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Ultrafast Interfacial Charge Transfer Initiates Mechanical
Stress and Heat Transport at the Au-TiO2 Interface

Jun Heo, Alekos Segalina, Doyeong Kim, Doo-Sik Ahn, Key Young Oang, Sungjun Park,
Hyungjun Kim, and Hyotcherl Ihee*

Metal-semiconductor interfaces are crucial components of optoelectronic and
electrical devices, the performance of which hinges on intricate dynamics
involving charge transport and mechanical interaction at the interface.
Nevertheless, structural changes upon photoexcitation and subsequent
carrier transportation at the interface, which crucially impact hot carrier
stability and lifetime, remain elusive. To address this long-standing problem,
they investigated the electron dynamics and resulting structural changes at
the Au/TiO2 interface using ultrafast electron diffraction (UED). The analysis
of the UED data reveals that interlayer electron transfer from metal to
semiconductor generates a strong coupling between the two layers, offering a
new way for ultrafast heat transfer through the interface and leading to a
coherent structural vibration that plays a critical role in propagating
mechanical stress. These findings provide insights into the relationship
between electron transfer and interfacial mechanical and thermal properties.

1. Introduction

Hot electrons, also referred to as energetic electrons, play piv-
otal roles for the functionality and efficiency of optoelectronic
and electrical devices.[1–3] These electrons gain extra energy be-
yond the Fermi level from external disturbances. Their presence
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within these devices has a profound im-
pact on various processes, encompassing
charge transport, energy dissipation, and
chemical reactions.[4,5] While hot electrons
offer advantages for efficient energy har-
vesting and catalytic reactions, they also in-
troduce drawbacks that can influence device
performance.[6–8] In this context, exploring
the relaxation dynamics of hot electrons
from a structural perspective becomes im-
perative, and gaining an understanding of
how hot electron relaxation influences the
structural integrity and properties of the de-
vice materials is crucial for optimizing de-
vice design and functionality.[9] In optoelec-
tronic and photovoltaic applications,[10–15]

the transfer and relaxation efficiencies of
carriers at the material interface, where
the heterojunction exists, are crucial de-
terminants of performance.[16,17] Therefore,

the dynamics at the heterojunction as well as those of the bulk
materials comprising the material interface need to be under-
stood, but the mechanisms and effects of interfacial hot carrier
transfer are not yet fully comprehended.

Metal-semiconductor heterojunctions stand out among het-
erojunction systems, particularly due to their relevance in
hot electron phenomena.[18,19] Heterojunction systems are also
known as prototypical systems of the hot electron transfer phe-
nomenon. In this system, the formation of a Schottky barrier at
the interface generates an energy gradient, enabling hot electrons
from the metal layer to transfer spontaneously to the semicon-
ductor layer. Metal-semiconductor heterojunctions, with their in-
herent driving force for hot electron transfer, provide a promis-
ing platform for the development of efficient photovoltaic cells,
including hot carrier photovoltaics. These heterojunctions facili-
tate the effective collection and injection of hot electrons across
the interface, making them a valuable asset in the advancement
of photovoltaic technology.

Numerous studies have delved into carrier transport and
structural alterations at metal-semiconductor heterojunction in-
terfaces using diverse techniques, such as optical,[20,21] UV,[22]

XUV,[23] X-ray spectroscopies,[24] as well as diffraction.[24,25] How-
ever, the intricate interface structure poses challenges in observ-
ing charge transfer dynamics and structural changes. While spec-
troscopic methods have successfully addressed electronic dynam-
ics at the metal-semiconductor interface, they are sensitive to
the energy of the electrons within the components at the inter-
face, making it difficult to separate signals from the metal and
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semiconductor layers. Recent studies have shown that X-ray ab-
sorption spectroscopy can reveal electronic and structural dy-
namics at the Fe-MgO interface, and the dynamics at the Fe-MgO
interface are driven by electron–electron (e–e) scattering rather
than electron transfer.[24] In another study, although diffraction
studies were carried out, they were predominantly focused on
metal-metal interfaces such as the Au-Ni interface.[25] As evident
from these examples, investigations into the dynamics of inter-
facial charge transfer are rare, especially concerning structural
aspects. This was due to the intricate interplay between electron
and lattice dynamics and the challenge of simultaneously analyz-
ing two distinct layers.[24,26]

To address this difficulty, we chose the Au/TiO2 heterojunc-
tion system because the diffraction peaks from Au and TiO2 are
well separated. In fact, this prototypical metal-semiconductor het-
erojunction system has been extensively studied for its photo-
physical and photochemical properties, and its structural vari-
ants have been interrogated in the context of structure-function
relations.[18,27,28] Furthermore, when plasmonic gold nanostruc-
tures are combined with TiO2, the photocatalytic activities and
photoconversion efficiencies improve significantly.[29] Despite
the extensive studies on the Au/TiO2 junction system, however,
the detailed energy flow and associated structural changes under-
lying the enhanced photoconversion efficiency remain unclear.
In this work, we used UED[26,30–37] to investigate the role of photo-
induced charge carriers in the heterojunction Au/TiO2 photocat-
alyst and monitored the subsequent deformation of lattice struc-
tures and coherent lattice motions. The UED data unveiled the
mechanical motion and electrical property changes accompanied
by the interlayer charge transfer between the metal and semicon-
ductor.

2. Results and Discussion

2.1. Sample Characterization

The Au and TiO2 layers were characterized using UV-visible ab-
sorbance measurements, XRD (X-ray diffraction), cross-sectional
SEM (scanning electron microscopy), TEM (transmission elec-
tron microscopy), and EDS (elemental energy-dispersive X-ray
spectroscopy) (Figure S1). The UV-visible spectrum exhibits an
absorption band around 800 nm, attributed to the plasmonic
structure. Comparing the UV-visible spectra of plasmonic Au
(15-nm Au) and Au film (30-nm Au) reveals that plasmonic Au
exhibits stronger absorbance than the Au film (Figure S1a). A
similar increase in absorbance at 800 nm due to plasmonic Au
is also observed in the Au/TiO2 sample, where a TiO2 layer is
placed on plasmonic Au, indicating that the 800 nm absorp-
tion in the Au/TiO2 sample is associated with plasmonic absorp-
tion characteristics.[38,39] The TEM image of the Au/TiO2 sam-
ple (Figure S1b) confirms the presence of a dispersed plasmonic
structure within the Au domain. EDS mapping images of Au, Ti,
and O for the Au/TiO2 sample demonstrate the uniform forma-
tion of the TiO2 layer and the plasmonic structure of the Au layer
(Figure S1c). To analyze the thicknesses of the Au and TiO2 lay-
ers, a cross-sectional SEM image was obtained (Figure S2). The
image shows that the 15-nm Au film possesses a plasmonic struc-
ture with a width of tens of nm and a thickness of 15 nm, while
the TiO2 layer has a thickness of 20 nm.

2.2. UED Experiment

The UED experiment was conducted using a home-built setup.
The structural changes of the bilayer system upon irradiation
at 800 nm (∼1.54 eV) were tracked over a wide time range
from −15 ps to 500 ps using an electron pulse accelerated to
90 KeV (Figure 1a). A pump laser pulse at 800 nm was used to
excite the sample, resulting in the generation of hot electrons
in the Au layer through localized surface plasmon resonance
(LSPR) (Figure 1a).[40–45] In contrast, rutile TiO2, with its larger
bandgap (∼3.0 eV), does not exhibit absorption at 800 nm, re-
sulting in the absence of hot electron generation in the TiO2
layer (Figure 1a). Consequently, no significant difference sig-
nal was observed in the time-resolved UED data upon 800-nm
laser irradiation on the TiO2-only sample (Figure S3). A typical
2D electron diffraction image of Au/TiO2 displaying a Debye-
Scherrer ring pattern is shown in Figure 1b. The 2D diffraction
images obtained at different time delays were azimuthally inte-
grated to generate 1D diffraction patterns. The inelastic scatter-
ing signal was then removed from each 1D diffraction pattern
using the wavelet transform method.[46] The resulting diffrac-
tion curve is shown in Figure 2b. To ensure that the used pump
fluence exclusively corresponds to the one-photon process, with-
out any multiphoton excitation or other nonlinear effects such
as the generation of hot electrons in TiO2, the time-resolved data
were scanned at multiple laser fluences ranging from 0.6 to 2.2
mJ/cm2. This range was carefully chosen to include the region of
linear photoabsorption.[31]

2.3. Thermal and Structural Motions

The diffraction peaks of the Au layer are well separated from
those of the TiO2 layer, allowing for the extraction of the structural
dynamics of each layer by tracking the separated diffraction peaks
(Figure 1c). By comparing the experimentally obtained diffraction
curve with the theoretically calculated Au and TiO2 diffraction
peaks,[47] the (111), (200), (220), and (311) peaks of Au, as well as
the (101) and (211) peaks of TiO2, were identified. These peaks
are distinct and exhibit strong intensities, making them suitable
for tracking their peak intensities and peak positions. The exper-
imental diffraction peaks were fitted using Gaussian functions to
obtain the intensities and positions of the peaks.[48–52] To inves-
tigate the time-dependent changes in the diffraction data, the in-
tensity changes (ΔI(t)/I0) and peak shifts (ΔS(t)/S0) of each peak
were quantified. Here, ΔI(t) and ΔS(t) represent the changes in
peak intensity and position, respectively, at a specific time delay,
t, following photoexcitation. I0 and S0 correspond to the peak in-
tensity and position, respectively, at the negative reference time
delay of -30 ps, serving as a baseline reference for analyzing and
comparing subsequent changes in peak characteristics at differ-
ent time delays.

Figures 2a,b depict the time-resolved intensity changes and
peak shifts of the Au (220) peak at various fluences, while
Figure 2c,d illustrate those of the TiO2 (211) peak. The plots
demonstrate that the intensities of both the Au (220) and TiO2
(211) peaks exhibit rapid drops immediately after time zero, in-
dicating an increase in material temperature. Upon excitation,
the hot electrons generated in Au undergo relaxation through
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Figure 1. Diagram and diffraction data from UED setup. (a) Schematic of the UED experiment used to capture charge transfer induced structural motion
in a metal-semiconductor heterojunction system. The electron pulse was accelerated to 90 keV and compressed to ∼400 fs. The resulting electron pulse
was directed to the sample of ∼40 nm thickness. The diffraction pattern of the scattered electrons was collected by an ICCD camera coupled with
a phosphor screen which was placed ∼40 cm downstream from the sample. A pump-laser beam at 800 nm excited the electrons in the Au domain,
generating hot electrons. The schematic diagram on the top left illustrates the interlayer electron transfer from Au to TiO2. Since the bandgap in the
TiO2 is higher than the energy of the photons in the pump laser pulse, hot electrons cannot be generated in TiO2 upon pump irradiation. The photo
responses were interrogated by a time-delayed electron pulse. (b) A diffraction image of the sample is shown. The dark region in the center that extends
towards the right-hand side of the image is the shade of the beam block. (c) 1D diffraction curve at -100 ps from the Au/TiO2 (black) and comparison
with calculated powder diffraction peaks (yellow for Au and gray for TiO2). The Miller indices for the observed peaks are indicated.

electron–electron (e–e) and electron–phonon (e–p) couplings,
which influence the structure and temperature of the Au layer.
The temperature change caused by the hot electrons affects the
position and intensity of the Au diffraction peaks. For example,
the loss of periodicity due to increased temperature and ther-
mal motion leads to a decrease in peak intensity as it reflects the
structure’s periodicity.[31,52,53] Thus, the temperature changes of
the sample can be calculated from the intensity changes of the
diffraction signal (ΔI(t)/I0 ∝ ΔT). On the other hand, ΔS(t)/S0
directly indicates the changes in the lattice structure of the do-
mains. According to the Laue condition, the amplitude of the
reciprocal lattice vector, which determines the position of the
diffraction peak, is inversely proportional to the lattice spacing.

Therefore, a peak shift in the negative direction indicates lattice
expansion, while a shift in the positive direction indicates lattice
contraction.

Prior to the analysis of structural and thermal dynamics in
both the Au and TiO2 domains, we initially explored the depen-
dence of the peak intensities of Au—where hot electrons are
generated—on laser fluence to identify linear photoabsorption.
For this, the ΔI(t)/I0 and ΔS(t)/S0 of the Au (220) peak were plot-
ted as a function of laser fluence (Figure 2e,f). Since the phonon–
phonon (p–p) coupling occurs in the time scale of 10 to 100 ps,[54]

the abrupt changes in ΔI(t)/I0 and ΔS(t)/S0 in the early time
region (0 ∼ 10 ps), immediately after excitation, are mainly in-
fluenced by the e–p coupling within the Au domain. Hence, the
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Figure 2. Power-dependent dynamics of the Au/TiO2 junction system and corresponding peak intensity changes and peak shifts upon photoexcitation.
(a, c) Peak intensity changes of (a) Au (220) and (c) TiO2 (211) with the standard deviations as error bars (shaded region) are presented. (b, d) Peak
shifts of (b) Au (220) and (d) TiO2 (211) with the standard deviations as error bars (shaded region) are presented. (e) Power dependence on the intensity
of the Au (220) peak upon excitation (black, before 10 ps) and after relaxation (red, at equilibrium, after 400 ps). The error bars indicate the standard
deviations. (f ) Power dependence on the peak shifts of the Au (220) peak upon excitation (black) and after relaxation (red), with the standard deviations
as error bars.
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temperature and lattice structure changes observed in this time
region directly reflect the number of generated hot electrons. On
the contrary, after 10 ps, as the p–p coupling takes effect, the dy-
namics of the Au domain are also influenced by the TiO2 domain
due to their physical contact. To comprehensively analyze the in-
fluence of hot electrons, a comparison was made between the
data from two time regions: upon excitation (before 10 ps) and
after relaxation (after 400 ps). After relaxation, both ΔI(t)/I0 and
ΔS(t)/S0 exhibit a linear response to fluence (Figure 2e,f), indicat-
ing that the total amount of energy absorbed by Au exhibits a lin-
ear response to changes in pump laser fluence. In contrast, those
changes observed in the “upon excitation” region exhibit a non-
linear dependency, primarily attributed to the transient structural
motion and interfacial coupling between the Au and TiO2 layers.
This phenomenon will be further explored in the subsequent sec-
tions.

To quantitatively analyze the time-dependent changes in
ΔI(t)/I0 and ΔS(t)/S0 of the Au (220) peak, a fitting procedure
was applied to each time profile. In the fitting model, the kinet-
ics were described using an exponential function, while the in-
strument response function and the position of time zero were
accounted for using a Heaviside step function. The fitted param-
eters, exponential rise time constant of Au peak shift and their
corresponding intensity changes are listed in Table S1.

2.4. Lattice expansion and contraction

Upon excitation, both Au (220) and TiO2 (211) peaks exhibit rapid
drops in peak intensities within 4 ps, indicating a corresponding
increase in the temperature (Figure 2a,c). Since TiO2 does not ab-
sorb 800-nm photons, any temperature change observed in TiO2
must originate from energy transferred from Au. There are two
possible pathways for the energy transfer: (i) hot electrons, trans-
ferred from Au to TiO2, are coupled to the TiO2 lattice via e–p
coupling, or (ii) heat is transferred from Au to TiO2 through the
p–p coupling. Considering that p–p coupling generally occurs on
a slower time scale (10 to 100 ps)[54] compared to the observed
rapid temperature change, the notable temperature rise of TiO2
occurring within merely 4 ps after excitation can be attributed
solely to the e–p coupling. The hot electrons responsible for this
e–p coupling in TiO2 should be transferred from Au. This assign-
ment is consistent with a previous study that reported the transfer
of hot electrons from Au to the TiO2 layer within 100 fs.[55]

As depicted in Figure 2a,c, Au and TiO2 exhibit opposite be-
haviors after the initial rapid drops in peak intensity. While Au
shows a recovery in peak intensity, TiO2 has a continued decrease.
Since the ΔI(t)/I0 of peaks represents the temperature change of
the corresponding domain, the observed recovery and the con-
tinued decrease of peak intensity in Au (220) and TiO2 (211),
respectively, suggest that whereas Au undergoes a thermal re-
laxation process to reach thermal equilibrium, the TiO2 domain
continues to heat up. The continued heating in TiO2 suggests
that the heat generated in the Au layer is being transferred to the
TiO2 layer. It is noteworthy that the heating of TiO2 occurs at a
slower rate compared to the thermal relaxation of Au, as shown in
Figure 2a,c, and Table S1. The delayed rise in the temperature of
TiO2 implies that the low thermal conductivity of TiO2 impedes
its ability to quickly reach thermal equilibrium within the TiO2

domain itself.[56] These heat transfer and temperature changes in
this system will be discussed in the “Interfacial coupling” section
by comparing the dynamics of Au within Au/TiO2 and Au-only
samples.

The evolution of ΔS(t)/S0, illustrating alterations in the unit
cell’s structure, reveals unique dynamics that contrast with the
behavior observed in ΔI(t)/I0. While the dynamics in ΔI(t)/I0
demonstrate an increase in temperature, which accompanies lat-
tice expansion, ΔS(t)/S0 reflects intricate variations in structural
configuration over time. In Figure 2b,c, TiO2 (211) and Au (220)
peaks shift in opposite directions. Following excitation, the Au
(220) peak undergoes an initial shift towards the low s region and
subsequently returns to the high s region during relaxation. In
contrast, the TiO2 (211) peak initially shifts towards the high s re-
gion and gradually returns to the low s region over time. Given
that peak shifts towards the high (ΔS(t)/S0 > 0) and low (ΔS(t)/S0
< 0) s regions correspond to lattice contraction and expansion, re-
spectively, the shift in the TiO2 peak suggests that the TiO2 lattice
contracts after photoexcitation and gradually expands over time.

2.5. Coherent Motion

To enhance our comprehension of the lattice contraction’s origin
in TiO2, we conducted further investigations by collecting addi-
tional UED data with finer time steps within the time range of
-15 ps to 70 ps. The pump fluence used was 1.6 mJ/cm2, chosen
deliberately as it fell within the region where linear power depen-
dence was observed.

Figure 3a presents the ΔS(t)/S0 curves for the Au (220) and
TiO2 (211) peaks, and Figure 3b illustrates their corresponding
ΔT(t), which were calculated from ΔI(t)/I0. It should be high-
lighted that the ΔS(t)/S0 of the TiO2 (211) peak exhibits features
not observed in the rough-scan data with coarser time delays: (i)
a noticeable shift to the negative region (lower s region) imme-
diately after time zero, and (ii) a subsequent, oscillatory pattern,
indicative of coherent vibration. Intriguingly, a similar but anti-
correlated oscillation is observed in the ΔS(t)/S0 of the Au (220)
peak, indicating that the vibrational motion within the Au layer is
found to be anticorrelated with that of the TiO2 layer. On the other
hand, the ΔT(t) of both Au (220) and TiO2 (211) immediately in-
creases after time zero, suggesting that both layers experience
instantaneous temperature changes due to the e–p coupling.

The structural evolution of TiO2 unfolds through a series of
distinct steps. Initially, within a span of 4 ps a pronounced ex-
pansion takes place, marked by a discernible negative peak shift
as depicted in Figure 3a. This expansion is triggered by the injec-
tion of hot electrons, which instigate an expansion of TiO2 cells
and consequently induce a negative shift in the TiO2 (211) peak.
Concurrently, these transferred electrons make TiO2 more de-
formable and increasingly susceptible to compressive forces, as
evidenced in Table S3. Subsequently, as the thermal expansion
of Au proceeds and the interfacial p–p coupling strengthens (see
“Interfacial coupling” and “Computational analysis” sections for
details), the expanding domain of Au begins to exert a constrain-
ing influence on the further expansion of TiO2. This results in a
step of contraction, evidenced by the positive peak shift observed
in Figure 2d, where the TiO2 lattice undergoes compression.
Thus, the suppressing effect exerted by the expanding Au domain
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Figure 3. Peak shifts and temperature changes in Au/TiO2 sample upon photoexcitation (a, b) Time-resolved peak shifts (a) and temperature changes
(b) of Au (220) (black dot) and TiO2 (211) (red dot) peaks of Au/TiO2 sample upon photoexcitation (1.6 mJ/cm2). The fitted results are shown as solid
lines, with standard deviations indicated by the shaded areas.

on TiO2 induces contraction and the stress built at the interface
starts the coherent vibration. Following this stress-induced lat-
tice contraction and coherent vibration, depicted in Figure 3a,
the mechanical stresses that had physically constrained the TiO2
lattice are gradually relieved at the interface. Consequently, the
thermal energy stored within Au is slowly transferred to TiO2,
initiating a gradual lattice expansion accompanied by a negative
peak shift. This slow expansion signifies the restoration of equi-
librium within the system.

In order to quantitatively characterize the structural dynamics,
we conducted fitting analyses on the temporal behavior of key fea-
tures, including peak shift and temperature changes, within the
Au (220) and TiO2 (211) peaks. First, for the fitting of the peak
shifts,ΔS(t)/S0, the sums of exponentials and damping sine func-
tion shared for both peaks were used. Fitted results are shown in
Figure 3a and Table S2. The assumptions and parameters used
for the fitting process are as follows: i) The expansion and vibra-
tional motion of Au induce the contraction and vibrational mo-
tion of TiO2. As a result, the mechanical motion of Au and TiO2 is
closely anti-correlated to each other after 4 ps, sharing the rising
time constant (tS2), vibrational period (TS), and damping constant
of vibration (td). ii) Alterations in Au do not impact the time con-
stant for TiO2’s initial expansion (tS1). iii) Each domain relaxes
with an independent decay constant, which is determined from
the rough scan data (Figure 2a,c), as shown in Table S1 (tS3). As
evident in Figure 3a, the fitted curves satisfactorily describe the
experimental data, effectively characterizing the system’s behav-
ior. The temperature changes, ΔT(t), show the monotonous dy-
namics without any oscillatory features: while Au (220) displays
both decay (tA1) and rise (tA2) profiles, TiO2 (211) only demon-
strates a monotonic decay (tA1). Here, we used only a single ex-
ponential for ΔT(t) of TiO2 because the further decay of ΔT(t) of
TiO2 (211) occurs with a much longer time constant (Figure 2c),
which falls outside the time range depicted in Figure 3b. For Au
(220), due to the incomplete depiction of the rising profile in the
available data (Figure 3b), we incorporated the fitted rise constant
of ΔT(t) of Au (220) derived from the coarse scan data to describe
the rising profile (Table S1). The fitted results on theΔT(t) of each
peak are shown in Figure 3b, with the corresponding parameters

detailed in Table S2. For the intensity change of Au, the time con-
stant of the initial temperature change (tA1,Au = 3.05 ± 0.13 ps) of
Au (220) agrees with the reported values from the UED studies
on pure Au films (3 ∼ 4 ps).[31,50] The observed rise time constant
of TiO2 (tA1,TiO2 = 2.62 ± 0.35 ps) is faster than that of Au (tA1,Au
= 3.05 ± 0.13 ps).

Following the initial transient lattice expansion (tS1 = 0.41 ±
0.34 ps), TiO2 undergoes a lattice contraction and coherent vi-
bration reflected by ΔS(t)/S0. In contrast, the Au (220) peak un-
dergoes a monotonous lattice expansion before exhibiting vibra-
tional motion that is anticorrelated with that of TiO2. Generally,
the temperature change, ΔT(t), reflected by ΔI(t)/I0 follows the
same trend as the lattice expansion reflected by ΔS(t)/S0. Since
the ΔT(t) of TiO2 (211) rises with a time constant of 2.62 ps, one
might expect a comparable tS1 value for ΔT(t) of TiO2. However,
tS1 exhibits a notably small value of 0.41 ps, which implies that
the initial thermal expansion process of TiO2, which is faster than
that of Au, was thwarted by the expanding Au. This assignment is
also supported by the faster decay time constant of TiO2 (tA1,TiO2
= 2.62 ± 0.35 ps) than that of Au (tA1,Au = 3.05 ± 0.13 ps). This ul-
trafast temperature rise and expansion of TiO2 invokes a strong
resemblance to e–p coupling as opposed to p–p coupling. This
distinction arises from the temporal aspect, given that p–p cou-
pling typically transpires over an extended duration (∼10 ps), un-
like the rapidity associated with e–p coupling (several ps). This
observation leads to the intriguing proposition that the TiO2 ex-
pansion may serve as tangible structural evidence for the transfer
of energized electrons from Au to TiO2. The consequential im-
pact of this electron transfer is evidenced by the instantaneous
elevation in the TiO2 lattice temperature immediately after time
zero, which is consistent with the observations from previous re-
search on charge transfer dynamics.[55] This finding highlights
the dominant role of electron transfer in inducing the thermal
energy transfer and rapid expansion of TiO2, underlining the in-
tricate e–p coupling dynamics at play in the system.

The contraction of the TiO2 lattice, in turn, seems to be driven
by the expansion of the Au lattice, rather than transferred hot
electrons inside the TiO2. Notably, the ratio between the vibra-
tional amplitude of Au (220) (AS,Au) and TiO2 (211) (AS,TiO2)
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peaks (Table S2) is 2.26, similar to the inverse of the ratio be-
tween Young’s modulus of Au (𝛾 = 100 GPa)[57] and TiO2 (𝛾 =
228 GPa),[58] which is 2.28. The observation of anticorrelated vi-
brational motion and the ratio between their vibrational ampli-
tudes strongly suggests that the vibrational motion originates
predominantly from one domain rather than simultaneously
from both Au and TiO2. If the coherent vibrational motions were
launched by the expansion of both domains, their vibrational mo-
tions would not be anticorrelated to each other, nor would they
possess the same frequency. Therefore, the evidence points to-
wards a more dominant contribution of a single domain in driv-
ing the observed coherent vibrational motion, providing valuable
insights into the underlying dynamics of the system. In previ-
ous studies on coherent vibrations in metals, the origin of these
coherent vibrations was attributed to the vibrational response of
the metal domain. For instance, it was reported the activation of
coherent breathing motion (10–20 ps) upon excitation of the plas-
monic absorption band (∼800 nm) in plasmonic Au.[45,59,60] Our
measured vibrational period (TS) of 16.0 ± 0.3 ps not only shows
excellent agreement with those breathing motions of plasmonic
Au but also shows a remarkable similarity to the value expected
for a 1D standing wave condition (∼10 ps).[48–50] Based on this, it
is possible to deduce a plausible scenario concerning the Au/TiO2
interface. Upon photoexcitation, hot electrons are generated and
coupled with the Au lattice, leading to an expansion and coherent
vibration of the Au lattice. Some of these hot electrons transfer
to the TiO2 layer, inducing early lattice expansion in TiO2. Sub-
sequently, the mechanical stress generated in Au propagates to
TiO2, causing the contraction of the TiO2 lattice. The expansion
of Au prevents the TiO2 lattice, which had already expanded due
to the transferred electrons, from further expanding, resulting in
its contraction. As a result, an anticorrelated coherent vibration
arises between the TiO2 and Au lattices.

2.6. Interfacial Coupling

Previous works, employing spectroscopy and diffraction tech-
niques, have revealed that the nonuniform distribution of hot
electrons within metal thin films is responsible for the observed
coherent vibrations. This nonuniform distribution results from
irradiation with a pump laser at one end of the sample.[48–49,61]

Conversely, the absence of coherent motion upon excitation is in-
tricately tied to the thickness of the layer. Previous studies showed
that for this phenomenon to manifest, the sample’s thickness
must exceed both the electron mean free path and the skin depth.
In the case of Au, the reported electron mean free path and skin
depth are 37.7 nm and 17.7 nm, respectively.[62,63] Therefore, as
a general rule, Au films with a thickness less than approximately
40 nm typically do not display coherent vibrational motion due
to the even distribution of hot electrons, a consequence of the ex-
tended electron mean free path and skin depth. In this respect,
the observed vibrational motion in the Au layer of the Au/TiO2
sample, which is only 15 nm thick, does not align with this ex-
planation.

In Figure S4, we present the ΔS(t)/S0 and ΔI(t)/I0 for both the
Au/TiO2 sample and a 15-nm Au film (consisting solely of the
Au layer). Notably, in Figure S4a, as discussed earlier, we observe
a complete absence of vibrational motion in the 15-nm Au film.

This observation confirms a critical point: samples with thick-
nesses thinner than the critical threshold (∼40 nm) cannot bear
the strong nonuniform distribution of hot electrons, resulting
in relatively weak and fast dephasing coherent vibrations. Con-
sequently, the weak nonuniformity of hot electrons within the
15-nm Au sample launches relatively weak vibrational motion,
leading to rapid dephasing of vibrational coherence in this
sample.[61] This absence of vibrational motion in the 15-nm Au
film aligns with explanations provided in prior studies.[48–49,61] As
a result, the vibrational behavior in the Au/TiO2 sample becomes
even more intriguing and merits further investigation.

In this context, as the only distinguishing factor between the
two samples is the presence of the TiO2 layer, it is plausible that
the TiO2 layer played a crucial role in extending the lifetime of
the coherent phonon, facilitating the manifestation of coherent
vibrational motion in Au/TiO2. The presence of the neighbor-
ing TiO2 layer could potentially modify the mechanical motion
of Au in two distinct manners: i) by affecting Au’s mechanical
behavior through the bulk properties of TiO2, and ii) by influ-
encing mechanical motion at the interface through the modu-
lation of interfacial properties between the two layers. For case
i), prior studies using asynchronous optical sampling demon-
strated that the coherent acoustic phonon lifetime of Au can be
increased in a self-assembled monolayer.[64] This phenomenon is
explained by the visco-elastic model, where the coherent phonon
lifetime can be modulated by the loss coefficient or elastic prop-
erty of the material attached to Au.[65] Interestingly, based on
our calculation, we found that although the substrate materials,
Si3N4 and TiO2 have similar mechanical properties (elasticity,
loss coefficient, etc.) in the neutral state, the moduli of TiO2 de-
creases and TiO2 loses its stiffness as electrons are transferred
to TiO2. This indicates the dephasing time of coherent vibra-
tional motion, which is inversely proportional to the overall ma-
terial stiffness, would be extended[66] (Details on the calculation
of bulk properties are discussed in the “Computational analy-
sis” section). For case ii), regarding the Au/TiO2 interface, it is
known that the adhesion between Au and TiO2 is weak due to
the low polarizability of Au.[16] Consequently, the interfacial cou-
pling between Au and TiO2 in the unexcited, neutral, state is not
particularly strong, making it hard to estimate the strengthen-
ing of vibrational coherence. On the other hand, we found that
in the charged state of TiO2, which is induced by hot electron
transfer from Au, interfacial p–p coupling could be enhanced
by the activation of low-frequency phonons in TiO2. In this re-
gard, to investigate this interlayer charge transfer and phonon
activation process, we conducted ab-initio calculations to inves-
tigate the mechanical and thermal properties of TiO2, uncover-
ing a noteworthy phenomenon: the electron transfer triggers the
emergence of low-frequency phonons in TiO2 greatly enhancing
the overlap to the phonon modes of Au (Figure 5c). These find-
ings strongly suggest that the coherent vibrational motion ob-
served in Au/TiO2, which is shown in Figure 3a, is prompted
by charge transfer at the interface. Specifically, the transfer of
hot electrons to TiO2 significantly alters both i) the mechanical
behavior of both Au and TiO2 by modifying TiO2’s bulk prop-
erties and ii) interfacial p–p coupling between Au and TiO2 by
enhancing the overlap between vDOS of Au and TiO2 layers.
This modulation activates phonon modes of both Au and TiO2
at the interface and impedes the rapid dephasing of vibrational
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Figure 4. Temperature changes in Au-only and Au/TiO2 samples and simulated temperature changes. To investigate the modulations in the interfacial
thermal conductance, FEM simulations were performed. (a) Experimentally measured temperature changes of Au (220) peak of 15-nm Au film (blue
dot) and simulated temperature changes (blue lines) in the existence of SiN membrane with various thermal conductance (G) between Au and SiN are
shown. (b) Time-resolved temperature changes in Au (220) and TiO2 (211) peaks in Au/TiO2 sample (black dot and red dot, respectively) and simulated
temperature changes Au (black lines) and TiO2 (red lines) in the existence of both SiN and TiO2 domain are shown. For these simulations, thermal
conductance between Au and SiN was fixed to 1 MW/m2K and thermal conductance (G) between Au and TiO2 was varied. Data are presented as solid
dots with the standard deviations as shaded areas. Experiments are conducted using an 800 nm pump pulse with 2.2 mJ/cm2 fluence. The simulation
suggests that the interfacial thermal conductance governs the temperature dynamics of each layer. Thermal conductance decreased between Au and
SiN, while it increased between Au and TiO2.

motion by active mechanical interactions at the interface. Fur-
thermore, hot electron transfer plays a pivotal role in shaping the
behavior of the entire Au/TiO2 heterojunction system. A more
comprehensive discussion of the theoretical calculation of these
mechanisms will be provided in the “Computational analysis”
section.

One of the crucial aspects is the degree of temperature change
in each layer, which contains information on the number of elec-
trons transferred to the TiO2 layer upon excitation. Since the ther-
mal energy gained by TiO2 likely originates from transferred hot
electrons, the thermal energy of the TiO2 layer reflects the frac-
tion of transferred electrons among the total hot electrons result-
ing from photoexcitation. Notably, in Figure 3b, the temperature
of TiO2 rises to half that of Au, showing the initial rise in the
temperature of Au and TiO2 are 89 K and 45 K, respectively. And
the ratio between the areas of Au and TiO2 domains turns out to
be approximately 0.67 (see Figure S5). From these data, we can
calculate the ratio of heat capacities per unit area of two layers
(CAu/CTiO2 = 0.43) and the ratio of the total energies dissipated in
two layers (QAu/QTiO2 = 0.84). As the transferred hot electrons re-
lease their energy in the conduction band of TiO2, situated 0.6 ∼

0.7 eV above the Fermi level, while the remaining untransferred
hot electrons dissipate their energy at the Fermi level, the thermal
energy generated from hot electrons in each layer varies: approxi-
mately 1.54 eV for Au and 0.8 ∼ 0.9 eV for TiO2.[67] Consequently,
the hot electron injection yield from Au to TiO2 is calculated
to be approximately 68% (under a laser fluence of 1.6 mJ/cm2),
which is comparable to that of previous studies.[68] In Figure 4b,
the temperature changes of Au and TiO2 of Au/TiO2 under 2.2
mJ/cm2 laser fluence are depicted. The electron injection yield
at this fluence stands at 63%, exhibiting a slight decrease com-
pared to the 1.6 mJ/cm2 case. In Figure S6, the electron injection
yields corresponding to four different photon fluences are pre-
sented, revealing a consistent decrease in electron injection yield
with increasing photon fluence.

Another intriguing aspect lies in the thermal conductance be-
tween layers. Figure 4 illustrates the temperature changes of each
layer in both Au/TiO2 and Au-only samples, alongside simulated
temperature changes. Whereas the temperature of the Au-only
sample stays steady after rising, the temperature of Au and TiO2
of the Au/TiO2 sample decays exponentially and rises linearly,
respectively. To evaluate how thermal energy propagates within
the sample, Finite Element Method (FEM) simulations were per-
formed on each sample system. Considering that SiN serves as
the substrate, we also examined the impact of the SiN membrane
on heat dissipation. For the simulation, we used reported values
of heat capacity, density, and thermal conductivity for each do-
main (Au, TiO2, and SiN) and adjusted the thermal conductance
between Au and TiO2 as well as between Au and SiN.

Figure 4a depicts the temperature change of the Au-only sam-
ple. As this sample only involves contact between Au and SiN, the
thermal energy of Au can solely dissipate into the SiN membrane.
Simulation results reveal that the thermal conductance between
Au and SiN exhibits a value of approximately 1 MW/m2K, sig-
nificantly lower than the value reported in the literature (around
123 MW/m2K).[69] We suspect that this large discrepancy between
the measured value and the experimental value is due to the non-
equilibrated phonon energy distribution. While the reported ther-
mal conductance between Au and SiN was measured in an equi-
librium state, where they maintain a constant temperature and
thermal energy flow, our system was pumped with an ultrafast
pulse to excite the sample. In this ultrafast pumping regime, it
takes a long time (∼100 ps) for the energies of phonons to achieve
thermal equilibrium. Thus, because the phonon modes are not
fully activated right after excitation, the delay in energy redistri-
bution among phonons and subsequent energy transfer to TiO2
through interfacial p–p coupling would affect the thermal con-
ductance on an ultrafast timescale.

As shown in Figure 4b, the Au/TiO2 sample shows completely
different dynamics from the Au-only sample. Despite similar
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thermal properties (e.g., heat capacity and thermal conductivity)
of SiN and TiO2, the temperature of Au in Au/TiO2 experiences
an exponential decrease after heating up unlike the constant tem-
perature exhibited in the Au-only sample. Meanwhile, TiO2 ex-
hibits a continuous rise after the initial heat up, which is induced
by e–p coupling with transferred electrons. Here, the FEM sim-
ulation results suggest that the thermal conductance of Au-TiO2
has a higher value (approximately 150 MW/m2K) compared to
that reported in the literature (72 MW/m2K).[70] This significant
improvement in thermal conductance can be attributed to the en-
hanced phonon overlap and strengthened p–p coupling between
the phonon modes of both Au and TiO2, as demonstrated in our
ab initio calculations (Figure 5c). Moreover, the FEM simulation
adeptly captures the contrasting temperature dynamics, the ex-
ponential decay in Au and the linear rise in TiO2, aligning closely
with the experimental observations. The simulation results sug-
gest that this different temperature dynamics primarily arises
from two factors: i) the larger coverage and heat capacity of TiO2,
and ii) the low thermal conductivity of TiO2. Due to TiO2’s greater
coverage (as depicted in Figure S1) compared to Au, temperature
fluctuations within TiO2 are smaller, even when the entirety of
dissipated thermal energy is transferred to it. Additionally, the
low thermal conductivity within TiO2 dictates the overall temper-
ature dynamics of the TiO2 layer, resulting in a slower tempera-
ture response across the entire TiO2 domain, hereby causing the
temperature increase of TiO2 to appear linear. To delve deeper
into this phenomenon and its impact on the charge transfer from
Au to TiO2, we employed DFT calculations, which will be thor-
oughly examined in the forthcoming “Computational Analysis”
section.

2.7. Computational Analysis

To understand how hot electron injection influences the be-
haviors of TiO2, such as its vibrational, thermodynamic, elec-
tronic, mechanical, and structural properties, we utilized theo-
retical simulations based on density functional theory (DFT) cal-
culations. First, we investigated how the number of injected hot
electrons influences the structural and vibrational characteristics
of TiO2. We performed structural optimization of the 6-atom ru-
tile (P42/mnm) TiO2 primitive cell to refine both ionic positions
and lattice parameters for both neutral and charged unit cells.
In the latter case, we analyzed ten distinct cells with varying ex-
tra electron counts, ranging from 0.1 to 1 electron per unit cell.
Figures S7 and S8 depict the influence of excess electrons on unit
cell volume and ion spacing, respectively, indicating that hot elec-
tron injection causes isotropic expansion of the TiO2 unit cell and
increases the ion spacing. This lattice expansion results in signif-
icant alterations to the vibrational properties of TiO2. The phonon
dispersion curve and the vibrational density of states (vDOS) of
the neutral TiO2 cell show frequencies ranging from approxi-
mately 0 THz to 25 THz (Figure 5a). The right panel in Figure 5a
plots the projected vDOS, which reveals three distinct frequency
ranges: low (0-6 THz), intermediate (6-17.5 THz), and high (17.5-
25 THz). In the low-frequency range, Ti4+ species primarily influ-
ence soft modes; the intermediate regime has a mixed contribu-
tion from Ti4+ and O2− species; while the high-frequency range
is predominantly defined by O2− contribution.[71]

The vDOSs for the charged cells, depicted in Figure 5b and
Figure S9, display distinct vibrational features. In fact, as the
number of electrons within the rutile TiO2 systems increases,
all frequency ranges undergo substantial variations. In the low-
frequency region (Figure S10), the vDOSs shift towards lower
frequencies. Upon reaching an excess electron concentration of
1/104.1 e−/Å,3 soft modes bearing negative frequencies appear,
indicating instability in the crystal lattice and its susceptibility
to structural distortions. Additionally, this low-frequency region
reveals a significant contribution from O2− ions accompanying
the emergence of negative frequencies. The new low-frequency
soft modes align well with the frequency range of bulk Au soft
modes (Figure 5c), and such an overlap likely enhances inter-
layer p–p coupling. This coupling is thereby accountable for the
coherent vibrational motions observed post-charge transfer and
the enhanced thermal conductance between Au and TiO2.

We now turn our attention to the intermediate and high-
frequency ranges. The vDOSs in Figure 5b reveal that, as concen-
trations of excess charges increase, the intermediate and high-
frequency regions of the vDOSs gradually merge, consolidating
into a narrower band in the range of 6–15 THz, beginning at an
electron concentration of 1/92.9 e−/Å.3 Following the merging of
these frequency regions, it becomes more challenging to distin-
guish between modes dominated by Ti4+ or O2− characteristics.

By analyzing the electronic density of states shown in
Figure S11 alongside the vDOSs in Figure 5, we clarify how the
transfer of hot electrons leads to increased ion spacing and cell
parameters in TiO2. Specifically, the electrons injected into the
TiO2 conduction band are primarily found in Ti 3d orbital states.
Figure S12 displays the computed band-decomposed charge den-
sity for the states occupied by the extra electrons, highlighting
that they are primarily localized on Ti states. Adding electrons to
these Ti 3d states disturbs the charge balance. Due to the negative
polarization of O2− relative to Ti4+, this addition diminishes the
strength of oxygen-titanium ionic interactions, leading to subse-
quent bond elongation. This elongation shifts the fast stretching
modes to lower frequencies, consequently narrowing the vDOS
as previously discussed. The observed shift of phonon frequen-
cies to lower values and the narrowing of the frequency spectrum
in charged TiO2 are expected to significantly impact its mechani-
cal and thermal properties. These changes suggest alterations in
the internal lattice dynamics, crucial for the material’s response
to mechanical stress and heat conduction.

Figure S13 presents the computed heat capacity as a function
of temperature for both the neutral and charged TiO2 systems,
alongside experimental values for comparison.[85] The introduc-
tion of extra electrons leads to an overall increase in the semicon-
ductor’s heat capacity. Specifically, the inset of Figure S13 shows
that the molar heat capacity at room temperature rises from ∼57
J/mol·K in the neutral state to ∼67 J/mol·K in the charged state
with 0.6 extra electrons per unit cell. This increase may also con-
tribute to the slow thermal equilibration observed in Figure 4b. A
possible explanation for the thermal behavior seen in Figure 4b
is that the initial temperature rise in TiO2 results from the e–p
coupling triggered by the injected electrons altering the crystal
lattice. The subsequent gradual temperature rise could be influ-
enced by the material’s macroscopic properties, encompassing
not just thermal conductivity but also heat capacity. Following
charge injection, heat capacity undergoes an increase, impeding
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Figure 5. Phonon dispersion and vibrational density of states in rutile TiO2. (a) Calculated phonon dispersion and vibrational density of states (vDOS)
for the optimized rutile TiO2 cell, highlighting atomic contributions from Ti4+ (Ti) and O2− (O) ions, shown in blue and orange, respectively. The total
vDOS is shown in red. (b) vDOS for neutral TiO2 (left upper panel) as well as for 5 different charged rutile TiO2 cells. The charged cells show a progression
of extra electron concentrations per unit cell, as indicated in the left upper corner of each panel. (c) Comparison of low-frequency vDOS between Au and
neutral and charged TiO2 cells. The height of the Au vDOS has been scaled down by a factor of four to facilitate a clearer comparison with the TiO2’s
vDOS.

swift thermal equilibration and achieving an equilibrium state
only after approximately 400 ps.

The injected charge significantly influences the mechan-
ical properties of TiO2, leading to reductions in the bulk
modulus, shear modulus, and Young’s modulus, as reported
in Table S3. This decrease suggests the material becomes

less rigid and more prone to deformation, indicating that
the negative charge reduces its resistance to external forces
and increases its mechanical flexibility. This enhanced flex-
ibility likely contributes to the mechanical stresses induced
by charge transfer, eventually facilitating heat and energy
transfer.
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Figure 6. Schematic description of the charge and structural dynamics in the Au/TiO2 bilayer system. The Au and TiO2 layers are shown in yellow and
gray, respectively. In the experiment, the Au/TiO2 bilayer was irradiated by an 800 nm pump pulse, which induced plasmonic absorption within Au,
thereby generating hot electrons. A fraction of these hot electrons successfully surmounts the Schottky barrier and undergo interlayer electron transfer
to TiO2, demonstrating rapid transfer dynamics on the order of ∼100 fs. The interlayer electron transfer makes TiO2 more deformable and initiates the
coupling of phonon modes between Au and TiO2, leading to the interfacial coupling at the Au-TiO2 interface. This coupling establishes a pathway for the
propagation of mechanical stress and heat via the interface. Subsequently, the hot electrons in the Au and TiO2 start to dissipate their energy, heating
up the lattice through electron–phonon coupling (∼1 ps). Meanwhile, both Au and TiO2 exhibit lattice expansion resulting from e–p coupling within
their respective domains. This lattice expansion in Au leads to the generation of mechanical stresses, which are subsequently and efficiently transmitted
to TiO2 through interfacial coupling, causing a contraction of the TiO2, which was softened by the transferred electrons (∼3 ps). These propagated
stresses, in turn, initiate coherent vibrations between the two layers. Consequently, both the Au and TiO2 layers undergo coherent vibrational motion,
exhibiting a 16 ps period, with their phases being anticorrelated (∼10 ps). Regarding the temperature of each layer, due to the difference in heat capacity
of each layer, the temperatures of Au and TiO2 are not in equilibrium. However, owing to the enhanced thermal conductance at the Au-TiO2 interface, the
temperatures of Au and TiO2 reach equilibrium (∼1 ns). Finally, following a sufficiently extended duration (≫1 ns), the Au/TiO2 bilayer system returns
to its ground state by dissipating heat into the environment and achieving charge equilibrium between the two domains.

In conclusion, our computational study elucidates the pro-
found interplay between charge transfer-induced structural
changes and the vibrational, mechanical, and thermal properties,
underscoring the significant impact of electronic modifications
on the functionality and dynamics of metal/semiconductor in-
terfaces.

3. Conclusion

The schematic in Figure 6 illustrates the photodynamics of the
Au/TiO2 heterojunction system. In the Au/TiO2 system, hot elec-

trons are generated through photoexcitation, as in the Au-only
sample, and are transferred to TiO2 via interlayer charge trans-
fer. The remaining electrons in Au and those moving to TiO2 un-
dergo lattice coupling in each domain, resulting in lattice expan-
sion. Concurrently, the charge transfer modulates the bulk prop-
erties of TiO2 and induces interfacial p–p coupling at the Au-TiO2
interface, enhancing the overlap of the phonon modes of Au and
TiO2 in the low-frequency region. This coupling reinforces the
coherent vibrational motion at the interface, which is responsible
for the observed coherent vibration. Moreover, this hot electron
transfer-induced interfacial coupling also plays a crucial role in
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thermal energy transfer by enhancing the thermal conductance
at the Au/TiO2 interface. This behavior further corroborates the
crucial role played by the interfacial coupling and coherent vibra-
tional motion in the Au/TiO2 heterojunction system, enabling
efficient thermal energy transfer and distinct thermal dynamics
compared to the Au-only sample. This distinct behavior further
affirms the vital role played by the interfacial coupling and co-
herent vibrational motion in the Au/TiO2 heterojunction system.
This unique combination enables efficient energy transfer.

By utilizing the UED technique, we have obtained evidence for
the existence of a transient pathway for propagating stress and
heat at metal-semiconductor interfaces, facilitated by interlayer
electron transfer. Interlayer charge transfer induces enhanced p–
p coupling at the interface and makes TiO2 more receptive to
coherent vibrations by modulating the mechanical properties of
TiO2, highlighting the complex interplay between charge trans-
fer and vibrational dynamics in this heterojunction system. This
finding offers valuable insights that may significantly contribute
to the engineering, design, and functionality of electronic de-
vices.

4. Experimental Section
Sample Preparation: Samples were prepared using the physical vapor

deposition method. A SiN membrane (20 nm thick, Norcada) was used
as the substrate. Using an e-beam evaporator, Au and Ti layers were se-
quentially deposited on the SiN membrane. The deposited Ti layer was
oxidized under 400 °C in the air for 2 hours, resulting in the formation of
TiO2. Characterization of the resulting Au and TiO2 layers was performed
using various techniques including UV-visible absorption spectroscopy, X-
ray diffraction (XRD), scanning electron microscopy (Field Emission SEM,
SU8230), and transmission electron microscopy (Titan Double Cs cor-
rected TEM, Image / Probe Cs). To ensure precise control of the thickness
during deposition, an in-situ thickness monitor was employed. The depo-
sition process continued until the Au layer reached a thickness of 15 nm
and the Ti layer reached a thickness of 10 nm, as monitored by the in-situ
thickness monitor.

Ultrafast Electron Diffraction: The experiment employed a custom-
built DC Ultrafast Electron Diffraction (UED) setup, wherein photoelec-
trons were accelerated through a DC accelerator and then compressed
using RF fields within an RF cavity. It has been demonstrated that these
emitted electron bunches can be compressed into femtosecond durations
using an RF cavity buncher.[72–74] Emitted electron bunches were acceler-
ated with a 90 KV potential to reach the speed of ∼0.52 c with ∼400 fs
time duration. Figure S14 illustrates the schematic of the UED experimen-
tal setup. The Ti:Sapphire regenerative amplifier laser system (Spitfire of
Spectra-Physics) used in the UED setup generated sub-35-fs laser pulses
within a wavelength tuning range of 770–830 nm, operating at a repeti-
tion rate of 1 kHz. The output pulse energy typically reached around 4 mJ.
The laser pulses, centered at an 800-nm wavelength, were split into pump
and probe pulses using a beam splitter. The pump pulses, containing 50%
of the original beam energy, were directed to the sample through a preci-
sion linear translation stage to excite the sample. The remaining 50% of
the 800 nm pulses were sent to a third harmonic generator (THG). The
tripled femtosecond pulses, with a photon energy of ∼4.65 eV (267 nm),
were converted to femtosecond electron bunches via photoemission from
the photo (copper) cathode and generated electron bunches are diffracted
by the sample, capturing the temporal evolutions of structure. These trans-
mission diffraction patterns are projected on a phosphor screen that was
imaged onto an ICCD camera. The delay time between the optical pump
beam and the electron probe beam was controlled by varying the relative
optical path difference between the two beams.

Data Processing: Time-resolved two-dimensional (2D) scattering im-
ages were acquired using an ICCD camera. The laser-off images were

repeatedly measured at a time delay of -30 ps for every scan. We per-
formed two types of measurements with finer steps (200 fs and 1 ps)
and coarser steps (6.6 ps). In the corresponding measurement, 400 and
500 images, respectively, were collected for every time delay on average.
These 2D scattering images were then transformed into one-dimensional
(1D) azimuthally-integrated scattering curves by computing the average
intensity as a function of momentum transfer. The momentum trans-
fer, denoted as s, is determined by the equation, s = (4𝜋/𝜆)∙sin(2𝜃/2) =
(4𝜋/𝜆)∙sin[1/2∙tan−1(l/d)], where 𝜆 represents the de Broglie wavelength
of the electron, 2𝜃 denotes the scattering angle, l signifies the distance
from the beam center to a specific pixel, and d represents the sample-to-
detector distance. These collected azimuthally integrated scattering curves
were then combined to generate the averaged 1D scattering curves. The
resultant averaged 1D scattering curves were susceptible to contamina-
tion by systematic noise. To mitigate this issue, we employed the SANOD
method on the 1D azimuthally integrated curves, resulting in corrected 1D
curves that were subsequently employed for further data processing.[75,76]

For data analysis, we utilized averaged 1D scattering curves to mon-
itor both their peak intensities and peak positions. This process in-
volved fitting the experimentally measured diffraction peaks with Gaus-
sian functions.[48–50] The optimization of peak parameters was achieved
through the minimization of the 𝜒2 value, which quantified the degree of
discrepancy between experimental and theoretical Gaussian function, uti-
lizing the MINUIT package developed at CERN.[77] Error analysis was car-
ried out using MINOS, an embedded algorithm within the MINUIT soft-
ware.

Ab Initio Calculations: We employed ab initio Density Functional The-
ory (DFT) calculations, using the Vienna ab initio simulation package
(VASP) with projector augmented wave (PAW) pseudopotentials and a
plane-wave basis set,[78–80] to explore the effects of injected hot electrons
from Au to TiO2 on its structural and vibrational properties. All DFT cal-
culations utilized a cutoff of 550 eV, high precision mode in VASP, and
the PBE functional with a Hubbard U correction of 5 eV on Ti(d) states[81]

following Dudarev’s approach.[82] Additionally, Gaussian smearing with a
width of 0.05 eV was applied to enhance density convergence.

We first performed structural optimization of a 6-atom rutile
(P42/mnm) TiO2 primitive cell to refine ionic positions and lattice param-
eters for both neutral and various charged unit cells, spanning from 0.1
to 1 extra electron per unit cell. For all unit cells, the Brillouin zone (BZ)
was sampled using a Γ-centered 4 × 4 × 8 K-points grid. Convergence was
achieved when the energy difference between two consecutive electronic
steps was below 10−8 eV and when the norms of all forces were less than
0.001 eV. First-principles phonon calculations of rutile TiO2, including all
charged cells, were conducted using the Density Functional Perturbation
Theory (DFPT) method, as implemented in VASP. Vibrational properties
were analyzed by expanding the optimized unit cells into 2 × 2 × 2 su-
percells and reducing the BZ sampling to a 2 × 2 × 4 K-points grid. From
DFTP calculations, we extracted the force constants and then computed
the phonon modes (𝜔) using the Phonopy software package.[83] These cal-
culations employed a Monkhorst-Pack grid of 30 × 30 × 30 q-points for the
phonon wave vectors. The resulting phonon modes were used to predict
the phonon dispersion relations and the phonon density of states (vDOS)
for the various TiO2 systems analyzed in this study. Additionally, Phonopy
software was employed to calculate the heat capacity of TiO2 systems un-
der the quasi-harmonic approximation (QHA).[83]

We used the same computational setup to calculate the vDOS for the
cubic Au system. The only difference from the calculations performed for
TiO2 was that we began by optimizing the 4-atom conventional cell, sam-
pling the BZ using a Γ-centered 8 × 8 × 8 K-points grid. Subsequently, the
phonon properties were evaluated using a 2 × 2 × 2 supercell, with the
number of K-points reduced accordingly.

Elastic constants (Cij) were determined using the strain-stress relation-
ship method with finite differences. This involved introducing six finite dis-
tortions to the crystal lattice to simulate various states of strain. For each
state, the corresponding stress was computed to construct the elastic ten-
sor. Subsequently, mechanical properties such as Bulk modulus (B), Shear
modulus (G), Young’s modulus (E), the B/G ratio, and Poisson’s ratio (𝜈)
were calculated using the Hill approach by using the VASPKIT software.[84]

Adv. Sci. 2024, 2400919 2400919 (12 of 14) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202400919 by K

orea A
dvanced Institute O

f, W
iley O

nline L
ibrary on [08/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This work was supported by the Institute for Basic Science (IBS-R033).
This work was also supported by the Government Contribution Research
Fund to KAERI of the Republic of Korea (524570-24). We thank Yujin Park
and Jeong Young Park for their help in preparing the samples during the
initial stages.

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
H.I. directed the project. J.H., D.-S.A. and H.I. conceived the idea, concep-
tualized and designed the experiment. J.H., D.K., D.-S.A, K.Y.O. and S.P.
designed and characterized the apparatus. J.H. and D.K conducted the
UED experiment. J.H. prepared the sample. J.H. analyzed data and inter-
preted results. A.S. conducted theoretical simulations. J.H., A.S. and H.I.
wrote the manuscript. All authors discussed the results.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
hot carrier dynamics, interfacial charge transfer, interfacial coupling,
metal-semiconductor interface, ultrafast electron diffraction, ultrafast heat
transfer

Received: May 16, 2024
Published online:

[1] J. Huang, S. He, J. L. Goodsell, J. R. Mulcahy, W. Guo, A. Angerhofer,
W. D. Wei, J. Am. Chem. Soc. 2020, 142, 6456.

[2] Y. Maeda, Y. Iizuka, M. Kohyama, J. Am. Chem. Soc. 2013, 135, 906.
[3] L. Michalas, A. Khiat, S. Stathopoulos, T. Prodromakis, J. Phys. D

2018, 51, 425101.
[4] E. Cortés, W. Xie, J. Cambiasso, A. S. Jermyn, R. Sundararaman, P.

Narang, S. Schlücker, S. A. Maier, Nat. Commun. 2017, 8, 14880.
[5] G. Tagliabue, J. S. DuChene, M. Abdellah, A. Habib, D. J. Gosztola,

Y. Hattori, W.-H. Cheng, K. Zheng, S. E. Canton, R. Sundararaman, J.
Sá, H. A. Atwater, Nat. Mater. 2020, 19, 1312.

[6] Y. Ihm, D. H. Cho, D. Sung, D. Nam, C. Jung, T. Sato, S. Kim, J. Park, S.
Kim, M. Gallagher-Jones, Y. Kim, R. Xu, S. Owada, J. H. Shim, K. Tono,
M. Yabashi, T. Ishikawa, J. Miao, D. Y. Noh, C. Song, Nat. Commun.
2019, 10, 2411.

[7] M. Mo, S. Murphy, Z. Chen, P. Fossati, R. Li, Y. Wang, X. Wang, S.
Glenzer, Sci. Adv. 5, eaaw0392.

[8] J. Wu, M. Tang, L. Zhao, P. Zhu, T. Jiang, X. Zou, L. Hong, S.-N. Luo, D.
Xiang, J. Zhang, Proc. Natl. Acad. Sci. U.S.A. 2022, 119, e2111949119.

[9] Q. Li, L. Yan, W. Chu, J. He, H. Luo, T. Frauenheim, S. Tretiak, L. Zhou,
J. Phys. Chem. Lett. 2022, 13, 4955.

[10] L. Collado, A. Reynal, F. Fresno, M. Barawi, C. Escudero, V. Perez-
Dieste, J. M. Coronado, D. P. Serrano, J. R. Durrant, V. A. de la Peña
O’Shea, Nat. Commun. 2018, 9, 4986.

[11] B. Gergen, H. Nienhaus, W. H. Weinberg, E. W. McFarland, Science
2001, 294, 2521.

[12] U. Höfer, I. L. Shumay, C. Reuß, U. Thomann, W. Wallauer, T. Fauster,
Science 1997, 277, 1480.

[13] S. W. Lee, H. Lee, Y. Park, H. Kim, G. A. Somorjai, J. Y. Park, Surf. Sci.
Rep. 2021, 76, 100532.

[14] H. Nienhaus, Surf. Sci. Rep. 2002, 45, 1.
[15] D. A. Panayotov, A. I. Frenkel, J. R. Morris, ACS Energy Lett. 2017, 2,

1223.
[16] H. Chen, P. Li, N. Umezawa, H. Abe, J. Ye, K. Shiraishi, A. Ohta, S.

Miyazaki, J. Phys. Chem. C 2016, 120, 5549.
[17] D. Jin, Q. Hu, D. Neuhauser, F. von Cube, Y. Yang, R. Sachan,

T. S. Luk, D. C. Bell, N. X. Fang, Phys. Rev. Lett. 2015, 115,
193901.

[18] N. Wu, Nanoscale 2018, 10, 2679.
[19] L. Yuan, Z. Geng, J. Xu, F. Guo, C. Han, Adv. Funct. Mater. 2021, 31,

2101103.
[20] D. Ruan, J. Xue, M. Fujitsuka, T. Majima, Chem. Comm. 2019, 55,

6014.
[21] H. Zhou, Y. Chen, H. Zhu, Sci. Adv. 7, eabg2999.
[22] L. Wang, M. Oppermann, M. Puppin, B. Bauer, T. H. Chow, J. Wang,

M. Chergui, Appl. Phys. Lett. 2023, 122, 082201.
[23] B. M. Marsh, B. R. Lamoureux, S. R. Leone, Struct. Dyn. 2018, 5,

054502.
[24] N. Rothenbach, M. E. Gruner, K. Ollefs, C. Schmitz-Antoniak, S.

Salamon, P. Zhou, R. Li, M. Mo, S. Park, X. Shen, S. Weathersby,
J. Yang, X. J. Wang, R. Pentcheva, H. Wende, U. Bovensiepen, K.
Sokolowski-Tinten, A. Eschenlohr, Phys. Rev. B 2019, 100, 174301.

[25] J. Pudell, A. A. Maznev, M. Herzog, M. Kronseder, C. H. Back, G.
Malinowski, A. von Reppert, M. Bargheer, Nat. Commun. 2018, 9,
3335.

[26] A. Sood, J. B. Haber, J. Carlström, E. A. Peterson, E. Barre, J. D.
Georgaras, A. H. M. Reid, X. Shen, M. E. Zajac, E. C. Regan, J. Yang, T.
Taniguchi, K. Watanabe, F. Wang, X. Wang, J. B. Neaton, T. F. Heinz,
A. M. Lindenberg, F. H. da Jornada, A. Raja, Nat. Nanotechnol. 2023,
18, 29.

[27] R. Siavash Moakhar, S. Gholipour, S. Masudy-Panah, A. Seza, A.
Mehdikhani, N. Riahi-Noori, S. Tafazoli, N. Timasi, Y.-F. Lim, M.
Saliba, Adv. Sci. 2020, 7, 1902448.

[28] S. Srivastava, N. K. Swami, G. P. Srivastava, Phys. Status Solidi A 1980,
58, 343.

[29] Z. Zhang, L. Zhang, M. N. Hedhili, H. Zhang, P. Wang, Nano Lett.
2013, 13, 14.

[30] E. J. Sie, C. M. Nyby, C. D. Pemmaraju, S. J. Park, X. Shen, J. Yang,
M. C. Hoffmann, B. K. Ofori-Okai, R. Li, A. H. Reid, S. Weathersby, E.
Mannebach, N. Finney, D. Rhodes, D. Chenet, A. Antony, L. Balicas, J.
Hone, T. P. Devereaux, T. F. Heinz, X. Wang, A. M. Lindenberg, Nature
2019, 565, 61.

[31] K. Sokolowski-Tinten, X. Shen, Q. Zheng, T. Chase, R. Coffee, M.
Jerman, R. K. Li, M. Ligges, I. Makasyuk, M. Mo, A. H. Reid, B.
Rethfeld, T. Vecchione, S. P. Weathersby, H. A. Dürr, X. J. Wang, Struct.
Dyn. 2017, 4, 054501.

[32] J. Yang, J. P. F. Nunes, K. Ledbetter, E. Biasin, M. Centurion, Z. Chen,
A. A. Cordones, C. Crissman, D. P. Deponte, S. H. Glenzer, M.-F. Lin,
M. Mo, C. D. Rankine, X. Shen, T. J. A. Wolf, X. Wang, Phys. Chem.
Chem. Phys. 2021, 23, 1308.

[33] J. Yang, X. Zhu, J. P. F. Nunes, J. K. Yu, R. M. Parrish, T. J. A. Wolf,
M. Centurion, M. Gühr, R. Li, Y. Liu, B. Moore, M. Niebuhr, S. Park,
X. Shen, S. Weathersby, T. Weinacht, T. J. Martinez, X. Wang, Science
2020, 368, 885.

Adv. Sci. 2024, 2400919 2400919 (13 of 14) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202400919 by K

orea A
dvanced Institute O

f, W
iley O

nline L
ibrary on [08/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[34] A. Kogar, A. Zong, P. E. Dolgirev, X. Shen, J. Straquadine, Y.-Q. Bie,
X. Wang, T. Rohwer, I. C. Tung, Y. Yang, R. Li, J. Yang, S. Weathersby,
S. Park, M. E. Kozina, E. J. Sie, H. Wen, P. Jarillo-Herrero, I. R. Fisher,
X. Wang, N. Gedik, Nat. Phys. 2020, 16, 159.

[35] J. Heo, D. Kim, A. Segalina, H. Ki, D.-S. Ahn, S. Lee, J. Kim, Y. Cha,
K. W. Lee, J. Yang, J. P. F. Nunes, X. Wang, H. Ihee, Nature 2024, 625,
710.

[36] M. F. Lin, N. Singh, S. Liang, M. Mo, J. P. F. Nunes, K. Ledbetter, J.
Yang, M. Kozina, S. Weathersby, X. Shen, A. A. Cordones, T. J. A. Wolf,
C. D. Pemmaraju, M. Ihme, X. J. Wang, Science 2021, 374, 92.

[37] E. G. Champenois, D. M. Sanchez, J. Yang, J. P. Figueira Nunes, A.
Attar, M. Centurion, R. Forbes, M. Gühr, K. Hegazy, F. Ji, S. K. Saha,
Y. Liu, M. F. Lin, D. Luo, B. Moore, X. Shen, M. R. Ware, X. J. Wang, T.
J. Martínez, T. J. A. Wolf, Science 2021, 374, 178.

[38] S. Link, M. A. El-Sayed, Int. Rev. Phys. Chem. 2000, 19, 409.
[39] F. Qin, T. Zhao, R. Jiang, N. Jiang, Q. Ruan, J. Wang, L.-D. Sun, C.-H.

Yan, H.-Q. Lin, Adv. Opt. Mater. 2016, 4, 76.
[40] H. Lee, H. Lee, J. Y. Park, Nano Lett. 2019, 19, 891.
[41] Y. K. Lee, C. H. Jung, J. Park, H. Seo, G. A. Somorjai, J. Y. Park, Nano

Lett. 2011, 11, 4251.
[42] S. Link, M. A. El-Sayed, J. Phys. Chem. B 1999, 103, 8410.
[43] Y. Tian, T. Tatsuma, Chem. Comm. 2004, 1810.
[44] J. Am. Chem. Soc. 2005, 127, 7632.
[45] S. Wang, W. Xi, F. Cai, X. Zhao, Z. Xu, J. Qian, S. He, Theranostics 2015,

5, 251.
[46] L. P. René de Cotret, B. J. Siwick, Struct. Dyn. 2016, 4, 044004.
[47] L. P. René de Cotret, M. R. Otto, M. J. Stern, B. J. Siwick, Adv. Struct.

Chem. Imaging 2018, 4, 11.
[48] H. Park, S. Nie, X. Wang, R. Clinite, J. Cao, J. Phys. Chem. B 2005, 109,

13854.
[49] H. Park, X. Wang, S. Nie, R. Clinite, J. Cao, Phys. Rev. B 2005, 72,

100301.
[50] T. G. White, P. Mabey, D. O. Gericke, N. J. Hartley, H. W. Doyle, D.

McGonegle, D. S. Rackstraw, A. Higginbotham, G. Gregori, Phys. Rev.
B 2014, 90, 014305.

[51] T. A. Assefa, Y. Cao, S. Banerjee, S. Kim, D. Kim, H. Lee, S. Kim, J.
H. Lee, S.-Y. Park, I. Eom, J. Park, D. Nam, S. Kim, S. H. Chun, H.
Hyun, K. s. Kim, P. Juhas, E. S. Bozin, M. Lu, C. Song, H. Kim, S. J. L.
Billinge, I. K. Robinson, Sci. Adv. 6, eaax2445.

[52] S. Nie, X. Wang, J. Li, R. Clinite, J. Cao, Microsc Res Tech 2009, 72, 131.
[53] L. Reimer, Transmission Electron Microscopy; Physics of Image Forma-

tion and Microanalysis, Springer, New York 1997.
[54] E. G. Gamaly, Femtosecond Laser-Matter Interaction: Theory, Experi-

ments and Applications, Jenny Stanford Publishing, New York 2011.
[55] M. Borgwardt, J. Mahl, F. Roth, L. Wenthaus, F. Brauße, M. Blum, K.

Schwarzburg, G. Liu, F. M. Toma, O. Gessner, J. Phys. Chem. Lett.
2020, 11, 5476.

[56] W. M. Haynes, CRC Handbook of Chemistry and Physics, 95th ed., CRC
Press, Hoboken 2014.

[57] M. Ramos, L. Ortiz-Jordan, A. Hurtado-Macias, S. Flores, J. T.
Elizalde-Galindo, C. Rocha, B. Torres, M. Zarei-Chaleshtori, R. R.
Chianelli, Materials 2013, 6, 198.

[58] T. Mahmood, C. Cao, W. S. Khan, Z. Usman, F. K. Butt, S. Hussain,
Phys. B: Condens. 2012, 407, 958.

[59] M. Hu, X. Wang, G. V. Hartland, P. Mulvaney, J. P. Juste, J. E. Sader,
J. Am. Chem. Soc. 2003, 125, 14925.

[60] P. V. Ruijgrok, P. Zijlstra, A. L. Tchebotareva, M. Orrit, Nano Lett. 2012,
12, 1063.

[61] M. Nisoli, S. De Silvestri, A. Cavalleri, A. M. Malvezzi, A. Stella, G.
Lanzani, P. Cheyssac, R. Kofman, Phys. Rev. B 1997, 55, R13424.

[62] D. Gall, J. Appl. Phys. 2016, 119, 085101.
[63] S. G. Rodrigo, F. J. García-Vidal, L. Martín-Moreno, Phys. Rev. B 2008,

77, 075401.
[64] M. Hettich, A. Bruchhausen, S. Riedel, S. Verleger, T. Geldhauser,

R. Chauhan, O. Ristow, D. Issenmann, J. Boneberg, P. Leiderer, E.
Scheer, J. Dual, T. Dekorsy, in 2011 Conference on Lasers and Electro-
Optics Europe and 12th European Quantum Electronics Conference
(CLEO EUROPE/EQEC) 2011, 1-1.

[65] J. Bryner, T. Kehoe, J. Vollmann, L. Aebi, I. Wenke, J. Dual, Phys Proce-
dia 2010, 3, 343.

[66] J. Bryner, T. Kehoe, J. Vollmann, L. Aebi, I. Wenke, J. Dual, Phys. Pro-
cedia 2010, 3, 343.

[67] Z. Sun, Y. Fang, Sci Rep 2021, 11, 338.
[68] L. Du, A. Furube, K. Hara, R. Katoh, M. Tachiya, J. Photochem. Photo-

biol., C 2013, 15, 21.
[69] T. Jeong, J.-G. Zhu, S. Chung, M. R. Gibbons, J. Appl. Phys. 2012, 111,

083510.
[70] S. Li-Xia, L. Zhi-Kang, Acta Phys. Sin. 2024, 73, 123402.
[71] K. K. Ghose, Y. Liu, T. J. Frankcombe, J Phys Condens Matter 2023, 35,

505702.
[72] T. van Oudheusden, P. L. E. M. Pasmans, S. B. van der Geer, M. J.

de Loos, M. J. van der Wiel, O. J. Luiten, Phys. Rev. Lett. 2010, 105,
264801.

[73] T. van Oudheusden, E. F. de Jong, S. B. van der Geer, W. P. E. M. O.
’t Root, O. J. Luiten, B. J. Siwick, J. Appl. Phys. 2007, 102, 093501.

[74] G. H. Kassier, N. Erasmus, K. Haupt, I. Boshoff, R. Siegmund,
S. M. M. Coelho, H. Schwoerer, Appl. Phys. B. 2012, 109,
249.

[75] H. Ki, Y. Lee, E. H. Choi, S. Lee, H. Ihee, Struct. Dyn. 2019, 6, 024303.
[76] J. Heo, J. G. Kim, E. H. Choi, H. Ki, D.-S. Ahn, J. Kim, S. Lee, H. Ihee,

Nat. Commun. 2022, 13, 522.
[77] F. James, M. Roos, Comput. Phys. Commun. 1975, 10, 343.
[78] G. Kresse, J. Furthmüller, Phys. Rev. B 1996, 54, 11169.
[79] G. Kresse, J. Furthmüller, Comput. Mater. Sci. 1996, 6, 15.
[80] G. Kresse, D. Joubert, Phys. Rev. B 1999, 59, 1758.
[81] M. E. Arroyo-de Dompablo, A. Morales-García, M. Taravillo, J. Chem.

Phys. 2011, 135, 054503.
[82] S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys, A. P.

Sutton, Phys. Rev. B 1998, 57, 1505.
[83] A. Togo, J. Phys. Soc. Jpn. 2022, 92, 012001.
[84] V. Wang, N. Xu, J.-C. Liu, G. Tang, W.-T. Geng, Comput. Phys. Commun.

2021, 267, 108033.
[85] S. J. Smith, R. Stevens, S. Liu, G. Li, A. Navrotsky, J. Boerio-Goates,

B. F. Woodfield, Am. Min. 2009, 94, 236.

Adv. Sci. 2024, 2400919 2400919 (14 of 14) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202400919 by K

orea A
dvanced Institute O

f, W
iley O

nline L
ibrary on [08/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com

