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Anisotropic strain relaxation-induced directional
ultrafast carrier dynamics in RuO; films

Seung Gyo Jeong'*t, In Hyeok Choi**t, Seungjun Lee**t, Jin Young Oh*, Sreejith Nair’,
Jae Hyuck Lee®, Changyoung Kim®, Ambrose Seo®, Woo Seok Choi?, Tony Low>%,

Jong Seok Lee?*, Bharat Jalan'*

Ultrafast light-matter interactions inspire potential functionalities in picosecond optoelectronic applications.
However, achieving directional carrier dynamics in metals remains challenging due to strong carrier scattering
within a multiband environment, typically expected for isotropic carrier relaxation. In this study, we demonstrate
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epitaxial RuO,/TiO, (110) heterostructures grown by hybrid molecular beam epitaxy to engineer polarization se-
lectivity of ultrafast light-matter interactions via anisotropic strain engineering. Combining spectroscopic ellip-
sometry, x-ray absorption spectroscopy, and optical pump-probe spectroscopy, we revealed the strong anisotropic
transient optoelectronic response at an excitation energy of 1.58 eV in strain-engineered RuO,/TiO, (110) hetero-
structures along both in-plane [001] and [110] crystallographic directions. Theoretical analysis identifies strain-
induced modifications in band nesting as the underlying mechanism for enhanced anisotropic carrier relaxation
observed at this excitation energy. These findings establish epitaxial strain engineering as a powerful tool for
tuning anisotropic optoelectronic responses with near-infrared excitations in metallic systems, paving the way for
next-generation polarization-sensitive ultrafast optoelectronic devices.

INTRODUCTION

The study of light-matter interactions has garnered much attention
in condensed matter physics and materials science, particularly for
its role in enabling next-generation optoelectronic technologies. A
key area of interest is the engineering of strong polarization selectiv-
ity in these interactions, which offers great potential for advancing
optoelectronic applications, such as polarization-sensitive photode-
tectors (I1-4), linearly polarized light emitters (5, 6), and systems for
optical communication (7), imaging (8), and high-speed digital sig-
nal transmission (9). Central to these applications is the anisotropy
of transient photo response in the picosecond regime, which enables
the realization of ultrafast optical switches and modulators. These
ultrafast optoelectronic devices, controlled by light polarization, are
critical for the next generation of optical information processing
technologies (10, 11).

Previous studies have largely focused on correlated metallic
systems, where anisotropic behavior has been relatively small and
restricted to cryogenic temperatures (12-21), especially for the tran-
sient optical response. Such limitations pose a challenge for practical
applications, particularly in room-temperature environments. Re-
cent advancements in the study of low-symmetry insulating two-
dimensional (2D) materials have revealed transient optoelectronic
anisotropy at room temperature (10, 22-29). These present exciting
opportunities for developing scalable, stable ultrafast optoelectronic
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devices capable of functioning under ambient conditions. However,
conventional fabrication methods for 2D materials, including me-
chanical exfoliation (30, 31), have encountered major challenges re-
lated to scalability and environmental stability, which hinder their
practical implementation in large-scale applications. In addition, the
anisotropy of materials is inherently determined by the crystal struc-
ture and severely limits the degree of tunable anisotropy for engi-
neering specific optical functionalities.

Epitaxial rutile oxide heterostructures provide a promising plat-
form for achieving optoelectronic anisotropy by harnessing aniso-
tropic epitaxial strain. As illustrated in Fig. 1A, TMOg octahedra
(TM: transition metal) in the (110) rutile structure is edge shared
along the [001] direction, where the octahedra at the corner of the
unit cell are connected via edge-sharing of equatorial oxygen atoms
(gray arrow). In contrast, along the [110] direction (purple arrow),
the octahedra exhibit corner-sharing, involving both equatorial ox-
ygen atoms from the primitive sublattice and apical oxygen atoms
from the centered sublattice. This innate structural anisotropy in the
rutile structure can lead to the anisotropic electronic band struc-
tures resulting in polarization-selective optoelectronic responses. By
constructing epitaxial RuO,/TiO; (110) heterostructures, additional
structural anisotropy can be introduced through epitaxial strain
(32-34). For instance, the lattice mismatch between RuO, film
grown on TiO, (110) bulk is —4.7% along [001], creating compres-
sive strain, and +2.3% along [110], generating tensile strain. Fur-
thermore, the large compressive [001] strain can induce the anisotropic
strain relaxation starting at 4 nm RuO; film thickness, while the
tensile [110] strain is well preserved until 17 nm, leading to aniso-
tropic strain relaxations (32). These anisotropic epitaxial strain effects
provide a scalable platform for engineering anisotropic light-matter
interactions in this metallic system, opening exciting possibilities for
polarization-sensitive ultrafast optoelectronics.

In this paper, we demonstrated both static and dynamic elec-
tronic anisotropy engineering in strain-controlled RuO, films via
epitaxial design. Using hybrid molecular beam epitaxy (hMBE), we
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Fig. 1. Epitaxial strain control of electronic anisotropy in the RuO,/TiO; (110) heterostructure. (A) Schematic illustrates anisotropic ionic bonding in the RuO; (110)
heterostructure with anisotropic epitaxial strain (black arrows) on TiO, (110) substrate. The strain values are estimated based on bulk lattice parameters. (B) Schematic il-
lustration of AR as a function of time delay using an optical pump probe demonstrates an experimental example of transient electronic anisotropy. The bottom panels
show the dominant carrier dynamics excited by pumping laser with different ultrafast timescales. (C) Schematic representations of three representative orbital states
projected on the RuO, (110) plane. (D) Schematics of the RuO, model systems are adopted for DFT calculations to describe anisotropic strain relaxations along the [001]
direction. The anisotropic strain relaxation yields two structural evolutions: (i) a, > as and (ii) 6, > 65 > 90°, as discussed in the main text. (E and F) The density of states
projected by Ru-4d and O-2p states (left panels) and detailed Ru-4d states (dxz_yz, dy and dyy, right panels) for (E) fully strained and (F) anisotropically strain-relaxed RuO,.
The vertical dotted lines are each peak position of the orbital states for the fully strained case. The red arrows indicate the [001] strain relaxation-induced energy shift of

the dxz_y2 state.

synthesized atomically flat RuO, films (32, 35) of varying thick-
nesses on TiO, (110) (figs. S1 to S3). Combining x-ray absorp-
tion spectroscopy (XAS), spectroscopic ellipsometry, and density
functional theory (DFT) calculations, we identified that anisotro-
pic strain relaxation effectively modulates the static optical anisot-
ropy in RuO,, starting at ~4 nm film thickness, consistent with an
optical second harmonic generation (SHG) study (32). Further-
more, optical pump-probe spectroscopy reveals obvious anisotropy
in hot carrier dynamics, demonstrating its tunability via anisotro-
pic strain relaxation. Theoretical analysis on electronic band struc-
tures highlighted strain-tunable band nesting in the Ru-4d ty,
states of RuO,, as the key mechanism driving directionally selec-
tive hot carrier dynamics for anisotropically strain-relaxed RuO5.
These findings establish substantial room-temperature optical an-
isotropy in metallic oxides, offering an exciting strategy to design
polarization-sensitive ultrafast optoelectronic devices using epitaxi-
ally strained rutile heterostructures.

RESULTS
To quantify the polarization-selective dynamic optical anisotropy, we
probe the transient reflectivity change (AR) in response to ultrashort
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laser pulses using a femtosecond laser. By measuring AR along differ-
ent crystallographic axes (see Fig. 1B), such as the a and b axes,
the dynamic optical anisotropy between these orientations can be
quantified by the parameter p = (AR, - ARy)/(AR, + ARy), as sim-
ilarly defined in previous studies (27, 36). This approach further
enables the disentangling of the time-dependent contributions of
various carrier dynamics (10, 37). Within the first picosecond
(<1 ps), carrier scattering dominated by electron-electron scat-
terings plays a key role, while electron-phonon coupling becomes
more prominent in the sub-10-ps regime as carriers thermalize
with the lattice (38), as schematically shown in the bottom panels
of Fig. 1B. These indicate that static electronic and structural anisotro-
pies, as well as their carrier dynamics, are essential for transient opti-
cal anisotropy in materials.

We first discuss the crystal structure of RuO,/TiO, (110) and
the orbital hybridization along two in-plane directions [110] and
[001]. Figure 1C shows three key orbital states in the (110) plane of
rutile RuO, that influence its electronic structure near the Fermi
level (39-41). The Ru-4d orbitals split into three #,q states (dxz,yz, dys
and d,;) and two e states (dy, and d2). The dxz,y2 orbitals, directed
toward neighboring Ru atoms, are nonbonding with O-2p orbitals
(left panel of Fig. 1C), whereas the d,, orbitals form n* antibonding
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with O-2p, (middle panel of Fig. 1C) and O-2p, of the apical oxygen
in the primitive octahedra (40). The coordinate axes are defined as
x =[001], y = [ITO], and z = [110], following previous literature
(33, 34). The d,, orbital forms 6* antibonding with the sp2 type of O
orbitals owing to the trigonal-like coordination of Ru and O atoms
along the corner sharing direction (right panel of Fig. 1C). Given
these bonding configurations, it is reasonable to expect that aniso-
tropic strain relaxation, which modifies both bond angles and bond
lengths, can effectively alter the electronic structure of RuO,/TiO,
(110), leading to tunable anisotropic optical and transport responses.

To investigate this, we performed DFT calculations. Specifically,
we modeled two cases as depicted schematically in Fig. 1D: (i) fully
strained RuQ; with lattice constants in both [001] and [110] direc-
tions matching the TiO; (110) substrate [as = aTioz. and bs = brioo,
where a5 and b refer to the lattice parameters of a fully strained
RuO; film, and ario; and brio, denote lattice parameters of the TiO,
(110) substrate along two in-plane directions], and (ii) anisotropi-
cally strain-relaxed RuO, (110) with the [001] lattice constant match-
ing bulk RuO, while [110] remains fully strained by TiO; (a; = adpuix
ruo2 and by = brioz, where a, and apyik ruo2 refer to the relaxed lattice
parameter and bulk lattice parameter of RuO, along [001] direction
and b, is the lattice parameter of RuO, along [110]). Figure 1D il-
lustrates the corner bonding geometry along [110], showing that
a, > as and 6, > 6, > 90°, where 6 and 6, represent the Ru-O-Ru
bonding angles in fully strained and anisotropically strain-relaxed
RuO,, respectively. This structural change strongly influences or-
bital hybridization and electronic properties. We note that the two
strain conditions as illustrated in Fig. 1D were chosen to evaluate
the effect of anisotropic strain relaxation in RuO,/TiO; (110) on the
electronic structure.

Figure 1 (E and F) shows the orbital projected density of states
for fully strained and anisotropically strain-relaxed RuO,, as depicted
in Fig. 1D, respectively. The solid black lines in the left and right
panels represent the total density of states near the Fermi level.
While the left panels display projected Ru-4d ta, g, and O-2p orbit-
als, the right panels show detailed orbital projections of Ru-4d ty,
and e;. The Fermi level of RuO; is located within the Ru-ty, states,
which governs its metallic behavior. More specifically, the projected
Ru-44 states in the right panels reveal that the two peaks near the
Fermi level are primarily associated with the d,*_,” orbital states,
and subsequent peaks above the Ferm1 level are mainly related to 7
ofdy;and ¢ *of dyy. The tag states (d? y % and d,.) exhibit a peak-like
structure, where the density of states concentrates within a narrow
energy range, indicating the weak orbital overlap characteristic of
lateral = bonding (39, 40). In contrast, the e, state (d,) shows a
much broader bandwidth in which the density of states extends
across a wide energy range, attributed to the larger head-on overlap
of 6-type bonding (39, 40). Furthermore, the density of states of the
O-2p state exhibits similar behavior to that of the Ru states, indicat-
ing strong Ru-O hybridization of RuO,. When the strain along [001]
is anisotropically relaxed to bulk Rqu (wh1le the strain along [1 10]
is preserved), the bandwidth of all T “and 6~ bonding states becomes
larger and the peak position of ©~ bonding of d,, states shifts to a
higher energy. The former suggests the larger Ru-O orbital overlap
in strain-relaxed cases. This further indicates that larger 6, by strain
relaxation along the [001] direction, as shown in Fig. 1E, is crucial in
determining the Ru-O hybridization rather than the increase in a,.
On the other hand, the anisotropic strain relaxation along [001] also
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induces the energy lowering of the dxz_),2 state (indicated by the red
arrows in Fig. 1F), consistent with the previous studies (33, 34, 40).
To examine the anisotropy of Ru-O orbital hybridization in epi-
taxial RuO,/TiO, (110) heterostructures, we performed XAS as
shown in Fig. 2, with total electron-yield (TEY) mode (42), at the O
K-edge because it is strongly coupled with Ru-O hybridized orbitals.
The TEY mode is a surface-sensitive technique with a probing depth
of only a few nanometers (42). Figure 2A shows the schematic of the
setup illustrating how O K-edge X AS spectra are acquired with |1,

(electrical field is along [ITO] direction) and Ejgo1) (electrical field is
along [001]) direction polarized light with an incidence angle of 90°.
Before discussing the experimental data, we examine the DFT cal-
culations presented in Fig. 2B. These calculations project the density
of states for unoccupied O-2p orbitals along two distinct in-plane
crystal orientations: 2p, along [001] and 2p, along [110]. This pro-
jection simulates the XAS-related band structures. Because O-2p,
orbitals do not contribute to the O K-edge XAS spectrum in the
(110) surface normal incidence configuration, our focus is on the
2p, and 2p, orbital states. The first peak near 1 eV (in Fig. 2B) is
predominantly associated with 2p, orbital (" -type bonding with t,
states), while the broader peak around 3.7 eV involves a combina-
tion of 2p, and 2p, orbitals (" -type bonding with e, states). Consid-
ering the strain effect along the [001] direction between fully
strained (top panel) and anlsotroplcally strain-relaxed RuO, (bot-
tom panel), for both " and 6" peaks, the bandwidths become broader
with strain relaxation, while the peak positions of strain-relaxed
RuO; shift to higher energy compared to that of fully strained RuO,
(vertical dotted lines), indicating increase of the Ru-O hybridization
due to anisotropic strain relaxations, consistent with the conduction
band of Ru-4d states in Fig. 1 (E and F).

We now turn to the discussion of experimental results. Figure 2C
shows XAS spectra with E[oo1) (upper black) and E|;j,, polarization
(lower purple) for 2-, 4-, and 12-nm RuO; films. Each spectrum was
normalized by the peak intensity at 532 eV. The vertical dotted lines
for the 2-nm RuO; film (left panel) show the two peak positions at
~529 and ~532 eV of t54- 7 and e o' states, respectively, in agree-
ment with the previous rutile studies (40, 43, 44). Especially for E[,7,

polarlzatlon, [1 10] directional electric field shows a much stronger
tzg-ﬂ? peak, consistent with the dominant contribution of 2p, orbital
for the tzg-at state shown in Fig. 2B. As RuO, thickness (d) increas-
es, both relatlve peak 1nten51ty [I(t2g)/I(eg)] and separation (A) be-
tween tyg- n and e 6 peaks increase (plotted in Fig. 2, D and E).
Furthermore, the thickness dependence of I(t)/I(eg) in Ejgo1) po-
larization XAS is relatively smaller compared to E[;7,;, leading to the
thickness modulations of electronic structure anisotropy in RuO,
(110) films.

The I(t,g)/I(eg) at O K-edge XAS is proportional to the Ru-O or-
bital hybridization strength and the number of unoccupied Ru states
(45). Because the Ru L-edge XAS spectrum in fig. S4 shows the ro-
bust +4 oxidation state for our RuO, (110) films, the increase in
I(t2g)/I(eg) with film thickness indicates enhancement of Ru-O hy-
bridization with strain relaxations. In addition, x-ray photoemission
spectroscopy (fig. S5) confirm the +4 oxidation states of Ru in these
films. We note that the enhancements of I(t54)/I(eg) in XAS are more
pronounced compared to our DFT calculations, which might sug-
gest the additional strain effect such as structural phase transition
(32) and/or dimensional crossover. This may also be attributed
to the multiplet effects in XAS, arising from interactions between
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Fig. 2. Modulated anisotropic Ru-O hybridizations of epitaxial RuO,/TiO; (110) heterostructures. (A) Schematic of the scattering geometry with the surface normal
incident synchrotron x-ray beam. Ejoo1) and E;7¢ polarizations are parallel to the [001] and [170] directions of RuO,/TiO; (110) samples, respectively. (B) The density of
states for O-2p orbitals are projected to the [001] (2p,) and [170] (2p,) direction for fully strained (bottom) and anisotropically strain-relaxed RuO; films (top). (C) XAS
spectra at the O K-edge measured by TEY methods show E;;7¢; (purple) and Ejeo1) (black) polarization dependence for RuO, thicknesses of 2, 4, and 12 nm in RuO,/TiO;
(110). Vertical dotted lines represent the peak positions indicating Ru-4d t,g and ey with O-2p hybridizations with their energy difference, A, for the 2-nm case.
(D) I(t2g)/I(eg) and (E) A show RuO, thickness dependence due to the anisotropic strain relaxations. The /(txg)//(eg) was assigned based on the point of highest intensity for

each tg-and eg-related peak.

core-hole states and valence electrons (46), which are not accounted
for in our DFT calculations. On the other hand, because the aniso-
tropic strain relaxation effect is more pronounced in the strongly
bonded eg—c$ states compared to the tzg;n* bonding states (40), this
leads to a clear peak shift for the e,- state, resulting in the en-
hanced A. Thus, we attribute the increase of A and I(ty,)/I(eg) above
4 nm RuO; films originating from the strain relaxation-induced
evolution in the electronic structure. We could not observe a spe-
cific thickness-dependent bandwidth change for each XAS peak,
which might be due to the peak broadness caused by photoelectron
damping. Nevertheless, the combined experimental XAS data and
DFT calculations show how thickness and anisotropic strain relax-
ation along [001] results in the anisotropic electronic structure of
RuO; films.

Last, we investigate in Fig. 3 the polarization-selective optical an-
isotropy and carrier dynamics in RuO; (110) films by measuring the
transient reflectivity change AR in response to ultrashort laser pulses
using a femtosecond laser. Figure 3A shows the AR in the picosecond

Jeongetal, Sci. Adv. 11, eadw7125 (2025) 27 June 2025

time domain for epitaxial RuO, (110) films of varying thicknesses.
Both pump and probing laser have a center wavelength of 785 nm
(1.58 eV) as illustrated in Fig. 3C to selectively excite and monitor the
anisotropic Ru #yg-related transitions. The polarization of the pump
laser was applied along the [001] direction whereas the transient op-
tical reflectivity as a function of time, the AR, was measured with two
different polarization angles (0) of probing laser pulse (6 = 0° for
E(170;and 8 = 90° for E[goy)) for RuO; films of thicknesses 4, 7, and
12 nm. Data from other film thicknesses (2 and 17 nm) are shown in
fig. S6. Because the optical penetration depth of RuO; is estimated to
be ~26 nm from ellipsometry results, we confirmed that the entire
film thickness was probed. The AR at this timescale depends only on
the polarization of the probing laser but remains independent of the
polarization of the pump laser (fig. S7). This indicates that the ob-
served anisotropic hot carrier dynamics are intrinsic to the material’s
light-matter interaction, rather than dictated by the initial excitation
conditions. Therefore, we focus on the polarization dependence of
the probing laser. Figure 3A reveals that the difference in AR between
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Fig. 3. Anisotropic ultrafast carrier dynamics of epitaxial RuO/TiO; (110) heterostructures. (A) Transient reflectivity change (AR) of RuO,/TiO, (110) films for two
perpendicular polarizations of the probe laser along [170] and [001] of the crystal axis with (B) anisotropic factor, p. (C) Schematic of the scattering geometry with surface
normal incident optical pump-probe measurement. (D) Time-dependent p and (E) polarization-dependent anisotropic ta with different film thicknesses (d). Polarization
angle (0) resolved AR (left) with T4 (right) for (F) 4-nm and (G) 12-nm RuO, cases. The solid line of ta(6) is shown as a guide to the eye for the sine function.

the two probe polarizations (E[;5 and E[1)) becomes increasingly
pronounced as anisotropic strain relaxation increasing thickness d.
More specially, as d increases, the decay slope of AR for E[go1}, where
the electrical field is along the anisotropic strain relaxation direction,
decreases. In contrast, the AR of the bulk RuO, (110) single crystal
exhibits a negligible anisotropic behavior along both in-plane [110]
and [001] directions (fig. S8), which is consistent with static optical
spectra of bulk RuO; (47, 48). Figure 3B shows the anisotropic factor
p as a function of time. As d increases, p increases for all time (¢).
Notably, the value of p for t < 5 ps is larger than that for t > 5 ps, in-
dicating variations in dominant carrier dynamics depending on the
timescale. To examine this further, we plot in Fig. 3D the optical an-
isotropy p as a function of d for selected t of 0.1, 1.5, 5, and 12 ps.
Regardless of different timescales, the value of p remains nearly un-
changed for d < 4 nm, whereas it becomes much larger for a smaller
timescale (<1.5 ps) for d > 4 nm. The highest p value of anisotropi-
cally strain-relaxed films (d > 4 nm) below 1 ps suggests an im-
portant role of electron-electron scatterings in the nonequilibrium

Jeongetal, Sci. Adv. 11, eadw7125 (2025) 27 June 2025

state in determining transient optical anisotropy. At 0.1 ps, electron-
electron scattering dominates the hot carrier dynamics, and then
electron-phonon scattering becomes crucial until 12 ps. In Fig. 3A
of the anisotropically strain-relaxed 12-nm film, AR of Ejgo1j exhib-
its a more gradual rise in AR below 2 ps compared to that of |1y,
resulting in a large difference of p values. The slower electron-
electron thermalization time for Ejoo;) (but not for E3,)) indicates
an anisotropic reduction of electron-electron scattering along the
[001] direction.

We further fit the anisotropic AR using two exponential compo-
nents, A and B, shown in Fig. 3A. Because the fast decay component
A in E[gp1) above 12 nm disappears (fig. S6), we only included the
slow decay component B in those cases. Figure 3E shows thickness-
dependent decay time for the A component (t4). In strained films
below 4 nm, the 74 value of E[oo1] is much smaller than that of E;7,),
and it increases and disappears above 12 nm as thickness in-
creases. On the other hand, the 74 value of E 7, starts to decrease
above 4 nm, and it lastly becomes much faster than that of Ejgo1).
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This opposing tendency between Eoo1) and Ej;7, induces and in-
creases the anisotropy in the carrier dynamics with increasing film
thickness. The evolutions of anisotropy with thickness are also con-
firmed in electrical transports using the two Hall bar devices along
the [001] and [110] directions of RuQO, (110) films, as shown in

fig. S9 (49). Figure 3 (F and G) shows more detailed 6-resolved AR
contour plots with fitting results of T4 for the 4- and 12-nm RuO,
film, respectively. Both AR(0) contour plot and t4(0) of 12 nm show
strong twofold anisotropy, whereas those of 4 nm exhibit weak an-
isotropy. Figure S10 further exhibits the same twofold anisotropy for
the 17-nm case. More specifically for the 12-nm film, when 6 is close
to 90° or 270° parallel to the anisotropically strain-relaxed [001]
crystal axis, T4 becomes larger and merges to the slow B component
at 90° or 270°. In contrast to the appearance of transient anisotropy
at cryogenic temperature for Sr,RuQy (12), the anisotropy between
Epoo11 and Ej 79  of 4- and 12-nm RuO; films increases with anisotro-
pic enhancement of AR for E[;7,, as temperature increases (figs. S11
and S12), with the optical anisotropy persisting over a wide range of
temperatures.

The anisotropic transient behavior in AR can originate from two
possible mechanisms: instantaneous anisotropic carrier distribution or
anisotropic carrier transitions. The former arises from an uneven dis-
tribution of excited carriers across momentum states (23, 25, 27, 50),
while the latter is governed by direction-dependent optical transitions
by the nonequilibrium population influenced by band structure asym-
metry (26, 27). Both effects have been observed in pump-probe
measurements of anisotropic materials (23, 25-27, 50). However, the
insensitivity of AR to the pump laser polarization effectively rules out
the contribution of an anisotropic carrier distribution, indicating that
the transient carriers have already reached a quasi-equilibrium state
with an elevated electronic temperature upon the probe measurement.
The decay of the p in the 12-nm film occurs within ~3 ps (Fig. 3A),
which is consistent with the energy relaxation of thermally distributed
carriers, rather than from anisotropic carrier populations across the
Brillouin zone. Furthermore, the laser pulse width in our setup is ap-
proximately 160 fs, as measured by interference autocorrelation. Be-
cause this pulse duration exceeds the typical timescale for carrier-carrier
momentum relaxation, the photoexcited anisotropic carrier distribu-
tion would not have survived for detection, further explaining the lack
of pump polarization dependence. These suggest that the observed
anisotropy in AR stems from transient anisotropic optical transitions
of the probe beam along the [110] and [001] directions; an effect solely
due to the anisotropic electronic structure.

To investigate the origin of optical transient anisotropy, we first
examine the anisotropic optical spectra of RuO; films using spectro-
scopic ellipsometry. Figure 4 (A and B) shows optical spectra of
strain-relaxed 17-nm RuQ, thin films (see texts S1 and S2 and
figs. S13 and S14 for further details). Here, 6, ,(®) and 6;(®) are
real parts of ordinary (along the [110] direction) and extraordinary
(along the [001] direction) optical conductivity spectra, respectively.
Using Drude-Lorentz analysis, we extracted the individual spectra
weight for four optical transitions (Lorentzian oscillators assigned
by a, B, A, and y) and free charge carrier contribution (Drude model).
At the transition energy of 1.58 eV (i.e., at 785 nm of the pump/
probe laser wavelength), both the Drude contribution and the
Ru-4d ty; — tyg interband transitions (o and p transitions) contrib-
ute to the optical response. Figure 4 (C and D) exhibits distinct
thickness dependence of 6, o(®) and 6, () due to anisotropic strain

Jeongetal, Sci. Adv. 11, eadw7125 (2025) 27 June 2025

relaxations, respectively. As thickness increases, spectra weight of
61.(w) above 1.5 eV increases compared to that of 61 ,(®), indicat-
ing the optical anisotropy in optical transitions for anisotropically
strain-relaxed RuO,. These results highlight the interplay between
free carrier dynamics and interband transitions in governing the ob-
served anisotropic optical response in strain-relaxed RuOs.

We further explore the strain-dependent transient anisotropy of
transition matrix elements by calculating the 6, ,(®) and o} (®)
with varying chemical potentials (5) to simulate photoexcited carrier
dynamics. In our DFT calculations, the transient increase in carrier
density induced by photoexcitation within the few-picosecond re-
gime is modeled by shifting the chemical potential as p = g + 9,
where p and iy correspond to the chemical potentials of the excited
and ground states, respectively. The corresponding theoretical evalu-
ations of 61,,(w) and o1 ¢(w) are presented in Fig. 4 (E to H), showing
the calculated interband contributions to 61,(®) and 6} .(®) for an-
isotropically strain-relaxed (Fig. 4, E and F) and fully strained RuO,
(Fig. 4, G and H). The transient state is captured by varying & from 0
to 0.3 eV. In the ground state (5 = 0), two prominent peaks appear
near 0.7 and 1.2 eV, originating from Ru-4d tag > tyg transitions,
which is consistent with the experimental observation of o peak at
~0.7 eV. Our calculations also captured the effect of anisotropic strain
relaxation: the peak intensities of the t,; — f», transitions for 6, o(w)
are much stronger compared to those for 6;,(®) in anisotropically
strain-relaxed RuO; (Fig. 4, E and F), which is in agreement with the
experimental results (peak intensity corresponding to a). In the ex-
cited state (8 > 0), as § increases, 61 .(w) of anisotropically strain-
relaxed RuO, shows relatively small variations, particularly above
1.3 eV (Fig. 4F), while that of fully strained RuO, exhibits noticeable
changes in the same energy window (Fig. 4H). The o, ,(®) of both
strain-relaxed and strained RuO, increases with 8 (Fig. 4, E and G).
We note that the lack of dependence of 6;(w) for strain-relaxed
RuO; and the slow decay of hot carriers along [001] for the 12-nm
film (Fig. 3A) align with the transient AR observed in Fig. 3.

To understand this observation, we further examine the elec-
tronic band structures of fully strained and anisotropically strain-
relaxed RuOy, as shown in Fig. 5, depicting the band structure in the
k. - k, plane at k, = 0 for intuitive visualization. For strain-relaxed
RuO; in Fig. 5A, we observed two sets of nested bands along the
I' — X line (the zone center to the [001] direction), with energy dif-
ferences (Ec — Ev) between the nested bands estimated to be 0.7 eV
(V1 and C,, green lines) and 1.2 eV (V; and C,, blue lines), corre-
sponding to peak positions of Ru-4d t,; — ta, transitions in Fig. 4 (F
and H). The existence of the nested bands along the [001] direction
suggests van Hove singularities in their joint density of states. It also
explains why optical transitions are immune to changes in §, consis-
tent with the 8 independence of 6, ¢(®). To further investigate the
degree of band nesting, we visualize the C, and V, band structures
away from the high symmetry lines (Fig. 5, C and D). The contour
plots in the bottom plane of Fig. 5 (C and D) show the energy differ-
ence between the C, and V, bands (Ec; - Evz) projected in the
two-dimensional k space. For anisotropically strain-relaxed RuO,
(Fig. 5C), robust band nesting, i.e., identical Ec; — Ey; values, also
occurs besides the I' — X line, indicating nearly §-independent
01,e(®). On the other hand, for fully strained RuO, (Fig. 5, B and D),
strain-induced lifting of degeneracy results in the splitting into C,
and C', reducing the degree of band nesting (decreasing Ec; — Ev;
values near X). This effect leads to a relatively pronounced & de-
pendence of 6; (@) (Fig. 5D). We also note that the anisotropic &
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oscillators. Schematic in (B) shows the uniaxial anisotropic model adopted in optical spectrum analysis. (C) 61,0(w) and (D) 61 ¢(w) show anisotropic thickness dependence
related to the anisotropic strain relaxation along the [001] direction in RuO,/TiO; (110). Interband contributions of 61 ¢(w) and 61,0(w) for (E and F) anisotropically strain-
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Fig. 5. Strain-controlled electronic band nesting. Electronic structures along the in-plane high-symmetry line and the nested bands on the two-dimensional k mesh for
(A and C) anisotropically strain-relaxed RuO; and (B and D) fully strained RuO,. The color contour maps in the bottom plane show the Ec; — Ey; values and the gray dashed
line indicates the zero-energy level of the C; band, indicating k space allowing optical transition (C; > 0 and V, < 0).

independence of 6; .(®) aligns with the temperature-independent
AR and 14 for Ejgg;] exclusively in the anisotropically strain-relaxed
RuO; (fig. S11D). Theoretical analysis reveals that strain-induced
modifications in band nesting underlie the enhanced anisotropic
carrier relaxation experimentally observed at the excitation energy
of 1.58 eV (Fig. 4), highlighting how anisotropic strain relaxation
effectively tunes band nesting. These results demonstrate that strain
relaxation offers a viable pathway to control transient optical re-
sponses in metallic epitaxial RuO, films.

DISCUSSION

In summary, we realized an unexpected yet systematic modulation
of electronic anisotropy in metallic RuO; heterostructures by epitaxial
strain control. DFT calculations revealed the anisotropic strain-
dependent electronic structure with an enhancement of orbital hy-
bridizations due to the anisotropic strain relaxation along the [001]
direction. Following the theoretical insights of DFT, comprehen-
sive observations of XAS, spectroscopic ellipsometry, and optical

Jeongetal, Sci. Adv. 11, eadw7125 (2025) 27 June 2025

pump-probe techniques for RuO,/TiO, (110) films confirmed the
large enhancement of anisotropy in the electronic structure and hot
carrier dynamics in anisotropically strain-relaxed RuO; (110) films.
We note that the critical thickness for anisotropic strain relaxation de-
duced from the optical spectroscopies is consistent with abrupt changes
in the symmetry patterns of the optical SHG above 4 nm of RuO,/TiO,
(110) films (32). The consistency across independent experiments
suggests that strain relaxation begins around 4 nm and dominates
the RuO; film thickness dependence of various properties. Our epi-
taxy approach offers a facile method for realizing ultrafast anisotropic
electronic dynamics of metallic rutile systems, which is distinct from
conventional studies in insulating/semimetal systems (23, 25-27). Fur-
thermore, our findings establish a fundamental link between band
nesting and transient optical anisotropy, shedding light on the under-
lying mechanisms governing directional carrier dynamics in metals.
This work not only advances the fundamental understanding of strain-
driven optical anisotropy in high-symmetry metals but also opens
exciting pathways for the design of next-generation optoelectronic
devices with precise tunability via epitaxial strain control.
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METHODS

Hybrid MBE and structural characterizations

Epitaxial RuO, films were grown using an oxide hMBE system (Sci-
enta Omicron) on TiO; (110) single-crystalline substrates (Crystec).
The substrate treatment process involved cleaning with acetone,
methanol, and isopropanol, followed by a 2-hour bake at 200°C in a
load lock chamber. Before film growth, a 20-min annealing in oxy-
gen plasma at a growth temperature of 300°C was performed. A
metal-organic precursor, Ru(acac)s;, was thermally evaporated using
a low-temperature effusion cell (MBE Komponenten) with an effu-
sion cell temperature of between 170° and 180°C. The radio frequen-
cy oxygen plasma and an oxygen gas pressure of 5 x 107° torr were
used during the growth. After the growth, the sample was cooled
to 120°C in the presence of oxygen plasma to prevent the potential
formation of oxygen vacancies. We monitored film surfaces before,
during, and after growth using in situ reflection high-energy elec-
tron diffraction (Staib Instruments). In addition, we determined the
crystallinity, film thickness, roughness, and strain state using XRD
(Rigaku SmartLab XE) with reciprocal space mapping, x-ray reflec-
tivity, and 0-20 measurements. Surface morphologies were measured
using atomic force microscopy (Bruker Nanoscope V Multimode 8)
with peakforce tapping mode. In this study, we focused on samples
with film thicknesses below 20 nm for several reasons: (i) to ensure
that the pump-probe experiments remained within the probing
depth ~26 nm; (ii) to avoid surface cracking that occurs in films
thicker than 20 nm; and (iii) to isolate anisotropic strain relaxation
along [001] because we have confirmed that strain relaxation also
occurs along the [110] direction at 26 nm in the previous study (35).

Single crystal synthesis

RuO, (001) and (110) single crystals were synthesized by sintering a
pelletized RuO, powder inside an alumina crucible in the air. The
pellet was heated up to 1473 K and slowly cooled down to 1023 K at
a cooling rate of 1.25 K per hour until the furnace was turned oft for
quenching. The blue-black metallic crystals were at maximum 1 X 1 X
0.5 mm” in size.

DFT calculation

We performed first-principles calculations based on DFT (51) as
implemented in the Vienna ab initio simulation package (52). The
projector augmented wave potentials (53, 54) were used to describe
the valence electrons, and the plane-wave kinetic energy cutoff
was chosen to be 500 eV. The exchange-correlation function was
treated by the generalized gradient approximation of Perdew-Burke-
Ernzerhof (55). The lattice parameters are summarized in table S1.
The corresponding Brillouin zones were sampled witha20 x 10 X 10
k-grid mesh. When projecting the density of states, the following
notations were used for the coordinate axes: x = [001], y = [110],
and z = [110]. The optical conductivity was calculated by the Kubo-
Greenwood formula defined as (56, 57)

)IP>

k mm Emk ~ Enk

fmk_fnk <wnklvu|ka><wmk|v[}|\unk>
Emk ~ €nk — (hw+ in)

ie’h
NQe

Oup (hw)=

where o and p are Cartesian directions, N, is the total number of
k-points, and Q. is a volume of the unit cell structures. Here, a
broadening parameter of 1) is chosen to be 100 meV. The numerical
calculations of 6,4(fiw) were performed by the Wannier90 package
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(58). To construct the Wannier Hamiltonian, we used d and p or-
bital projections for Ru and O atoms, respectively.

X-ray absorption spectroscopy

O K-edge XAS spectra of RuO,/TiO; thin films are measured at the
6A beamline of the Pohang Light Source using TEY measurement,
which is sensitive to the film surface. The measurements were con-
ducted at room temperature and surface normal configuration with
7 (0) polarization, where the electrical field direction of the x-rays is
parallel to the [001] ([110]) crystal direction of RuO,/TiO, (110).

X-ray photoelectron spectroscopy

To confirm the oxidation state of Ru in the RuO; films (fig. S5), we
performed core-level x-ray photoelectron spectroscopy measure-
ments on the Ru 3p region using a Physical Electronics VersaProbe
III system equipped with a monochromatic Al Ka x-ray source
(1486.6 V). A flood gun was used to mitigate surface charging ef-
fects during photoemission. The spectra were collected with a pass
energy of 55 eV and an energy step size of 0.05 eV.

Spectroscopic ellipsometry

To acquire the optical conductivity of RuO,/TiO, (110) heterostruc-
tures, we used spectroscopic ellipsometry (M-2000, J. A. Woollam
Co. Inc.) with a wavelength range of 0.73 to 6.44 eV and incident
angles of 60°, 65°, and 70°. To experimentally access the anisotropic
optical response of rutile (110) systems using spectroscopic ellip-
sometry, we measured each sample twice by rotating the crystal ori-
entation by 90°: (i) p-polarization along [001] and s-polarization
along [ITO] and (ii) p-polarization along [ITO] and s-polarization
along [OOT]. Details of the anisotropic model are included in text S1.
This approach yielded consistent results with previously reported
optical constants for bulk TiO, (fig. S16). Subsequently, we analyzed
the thin-film samples using the same method and meticulously
evaluated the dielectric function of the RuO; thin film using a uni-
axial layer model.

Optical pump-probe experiment

We measured changes in transient reflectivity (AR) using the optical
pump-probe method to monitor the anisotropic carrier dynamics.
The pump and probe beam were separated by a beam splitter from
an 80-MHz pulsed laser beam that has 785-nm center wavelength
(Vision-S, Coherent). We modulated the pump and probe beam us-
ing an electro-optic modulator with 10 MHz and a mechanical chopper
with 700 Hz, respectively. Both pump and probe beams were focused
on the samples in the normal incidence, using a 5X microscope lens
with a beam size of 20 pm. The power of the pump and probe beam
was set to be 50 and 3 mW, respectively. To block the pump beam
from entering the detector, we used a two-tint method using the
sharp-edge long-pass filter and short-pass filter (Semrock). By using
a two-channel digital lock-in amplifier (Ziirich instrument), we de-
modulated the signal with side-band frequencies composed of 10 MHz
and 700 Hz to achieve the pump-induced reflectivity changes. To fo-
cus on the decay of hot carrier dynamics, we extracted the oscillation
component from the coherent phonon oscillation in fig. S15.

Electrical transport using Hall bar devices

We fabricated the Hall bar devices along two different in-plane [001]
and [110] directions using photolithography followed by argon ion
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milling (49). We used aluminum (Al) wire bonding for electrical
contacts. The electrical conductivities (c) are measured by using the
Quantum Design Dynacool Physical Property Measurement System
(PPMS) with a Keithley 2430 source-measure unit.

Supplementary Materials
This PDF file includes:
Supplementary Text S1 and S2
Figs.S1to S16

Table S1
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