determine the
structural symmetries of each region. Furthermore, we discuss how the
surface and interface structural symmetries undergo temperature-
dependent changes differently from the inner-bulk phase. Finally, we
show that the surface magnetic state is given similarly with the bulk
state, and extend our discussion to the emergence of magnetic skyrmion
in SRO thin films.

2. Experimental sections
2.1. Thin film growth

SRO thin films were epitaxially grown on the (001) STO substrate by
a pulsed laser deposition method. For STO substrate (Crystec GmbH), an
atomically flat surface was obtained by etching process using buffered
hydrofluoric acid and by annealing it for 3 h at 1000 °C in air. During the
film growth, a KrF excimer layer (LPXpro 210F, Coherent) was operated
with a fluence of 1.5 J/cm?, an oxygen pressure was adjusted as 100
mTorr, and a substrate temperature was set to 700 °C. High quality of
the films was confirmed by the x-ray diffraction, and dc-resistivity and
magnetization obtained with a temperature variation [22].

2.2. Second harmonic generation

For the SHG measurements, the SRO films were shined with femto-
second wave pulses (Vitara-T; Coherent) at a wavelength of 800 nm. A
repetition rate and time duration are 80 MHz and about 30 fs, respec-
tively. The incidence angle was varied from 0° to 45° to distinguish the
electric dipole and electric quadrupole contributions for the tetragonal
and orthorhombic point groups. Polarization states of fundamental and
second harmonic waves were defined by half wave plate and Glan-
Taylor polarizer, respectively. Several optical filters were used to sepa-
rate the second harmonic wave from the fundamental wave, and the
intensity of second harmonic wave was detected by photo-multiplier
tube (C8855-01; Hamamatsu Photonics). The sample temperature was
controlled using cryogenic system (microstatHe; Oxford) and heating
stage (THMS600; Linkam Scientific).

3. Results and discussion

3.1. Selective probe of interface and surface symmetry by second
harmonic generation

To begin with, we explain our strategy to investigate the interface
and surface structural symmetry of SrRuOjs films by using the optical
SHG technique. The SHG is the lowest order nonlinear optical process,
and it is mainly contributed to by the electric dipole (ED) and electric
quadrupole (EQ) which is represented as P;(20) = yi{Ej(w)Ex(®) +
ij,%Ej(w)VkEl(w) Electric field of the fundamental wave f(w) induces a
second-order nonlinear polarization ?(260) oscillating at a doubled
frequency, which acts as a source of the second harmonic (SH) wave.
Here, ;(55 and )(5,?1 are second-order and third-order nonlinear suscepti-
bility tensor components, respectively, and they are given differently
according to the structural symmetry. The intensity of the detected SH
wave I;(2w) is in proportion to |P;(2@)|%. It is well known that SRO films
epitaxially grown on STO(001) substrate stabilize tetragonal and
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distorted orthorhombic (or monoclinic) phases depending on their
thickness [15,20,23]. Each phase is distinguished by the oxygen octa-
hedral rotation (OOR) patterns. For the tetragonal phase, the compres-
sive strain stabilizes the OOR pattern of a®a’" in the Glazer notation
with the tetragonal c-axis being normal to the in-plane. Note that the
Glazer notation describes in-phase (+) or anti-phase (-) rotations of
RuOg¢ octahedra around pseudocubic (pc) axes [100],c, [010],, and
[001]pc [24]. For orthorhombic phase, the OOR pattern is aac’, which
has an orthorhombic c-axis lying on the in-plane. It should be noted that
thick SRO films have a non-negligible monoclinic distortion (as depicted
in Fig. 3(b)), and hence their symmetry is actually assigned as the point
group 2/m which refers to the distorted orthorhombic structure
throughout this paper. Since both tetragonal (4/mmm) and (distorted)
orthorhombic (2/m) structures are centrosymmetric, the bulk ED
contribution is forbidden, and instead the bulk EQ and the surface ED
should be considered as the sources of the SHG response. Importantly,
the bulk EQ contribution for tetragonal and orthorhombic (monoclinic)
symmetries should disappear in the normal incidence geometry because
the out-of-plane component of electric-field is essential for the EQ
contribution for these symmetry groups [22,25] (Supplementary Infor-
mation S1). Therefore, we can examine the surface and/or interface
state by monitoring the SHG responses in the normal incidence geom-
etry. We can furthermore distinguish the surface and interface contri-
butions by choosing the front- or back-side reflection geometry. It
should be noted that the penetration depths of fundamental and SH
waves with a wavelength A = 800 nm and 400 nm for SRO are about 50
nm and 25 nm, respectively [26]. This clearly limits the probing depth to
be about 25 nm. Provided that the film is thicker than this probing
depth, the front and back side results reflect the crystalline symmetry
near the front surface and the bottom interface facing the substrate,
respectively.

Let us first examine the SHG results obtained for the thickest film
with a thickness t = 250 nm. As schematically shown in Fig. 1(a), the SH
wave intensity is monitored with a variation of the sample azimuth (¢)
in a normal incidence geometry. Polarization states of fundamental and
SH waves are set either in cross (XY) or in parallel (XX) configuration.
Fig. 1(b) and (d) compare the SHG anisotropy patterns obtained in the
front- and back-side reflection geometries for the XY polarization
configuration. Signal amplitudes are similar, but anisotropy appears
totally different; a clear two-fold periodicity is observed for the front-
side result, but a four-fold periodic pattern appears with a large
isotropic contribution for the back-side result. Their clear differences
imply that distinct crystalline symmetries are stabilized near the top
surface and the bottom interface facing the substrate.

By examining thickness-dependent SHG anisotropies, we can obtain
a further insight about the distinct structural symmetries at surface and
interface of SRO films. Fig. 2(a) displays SHG anisotropy patterns ob-
tained from the front side with varying the film thickness from 4 nm to
250 nm. The upper and lower panels are results for the XY and XX po-
larization configurations, respectively. As depicted in Fig. 2(b), the finite
penetration depth of fundamental and SH waves allows the probe of only
the top surface for the relatively thick films with 250 nm and the probe
of both the top surface and the bottom interface for the thinner films.
The two-fold anisotropic pattern observed for t = 250 nm remains the
same for t = 50 nm implying that the surface structural symmetry is
maintained for the relatively thick films. For the thinnest film with t = 4
nm, a four-fold periodic pattern is observed with a non-negligible
isotropic contribution. It is worth to note that this behavior is essen-
tially the same with the back side results for t = 250 nm (shown in
Fig. 1). We therefore consider that the SHG results for the thinnest film
are mainly contributed to by the bottom interface facing the STO sub-
strate. Note that the SHG response from the bare STO substrate is
negligible since it belongs to centrosymmetric symmetry (cubic point
group m3m). For two intermediate thicknesses, i.e., t = 10 and 30 nm,
the SHG anisotropy patterns appear more complicated. In these cases,
the films are thin enough so that not only the top surface but also the
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Fig. 1. Symmetry characterization of surface and interface of the 250 nm thick SrRuO3 (SRO) film by optical second harmonic generation (SHG). a) Schematic
description of normal incident geometry and polarization states of fundamental (red) and SHG (green) waves. Backward reflection geometry is taken from the front
and back side of the film to probe the front surface and bottom interface of the film, respectively. b, d) Azimuth angle dependent SHG intensity obtained from the
front side (b) and the back side (d). Fitting results are shown with solid lines. c, ) Second order nonlinear polarization Py, (¢) constituting each fitting curve for the
front side (c) and back side (e) results. Filled and empty parts indicate positive and negative phases, respectively, of Py, (¢). A successful fitting for the back side result
requires multiple contributions, namely, contributions from two monoclinic domains (ml and m2) and an isotropic background (bg).

bottom interface can contribute to the SHG response in the front side
reflection geometry. Actually, they have both isotropic and two-fold
anisotropy which are features of the films with t = 4 nm and £>50 nm,
respectively. It should be also noted that the t = 10 nm film has fairly
large SHG intensity. This implies that the polar structural distortion
should be large in these films with an intermediate thickness; a
competition between the strained tetragonal phase and the bulk-like
distorted orthorhombic phase may lead to the structural phase with a
larger structural distortion [22].

3.2. Characterization of interface and surface structure from the
symmetry analyses

We determine the structural symmetries of surface and interface by
fitting the anisotropy patterns of the SHG intensity presented in Figs. 1
and 2. Let us first examine the symmetry of the surface. For the thick
SRO films, their structural symmetry is often assigned to be the ortho-
rhombic phase (Fig. 3 (a)), but it is actually accompanied by the non-
negligible monoclinic distortion as depicted in Fig. 3(b); orthorhombic
axes a, ([100],) and b, ([010],) lie along [1 TO]pC and [110],,
respectively, but their angle is slightly deviated from 90.0° of the ideal
orthorhombic phase as about 89.4° [27]. Hence the symmetry of the
thick film is assigned to be point group 2/m. At the film surface, a
structural discontinuity removes the two-fold rotation symmetry oper-
ation, and accordingly the structural symmetry should become the
monoclinic point group m. We actually confirm that the ED contribution
from the point group m can successfully explain the front-side results for
t =250 nm; solid line in Fig. 1(b) (and 2(a)-rightmost) is the fitting curve
obtained from the azimuth-dependence of second-order polarization
Py, (¢) shown in Fig. 1(c). Note that analytic forms of the azimuth
dependent SHG intensity used for the fit analyses are given in Supple-
mentary Information S2 for monoclinic (2 and m) and triclinic (1) point
groups. For the thin SRO films with, e.g., t = 4 nm, we previously
characterized the point group of its inner-bulk part as 4/m by moni-
toring the SHG intensity in the grazing incidence [22]. Accordingly,
their surface crystalline symmetry should be point group 4. Note that
this symmetry does not allow any in-plane polarization component in

the SH wave. Although the 4 nm thick film exhibits characteristic
anisotropy pattern (Fig. 2(a)), it resembles the response for the 250 nm
thick film obtained from the back side. We therefore consider that the
SHG response from the front surface for t = 4 nm should be negligible.
This leads us to conclude that the surface of the SRO films facing the air
is characterized to have the point group 4 and m for the thin (t ~ 4 nm)
and thick (£250 nm) films, respectively.

We now turn our discussion to the structural symmetry of the SRO
interface facing the STO substrate. Considering the distinct SHG
anisotropy patterns obtained for the front-side and back-side reflection
geometries (Fig. 1), it is clear that the crystalline symmetry near the
bottom interface should be different from the top surface of the film. As a
compressive strain stabilizes the centrosymmetric tetragonal phase 4/m
near the substrate, one may consider the point group 4 as the symmetry
of its interface. As aforementioned, this symmetry does not allow any ED
SHG contribution in the normal incidence geometry. Therefore, the
observed SHG anisotropy strongly suggests that an additional symmetry
lowering, differently from the symmetry 4, should occur near the SRO-
STO interface. Importantly, the four-fold-like anisotropy pattern cannot
be attributable simply to any single structural phase since the four-fold
contribution for SHG process, if it would exist, is strongly coupled with
two-fold and six-fold contributions (Supplementary Information S2).
Instead, we can easily reproduce such feature by considering multiple
contributions from the monoclinic domains with different mirror planes.
We consider contributions from two monoclinic domains (ml1 and m2)
and a finite background (bg) as depicted in Fig. 1(e), and can fit the
experimental result successfully from their incoherent summation as
Ly (¢) 34 [Ph,, (#)]” with i = m1, m2 and bg.

Actually, it is not straightforward to conceive the monoclinic sym-
metry via an additional symmetry lowering from the 4/m symmetry of
the inner part of SRO films. Although the in-plane lattice of the thin SRO
films is fully clamped to that of the STO substrate, the oxygen octahe-
dron rotation patterns for the tetragonal SRO are given distinctly; STO
has no OOR (aOaan), but tetragonal SRO has an out-of-phase rotation of
RuOg octahedra along the out-of-plane direction (@®a®"). Therefore,
there should be a relaxation of the OOR pattern through few- or several
unit cells near the SRO-STO interface [28-30]. As demonstrated in the
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Fig. 2. SHG results of SrRuOj3 thin films with a thickness t = 4, 10, 30, 50, and 250 nm. a) Azimuth angle-dependent SHG intensity monitored for XY (upper) and XX
(lower) polarization configurations. The symbol and solid line stand for the monitored intensity and fitting results, respectively. For t = 4 nm, two monoclinic
domains formed at the interface are considered similarly for the bottom interface contribution for t = 250 nm shown in Fig. 1. For t = 10-250 nm, a single monoclinic
phase formed at the surface is considered. For t = 10 nm, the fitting quality is less satisfying compared to other results, and it can be improved by considering
contributions from both top surface and bottom interface (see Supplementary Information S2). b) Schematic description of the penetration depth (marked with green

color) for each film.

Supplementary Information S4, the asymmetric formation of the oxygen
atoms removes the mirror plane along the in-plane direction so that the
point group for this region is defined as 4. Therefore, it is not possible to
have the point group m even from the simple rearrangement of the OOR
pattern at the interface. Actually, it is important to note that the mirror
plane in the interface point group m is lying along the out-of-plane di-
rection, and this symmetry operation does not belong to the point group
4/m of the inner part. In this respect, the interface does not share the
symmetry operation other than the identity with the inner-bulk part
having the point group 4/m. Recently, Sohn et al. performed the x-ray
diffraction study combined with Coherent Bragg rod analysis (COBRA)
on SRO films grown on the STO substrate, and revealed large deviations
of the crystalline structures near the interface from ideal tetragonal and
orthorhombic phases [31]. We conjecture that an additional structural
reconstruction may arise from the structural misfits in both the lattice
constant and the OOR pattern across the interface as well as from a
possible off-stoichiometry [23,31]. Furthermore, the layer-by-layer
growth of the initial stage allows to form crystallographic domains
with different mirror planes (Fig. 3(c))[32]. In the inner-bulk part of the
films, the step-flow growth mode favors a single domain formation, but
the strain relaxation may be accompanied by a formation of defect-like
states [33], which may be hard to be detected in the present macroscopic
measurement.

3.3. Temperature-dependent evolution of interface and surface structural
symmetry

From these analyses, we could obtain a deep understanding about
the crystalline symmetries of the top surface and the bottom interface of
the SRO films which turn out to be in the monoclinic or tetragonal
phases. For the bulk SRO, the orthorhombic crystalline structure un-
dergoes a transition to the tetragonal structure at 820 K [11]. Similar
structural changes are revealed in thin SRO films whereas the transition
temperature is lowered to about 550 K due to the strain [15,17]. In this
respect, it is worthwhile to examine how the crystalline symmetries of
surface and interface of SRO films vary as a function of temperature.
Fig. 4(a) shows representative SHG anisotropy results for t = 250 nm
obtained at 80 K, 300 K, and 573 K. As temperature decreases down to
80 K, the SHG polar pattern remains as being two-fold periodic whereas
the overall intensity becomes stronger. On the other hand, the SHG in-
tensity becomes diminished with an increase of temperature to 573 K.
We integrate the SHG intensity over the full range of the sample azi-
muth, and present its temperature dependence in Fig. 4(b) for all the
films investigated. The SHG intensity decreases as temperature in-
creases, and becomes negligible at about 500 K. This clearly indicates
that the crystalline structure of surface or interface undergoes a transi-
tion to different states at high temperature. Considering that the inner-
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Fig. 3. Crystal structures of surface,
inner-bulk, and interface for SrRuOs;
(SRO) films grown on SrTiO3 (STO) sub-
strate. a) Cross-sectional view of the
crystal structures of the SRO film on STO.
For the films with a thickness larger than
50 nm, the inner-bulk part is dominated
by the distorted orthorhombic or the
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bulk part of the SRO films undergoes the structural transition to the
higher symmetry, i.e., the tetragonal structure with 4/mmm around 600
K [15,17], we consider 4 mm or 4 as the surface symmetry at the high
temperature. Since both symmetries do not contribute to the SHG
response in the normal incidence, we can consistently understand the
diminished SHG response at the high temperature in terms of the cor-
responding structural change of the surface. It should be noted that this
high-temperature structural phase should be common for all the SRO
films since both the grazing-incidence and normal-incidence SHG in-
tensities, which are sensitive to the bulk and surface/interface symme-
tries, respectively, become negligible at the high temperature
irrespective of the film thickness [15,17,34].

We present in Fig. 4(d) the structural phase diagram of the surface,
the interface, and (inner-) bulk of SRO films grown on the STO substrate
with variations of temperature and the film thickness. Whereas surface
and interface structures are characterized by the normal-incidence SHG
results, structural information for the inner-bulk is taken from the
grazing-incidence SHG result (Fig. 4(c)) and also from previous x-ray
diffraction study [17]. As temperature increases, the higher structural
symmetries are preferred for both the bulk and interface/surface. By the
way, it is worthwhile to point out three characteristic features of
structural changes for surface and interface of SRO films. First, the
transition temperature for the surface structure particularly of the thick
films is noticeably lower than that for the inner-bulk part of the film. As
shown in Fig. 4(c), although the inner-bulk phase for t = 250 nm un-
dergoes the transition at about 550 K [17], which is manifested by the
grazing-incidence SHG result, our normal-incidence SHG results imply
that the surface structure changes into the high symmetry phase already
at about 450 K. Since the surface structure is naturally connected to the
crystalline network of the inner-bulk part, such a large difference in the
temperature of the structural changes is rather unexpected. Further in-
vestigations are desired to elucidate this observation by considering
cooperative effects of a dimensionality difference between the inner-
bulk and the surface, atomic defects including oxygen vacancy
[35-371, and so on. Second, as the film becomes thinner to, e.g., t = 50

monoclinic (2/m) phase. Accordingly, its
surface should have the monoclinic
symmetry m. And, the interface facing
the substrate is characterized as the
multi-domain state with a monoclinic
point group m. b,c) Atomic arrangements
for the monoclinic symmetry of surface
(b) and interface (c) of SRO films. Crys-
tallographic orientations are given in the
orthorhombic and tetragonal conven-
tions for (b) and (c), respectively. In (b),
. a monoclinic distortion is indicated with
o o o deviating from 90°. Note that the
1 interface is depicted to have the multi-

1 domain phase (a and c).

o
O
S [001],

[010];

nm, the transition temperature for the surface symmetry increases
slightly, and it becomes comparable to that of the inner-bulk part. We
consider that the larger strain effect for the thinner film would influence
the entire area of the film, and hence the surface and inner-bulk part
undergo the structural change at the similar temperature. Another
interesting aspect can be pointed out for the interface state of the thin
films. Differently from the surface (for t > 50 nm), the interface SHG
response (for t < 30 nm) shows a much gradual T-dependent reduction
(Fig. 4(b)). We conjecture that the evolution of the structural change
near the interface would be impeded by the stronger strain effect by the
substrate as well as the existence of the multi-domain states formed near
the interface.

3.4. Discussion about magnetic properties of the SrRuOj3 film surface

Finally, we discuss the interface/surface magnetic properties based
on our SHG results. As shown in Fig. 4(b), SHG intensity increases at
about 150 K with a decrease of temperature, and this is reminiscent of
the ferromagnetic transition for the SRO films. This strongly suggests
that the surface/interface of the SRO film is compatible with the ferro-
magnetic spin order [38,39] Ferromagnetic transition temperature of
the surface/interface is also included in the phase diagram shown in
Fig. 4(d). The magnetic transition temperature does not show a notice-
able change with varying the film thickness, suggesting that the ferro-
magnetic order is relatively less influenced by the details of the
crystalline structure.

From this information about the ferromagnetic surface state together
with the surface structural symmetry, it is worthy of discussing the
possible formation of a magnetic skyrmion near the SRO film surface.
Recently, the magnetic skyrmion was intensively discussed in SRO films
[18-20,31], and it emerges from the Dzyaloshinskii-Moriya (DM)
interaction for otherwise ferromagnetically ordered spins. According to
the Moriya’s rule, the DM vectors for the 4 mm surface/interface are
defined to lie in the plane as being cyclic in the same sense [40]. This is
the case for the thin films with, e.g., t = 4 nm where the skyrmion is
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Fig. 4. Temperature-dependent SHG results for SrRuOs films and structural phase diagram. a) Azimuth angle-dependent SHG intensity monitored at 80 K (blue), 300
K (green), and 573 K (red) for the film thickness t = 250 nm and 4 nm. b) Temperature-dependent integrated SHG intensity for the XY configuration. Symbols indicate
the structural transition temperatures for the inner-bulk of SrRuOs films with corresponding thicknesses. Symbols of yellow color are taken from the x-ray diffraction
studies (Refs. [15;17]), and symbols of other colors are taken from the grazing-incidence SHG results (Fig. 4(c)). Dashed lines correspond to the ferromagnetic
transition temperature ~160 K. ¢) Temperature-dependent SHG intensities representing the surface/interface symmetry (open) and the inner-bulk symmetry (filled),
which are taken from the normal incidence and grazing incidence geometry, respectively. d) Structural phase diagram of surface (S, filled pink circle), interface (I,
empty pink circle) and bulk (B, light blue square) of SrRuOs films. Tetragonal, monoclinic, and distorted orthorhombic structures are abbreviated by T, M, and d-O,
respectively. Dashed lines are guide to the eyes to distinguish different crystallographic phases. Surface ferromagnetic transition temperature (T.) is given with a

triangle which appears almost independently of the film thickness.

possible formed. For the surface of thicker SRO films (¢t > 50 nm), the
symmetry is characterized as the monoclinic point group m differently
from 4 or 4 mm for surfaces of thinner films. In this case of the mono-
clinic point group m, the directions of DM vectors are not fixed by the
symmetry alone, and the formation of skyrmion is less preferred (Sup-
plementary Information S5). It should be also noted that inner-bulk of
the films maintain the inversion symmetry which forbids DM interaction
and hence the collinear ferromagnetic order is favored. Therefore, even
if the surface/interface favors formation of skyrmion, there will be en-
ergy penalization from the bulk for forming skyrmion as the thickness
increases. By considering structural symmetries of the surface and the
inner-bulk of SRO films, the skyrmion can be stabilized in thin films with
the thickness less than 10 nm, and it will be less favored with an increase
of the film thickness [20].

4. Conclusion

In summary, we investigated the crystallographic symmetry of sur-
face and interface for the compressively strained SrRuOs thin films
grown on SrTiO3 (001) substrate by using the optical second harmonic
generation technique. By adjusting optical configurations as well as the
film thickness, we could successfully distinguish the SHG contributions

from the surface, the inner-bulk, and the interface facing the substrate.
As a result, we characterized the surface of SRO films to have the
tetragonal or monoclinic symmetry depending on the film thickness, and
the interface facing the SrTiO3 substrate to have the monoclinic sym-
metry possibly due to the structural reconstruction at the interface.
Moreover, we demonstrated that all the parts of the surface, the inner-
bulk, and the interface undergo structural transitions with an increase
of temperature, and each exhibits distinct temperature-dependent be-
haviors which are attributable to the characteristic structural environ-
ments of each area. In these respects, our work provides useful
information about the structural details of surface and interface which is
crucial in exploiting SrRuOs thin films for the oxides devices. Further-
more, we anticipate that our work can be a valuable guideline in
exploiting transition metal oxide heterostructures where the interface
structure should be carefully engineered for both electronic and spin-
tronic applications.
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