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The change in physical properties of epitaxial StTRuO;/SrTiO; (SRO/STO) heterostructures occurring at the
STO phase-transition temperature of 105 K has attracted enormous research interest. In this work, we have
investigated the interfacial lattice structures in the SRO/STO heterostructure below and above 105 K. Based on
the high-resolution structural analysis and ultrafast x-ray-diffraction experiments, we have revealed an interfacial
lattice reconstruction of the SRO layer both in the real space and reciprocal space. Such an interfacial lattice
reconstruction can be attributed to the cubic-to-tetragonal transition that occurs in structural transitions of the

STO substrate.

DOI: 10.1103/PhysRevB.108.224113

I. INTRODUCTION

Due to strong couplings among spin, charge, and orbital
degrees of freedom at the interface, the epitaxial growth
of complex perovskite transition-metal oxides (ABOj) can
create emergent quantum states that do not exist in their
parent compounds. For instance, the quasi-2D electron gas
and low-temperature superconducting state emerge at the
LaAlO3/SrTiOj3 heterointerface [1]. In strained SrTiO; films,
ferroelectricity is observed [2], and in the PbTiO3/SrTiO3
superlattices, vortices form [3]. The lattice mismatch between
the SrRuOj3 (SRO, a pseudocubic structure with a lattice pa-
rameter of 0.393 nm) epitaxial film and the SrTiO; (STO, a
standard cubic structure with a lattice parameter of 0.3905
nm) substrate is nearly perfect, making the SRO/STO het-
erostructure one of the best perovskite-oxide combinations re-
ported so far [4]. Recently, SRO heterostructures have shown
great potential application in quantum information storage
and logic devices due to the discovery of the topological Hall
effect [5,6], chiral spin fluctuation [7], and skyrmion [8].

The physical property of STO-based heterostructures, such
as magnetism and electrical conductivity, undergoes an abrupt
change at ~ 105 K and the physical origin of this change is
under debate [9-11]. However, the coincidence of the cubic-
to-tetragonal phase transition of the STO substrate at the same
temperature [12—14] suggests that the exotic transport proper-
ties at 7 = 105 K may relate to the STO-induced interfacial
lattice reconstruction. Given that SRO’s electronic structure is
highly sensitive to tilts and rotations of the oxygen octahedron
due to the strong hybridization between Ru 4d orbitals and O
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2p orbitals [15], the phase transition in the STO substrate is
expected to alter the octahedral geometry in the SRO film,
thus changing the coupling status of spins and charges at the
interface.

To verify this speculation, we provide atomic-scale struc-
tural information on the octahedral behavior at the SRO/STO
heterointerface and uncover the related microscopic mech-
anism of substrate-induced interfacial reconstruction in this
work. By using the spherical aberration-corrected transmis-
sion electron microscope (TEM), we observe a localized
RuOg octahedral distortion emerging in the near-interface re-
gion of the SRO film at room temperature (300 K) after the
STO phase transition. This distortion results in a pronounced
RuOg octahedral tilting relative to the original orthorhombic
phase. To further analyze the interface lattice reconstruction,
ultrafast x-ray diffraction (UXRD) is introduced to track the
lattice dynamics of SRO/STO heterostructures at the tempera-
ture below (80 K) and above (300 K) the STO phase transition.
The split SRO (200) Bragg peak at 80 K and the reduced
characteristic time of the photoacoustic wave at 80 K unam-
biguously indicate the formation of a two-layered structure in
SRO, which is attributed to the phase transition of the STO
substrate below 105 K that enhances the lattice symmetry
mismatch.

II. RESULT AND DISCUSSION

A high-quality SRO epitaxial single-crystal film is de-
posited on (100) STO substrate using molecular-beam epitaxy.
Detailed lattice structures of the SRO film and the STO sub-
strate are presented in Fig. S1 [16]. As shown in Fig. 1(a), the
in situ static XRD is performed by utilizing a homemade laser-
driven plasma femtosecond x-ray source (PXS) [20] in the
absence of the laser pump beam. The temperature variations
were as follows: 300 K (pristine state), 80, and 300 K (with

©2023 American Physical Society
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FIG. 1. Static XRD measurements of the SRO/STO heterostructure. (a) Ultrafast x-ray-diffraction experimental setup based on laser-driven
plasma ultrafast x-ray source (PXS). Standard static x-ray scans are performed without the laser pump beam. (b) The SRO/STO (200) Bragg
reflections measured at 300 K without any cooling history. (¢) The SRO/STO (200) Bragg reflections measured at 80 K, which show an obvious
splitting of the SRO-(200) Bragg peak. (d) The SRO/STO (200) Bragg reflections measured at 300 K with the cooling history. Upon increasing
the temperature from 80 to 300 K, the satellite SRO-(200) Bragg peak at room temperature becomes weaker but still can be identified. The

color maps are presented on a linear scale.

cooling history). By continuously changing the temperature
with the setup of a cryogenic chamber, we can obtain the
XRD patterns as shown in Figs. 1(b)-1(d), which present the
(200) Bragg reflection of both SRO film and STO substrate
under three different conditions. Note that the 6 —26 scans
obtained by PXS static scanning are consistent with those
acquired with a standard diffractometer (see Fig. S2 in the
Supplemental Material for the comparison) [16]. Figure 1(b)
shows the 6§ —26 scans surrounding the respective (200) Bragg
reflections of the pristine SRO/STO heterostructure measured
at 300 K without any cooling history, which displays an inten-
sive Voigt-like shape Bragg reflection [SRO - (200) at 20 =
45.93° ], indicating the excellent epitaxial crystalline quality
of the SRO film [21]. Interestingly, when the temperature falls
below 105 K, the SRO-(200) Bragg peak bifurcates into two:
one remains unchanged, while the other shifts to a larger angle
at 20 = 46.05° [see Fig. 1(c) measured at 80 K], suggest-
ing a prominent lattice structure change. Furthermore, when
heating the SRO/STO heterostructure from 80 to 300 K, the
emerged SRO-(200) Bragg peak at 260 = 46° becomes weaker
but still can be resolved at room temperature, i.e., lattice
changes in the SRO layer are not fully recovered when heat-

ing back to room temperature. To rule out strain relaxations
simply due to thermal expansion during the cooling/heating
cycle, static XRD data at 120 K (not cooled below 105 K)
are presented, wherein no discernible peak-splitting behavior
of the (200) Bragg reflections of the SRO-(200) Bragg peak
is observed (see Fig. S3) [16]. These observations suggest
that when the STO substrate undergoes the cubic-to-tetragonal
phase transition at 105 K, the SRO layer probably consists of
two regions with different lattice parameters along the vertical
growth direction, leading to the splitting of the SRO-(200)
Bragg peak. The residual change can even be retained at room
temperature. In addition, we conducted static diffraction sim-
ulations at 80 K using lattice parameters obtained from TEM,
and the results are in good agreement with the experimental
data. (see Fig. S4) [16].

To verify the possible lattice structure changes of the SRO
layer when the STO substrate undergoes the phase transition,
the cross-section atomic position near the SRO/STO heteroin-
terface has been imaged by the spherical aberration-corrected
TEM. Figure 2(a) shows the cross-section TEM micrograph
of the SRO/STO heterostructure at 300 K with the cooling
history [i.e., corresponds to the case in Fig. 1(d)]. It shows
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FIG. 2. Atomic-scale characterization across the STRuO;3/SrTiO; interface with the cooling history. (a) Cross-section TEM image of the
~ 76.6-nm SRO film grown on STO substrate; the scale bar is 4 nm. (b) High-resolution TEM image of atomic positions near the SRO/STO
heterointerface. The yellow dashed line indicates the location of the heterointerface. Two distinct atomic areas are marked as area 1 and area
2, respectively. (c) The magnified image of area 2 away from the SRO/STO heterointerface. (d) The magnified image of area 1 is close to the

SRO/STO heterointerface.

clearly that the SRO film has a flat surface and a sharp in-
terface with a uniform thickness of ~ 76.6 nm. Two distinct
lattice structures of the SRO layer have been unambiguously
identified at the atomic scale. As shown in Figs. 2(b) and 2(c),
for the area far away from the heterointerface [indicated by
the yellow dotted line in Fig. 2(b)], Ru and Sr atoms form a
near-perfect lattice configuration, agreeing well with previous
results conducted on the pure SRO film [22-24], while for the
area close to the heterointerface [see area 1 in Fig. 2(b) and
Fig. 2(d)], Ru atoms display a considerable offset, leading to
the distortion of the RuOg oxygen octahedron. The distorted
RuOg¢ oxygen octahedron results in a reduction of the lattice
parameter along the ¢ axis and reflects in the XRD measure-
ments as a satellite SRO-(200) Bragg peak with an increased
diffraction angle, consistent with our observations in Fig. 1.
As a comparison, we have also checked the cross-section
atomic position of the pristine SRO/STO heterostructures at
300 K [i.e., corresponds to the case in Fig. 1(b)]. As shown in
Fig. S5 [16], Ru and Sr atoms in the entire SRO layer form
the lattice arrangement same as that in area 2 of Fig. 2(b)
and no noticeable atomic distortion has been resolved. Such
atomic-scale structural information thus suggests that when
the STO substrate undergoes the phase transition at 105 K, the
octahedral geometry near the interface in the SRO film will be
changed and a two-layered structure in the SRO film will be
formed.

To further confirm the formation of the two-layered struc-
ture in SRO, we probed the lattice dynamics by utilizing
ultrafast x-ray diffraction techniques. Briefly, we pump the
SRO/STO heterostructure with a femtosecond laser pulse
(1.55 eV, 45-fs duration) and after a certain delay time, an
ultrashort x-ray pulse (Cu-K,, ~ 200-fs duration) is used to
probe the photoexcited dynamics in the classical reflection
0—26 geometry. The diffracted x-ray image is recorded by
an x-ray charge-coupled device (2048 x 2048 pixels, 13.5-um
pixel size). More details of the home-built UXRD setup are
provided in our previous publication [20]. First, we investigate
the photoinduced lattice dynamics of the pristine SRO/STO

heterostructures at 300 K with a pump fluence of 2 mJ/cm?
(incident fluence). As shown in Figs. 3(a) and 3(b), upon the
pump laser reaching the surface of SRO, a transient shift of
SRO-(200) Bragg peak towards the lower angle is observed,
indicating a fast out-of-plane expansion. The lattice constant
increases immediately after photoexcitation, which reaches
a maximum, (Ad/d)y,. at timax = 11.7 ps [indicated by a
dashed line in Fig. 3(b)]. Subsequently, the expansion of
the SRO layer decays to the initial state with the timescale
of nanosecond or microsecond. This behavior can be well
described as the thermal-like ultrafast photoinduced lattice dy-
namics based on the two-temperature and linear chain models,
i.e., the optical excitation of the metallic SRO layer engenders
pronounced temperature gradients, exciting coherent acoustic
phonons (strain-wave packets) from the surface. These strain
waves propagate into the SRO film with the associated lon-
gitudinal sound velocity, modifying the separation of lattice
planes and corresponding to the transient Bragg peak shift
[25,26]. Based on the characteristic time for the strain wave
propagating through the SRO layer (~ 11.7 ps) and the thick-
ness of the SRO layer (~ 76.6 nm), the estimated longitudinal
sound velocity is about 6.547 nm/ps, which agrees well with
the value (~ 6.312 nm/ps) obtained in the pure SRO film [27].

Photoinduced transient dynamics of SRO/STO at 80 K
with a pump fluence of 4 mJ/cm? are shown in Figs. 3(c) and
3(d). To characterize the dynamic behavior of these two peaks
(i.e., one prominent peak at 45.93° and one satellite peak at
46.05°), we fitted the double peaks separately manually to ex-
tract peak position change information. As shown in Fig. 3(d),
the prominent peak (the green curve) and the satellite peak
(the orange curve) exhibit distinct lattice spacing variation
dynamics (also see the distinct full width at half maximum
and intensity dynamics of these two peaks in Fig. S6) [16],
indicating that the SRO (200) Bragg peak is not separated
by Cu K, and Cu K, lines (i.e., Cu K,; and Cu K, lines
detecting the same lattice plane should show identical dynam-
ics). Meanwhile, there is no dynamic hysteresis for these two
peaks in Fig. 3(d), suggesting that the satellite peak shows
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FIG. 3. Ultrafast XRD measurements of the SRO/STO heterostructure with different temperature treatment conditions. (a) Transient 6 —26
scans of the SRO (200) Bragg diffraction at 300 K without any cooling history, corresponding to the case in Fig. 1(b). (b) Lattice spacing
variation dynamics at 300 K extracted from (a). (c) Transient 0 —26 scans of the SRO (200) Bragg diffraction at 80 K, corresponding to the
case in Fig. 1(c). (d) Lattice spacing variation dynamics of the prominent peak (the green curve) and the satellite peak (the orange curve) at
80 K extracted from (c). (e) Transient 6 —20 scans of the SRO (200) Bragg diffraction at 300 K with the cooling history, corresponding to the
case in Fig. 1(d). (f) Lattice spacing variation dynamics at 300 K extracted from (e). The solid lines in (b), (d), and (f) represent exponential

fits.

an active dynamic response, that is, the dynamics are caused
by the direct laser excitation; otherwise, the propagation of
acoustic strain waves in the passive dynamic process (i.e.,
the dynamics due to the strain-wave propagation) should lead
to an apparent hysteresis [25,26,28]. Based on these facts,
therefore, we can safely conclude that the origin of the satellite
peak is due to the formation of a two-layered structure in
the SRO film and the thickness of each layer can be well
determined. Similar to the analysis in Figs. 3(a) and 3(b), with
the characteristic time fymax = 9.2 ps the estimated thickness
of the unchanged and distorted SRO layer is 60.2 and 16.4
nm, respectively. Please note that #,,,,x of the prominent peak
persists as the pump fluence increases to 8 mJ/cm? (see Fig.
S7) [16], further implying that the two-layered structure in the
SRO film is linked to the phase transition of the STO substrate
below 105 K instead of the optical laser excitations [26].

We have also noticed that the satellite peak in Fig. 3(d)
exhibits initial bipolar stress switching at early time delays
(i.e., compression first and then expansion), in contrast to
the quasi-instantaneous expansion of the prominent peak.
As reported in previous studies [26,29], the excitation spa-
tial profile strongly correlates with the shape factor § = d/¢,
where d is the layer thickness and ¢ denotes the optical
penetration depth. The bipolar stress switching observed here
indicates that § >> 1 in the distorted SRO layer (i.e., the
laser penetration depth is slightly larger than the thickness
of the unchanged SRO layer, which can only excite a small
fraction of the distorted SRO layer). Under this condition,
the nonuniform excitation causes the excited part of the dis-
torted SRO layer to expand and compress the unexcited part,
which results in a different strain profile compared to the
unchanged SRO layer [26]. In addition, Figs. 3(e) and 3(f)
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FIG. 4. A schematic illustration of the interface lattice reconstruction in SRO/STO heterostructures triggered by the structural transition
of STO at low temperature (< 105 K). (100) SRO film with an orthorhombic unit cell is deposited on (100) STO substrate. Below 105 K, the
STO substrate undergoes a cubic-to-tetragonal transition, leading to the breaking of interface lattice symmetry mismatch and the formation
of a two-layered structure in the SRO film. One is the near-surface layer, which remains the orthorhombic structure, and the other is the
near-interface layer, with a larger tilt angle of RuOg octahedral relative to the initial layer.

depicts the photoinduced lattice dynamics of SRO/STO at 300
K under the same pump fluence (4 mJ/cm?) with a cooling
history [corresponding to the case in Fig. 1(d)]. In this case,
accurately distinguishing the dynamic process of the satellite
peak is challenging due to the obscure satellite peak [see the
static x-ray-diffraction pattern in Fig 1(d)]. Thus, the photoin-
duced transient dynamics described here contain contributions
from both the residual satellite and the prominent peak. Based
on the characteristic time f3,,x = 16.4 ps, the estimated lon-
gitudinal acoustic velocity is 4.67 nm/ps, which is reduced by
approximately 30% compared to the value in the pure SRO
film. Therefore, the contribution from the residual satellite
peak cannot be neglected. Similar to Figs. 3(e) and 3(f),
we have also checked the pump-dependent maximum lattice
change (Ad/d),,, and the characteristic time of SRO/STO
at 300 K with a cooling history. As shown in Fig. S8 [16],
(Ad/d)may 18 positively and linearly correlated with increas-
ing fluences while #3m,, remains unchanged, confirming again
the observed dynamic process is a thermal-like behavior [30]
and ruling out any change of the longitudinal acoustic velocity
caused by nonthermal factors. Please note that the excitation
fluence used in three conditions are different [i.e., 2 mJ/cm?
in Fig. 3(a) and 4 mJ/cm2 in Figs. 3(c) and 3(e)] since for the
pristine state at 300 K, previous UXRD measurements [25,26]
have demonstrated that the characteristic times (longitudinal
sound velocity) are independent of the fluence change.

Based on the experiment results, we have schematically il-
lustrated the interfacial lattice reconstruction in the SRO/STO
heterostructure triggered by the structural transition of STO,
as shown in Fig. 4. The epitaxial SRO film in the SRO/STO
heterostructure experiences in-plane compressive strain, re-
sulting in an orthorhombic structure at room temperature with
slight tilting and rotation of the RuOg octahedra [31,32]. Be-
low 105 K, the STO substrate undergoes an antiferroelectric
distortion phase transition (from cubic to tetragonal phase),

leading to a decrease in the lattice constant a and an increase
in the lattice constant ¢ due to the rotation of TiOg octahedra in
neighboring unit cells [12,14,33]. This results in an intensified
lattice mismatch at the interface, causing notably compres-
sive strain. Previous research indicates that this reduction in
lattice symmetry of the STO substrate below 105 K affects
the symmetry of the adjacent La,;3Ca;;3MnO3 lattice [9], as
demonstrated by a martensitic transition from the tetragonal
to the orthorhombic phase. At 80 K, the SRO film bifur-
cates into a “near-interface layer” and a “near-surface layer”.
As the film thickness increases, the strain introduced by the
substrate tends to relax, and the lattice structure of the near-
surface layer tends to revert to a bulklike structure [32,34].
The structural transition of the STO substrate introduced a
further tilted distortion in the RuQOg octahedra of the near-
interface layer, with a scale of up to 16.4 nm. Meanwhile, in
the case of 300 K with cooling history, the persistence of the
distorted state primarily results from excessive interface stress
mismatch induced by the phase transition of STO substrates.
This results in irreversible minor damage and a substantial
softening of the oxygen octahedral lattice in the epitaxial
SRO layer. We predict that 100% of the SRO layer will be
distorted if the SRO thickness is even thinner, owing to the
strong stress mismatch near the interface. Theoretical calcu-
lations indicate that the RuOg octahedral network near the
interface in the SRO/STO heterostructure exhibits remarkable
rigidity, with the interface layer maintaining a size smaller
than 1 unit cell [35]. However, during epitaxial growth, an
enlargement of the transition-layer size is observed (9 to 18
unit cells) due to the temperature-dependent orthorhombicity
factor [31]. This enlargement accommodates greater distor-
tions and alleviates stress caused by the lattice mismatch.
Consequently, the RuOg octahedral network softens, leading
to a reduction in longitudinal acoustic velocity. The local
magnetism of SRO, strongly influenced by the hybridization
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between the Ru d orbitals and the O p orbitals, is highly
sensitive to symmetry changes induced by disruptions in local
symmetries [35-38]. By modulating the strain imposed by the
substrate, a multilayer magnetic structure and associated mag-
netic phase transitions can emerge, similar to the observation
of twinning in La;_,Sr,MnO; (x = 0.175) thin films on an
STO substrate at 105 K, which exhibit a three-layer magnetic
distribution [10]. The SRO/STO heterostructure is frequently
used in transistor-like structures, where strain engineering can
enhance the performance of adjacent functional films (such
as BiFeOs3 and PbZrg s, Tip4s03) [39,40]. The two-layered
structure within the SRO film offers possibilities for magneto-
electric effects, electronic memory, and logic devices [41-44].

III. CONCLUSIONS

In conclusion, our study provides a comprehensive un-
derstanding of the microscopic mechanism underlying the
lattice structure reconstruction observed in SRO films dur-
ing the cubic-to-tetragonal transition of the STO substrate.
Through high-resolution atomic-scale imaging of the RuOg
octahedral, we have directly observed the distortion of the

octahedral structure, characterized by larger tilt angles, at the
SRO/STO interface following a cooling history. Additionally,
employing acoustic phonon strain-wave propagation analysis
at temperatures of 80 and 300 K, we have discovered the for-
mation of a distinct two-layered structure within the SRO film.
This intriguing phenomenon can be attributed to the cubic-to-
tetragonal transition experienced by the STO substrate, which
stimulates the lattice reconstruction phenomenon in the SRO
film. The importance of our research lies in its contribu-
tion towards unraveling the reconstructed octahedral network
and uncovering a ground state within a single epitaxial SRO
film resulting from the structural transformation of the STO
substrate.
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