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SURFACE CHEMISTRY

Nanoscale coherent phonon spectroscopy

Shuyi Liu', Adnan Hammud?, Ikutaro Hamada>, Martin Wolf',

Melanie Miiller'*, Takashi Kumagai'**

Coherent phonon spectroscopy can provide microscopic insight into ultrafast lattice dynamics and its coupling to
other degrees of freedom under nonequilibrium conditions. Ultrafast optical spectroscopy is a well-established
method to study coherent phonons, but the diffraction limit has hampered observing their local dynamics directly.
Here, we demonstrate nanoscale coherent phonon spectroscopy using ultrafast laser-induced scanning tunnel-
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ing microscopy in a plasmonic junction. Coherent phonons are locally excited in ultrathin zinc oxide films by the
tightly confined plasmonic field and are probed via the photoinduced tunneling current through an electronic
resonance of the zinc oxide film. Concurrently performed tip-enhanced Raman spectroscopy allows us to identify
the involved phonon modes. In contrast to the Raman spectra, the phonon dynamics observed in coherent pho-
non spectroscopy exhibit strong nanoscale spatial variations that are correlated with the distribution of the elec-
tronic local density of states resolved by scanning tunneling spectroscopy.

INTRODUCTION

Tracking the time evolution of coherent lattice vibrations can pro-
vide valuable insight into the mutual coupling between electronic
and structural degrees of freedom in condensed matter. Collective
oscillations of atoms can be induced by ultrafast excitation with a
laser pulse whose duration is shorter than the period of nuclear
vibration. Coherent phonons (CPs) can be observed in various ways,
for example, via their coupling to the electronic structure of the sam-
ple as used in optical spectroscopy and time-resolved photoelectron
spectroscopy (1) or directly via the lattice response using time-
resolved diffraction techniques (2, 3). CPs have been investigated in
a wide range of materials including metals (4), semimetals (5, 6),
semiconductors (7-9), oxides (10-12), strongly correlated materials
(13, 14), carbon materials (15, 16), molecular crystals (17), and for
atoms/molecules adsorbed on surfaces (18). On femtosecond time
scales, the electronic and phononic systems after impulsive excitation
are not in equilibrium, and the dynamics of CPs evolve through
electron-phonon or phonon-phonon scattering. It has been shown
recently that CPs can also be used to control the rearrangement of
atoms during a photoinduced phase transition (3). The dynamics of
CPs will be sensitive to nanoscale perturbations of the local lattice
potential, e.g., originating from point defects in a crystal (19). How-
ever, the real-space observation of CPs approaching atomic length
scales remains a challenging task.

To attain ultrafast spectroscopy at the atomic scale, continuous
efforts have been devoted to combine scanning tunneling microscopy
(STM) with ultrashort laser excitation in the past decades (20-26).
More recently, coupling phase-stable, single-cycle terahertz or near-
infrared (NIR) pulses to the STM junction has allowed to trace ultra-
fast charge carrier dynamics (27-29), plasmon dynamics (30), and
electronic coherences (31, 32) with subcycle temporal resolution. In
addition, it was demonstrated that ultrafast STM can probe coherent
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vibrational motion of single molecules with angstrom spatial and
femtosecond temporal resolution (26, 29, 33). More recently, it was
demonstrated that coherent acoustic phonons can be launched in a
thin metal film by local femtosecond Coulomb forces using a
terahertz-gated STM (34). However, ultrafast photoexcitation and
real-time observation of optically excited CPs on the nanoscale re-
main to be demonstrated. Here, we show nanoscale coherent
phonon spectroscopy (CPS) on ultrathin zinc oxide (ZnO) films by
coupling ultrashort NIR laser pulses into a plasmonic STM junction.
The strong confinement of the plasmonic field enables us to locally
excite and probe the ultrafast lattice dynamics of few-monolayer
(ML) ZnO films with ~2-nm and ~10-fs spatiotemporal resolution.
Furthermore, the combination of nanoscale CPS with scanning
tunneling spectroscopy (STS) and tip-enhanced Raman spectroscopy
(TERS) allows us to correlate the local equilibrium electronic struc-
ture and phonon modes concurrently with the CPs excited under
nonequilibrium conditions.

RESULTS

Our approach to probing local ultrafast dynamics with photoinduced
STM is based on femtosecond laser excitation of a plasmonic tun-
neling junction as illustrated in Fig. 1A. The STM junction consists
of the clean Ag(111) surface and a nanoscopically sharp Ag tip fab-
ricated by focused ion beam milling (35). The junction is illuminated
by two collinear NIR pulses of 10-fs duration at a center wavelength
of 780 nm and a repetition rate of 80 MHz. The pulse pair is created
by separating a laser beam using a balanced-dispersion Michelson
interferometer with variable delay in one arm. Both pulses are linearly
polarized along the tip axis. The resulting highly confined plas-
monic field enables optical excitation in the STM junction at a scale
of a few nanometers (36) and generates an optically induced tunnelin;
current at low incident laser power densities (Pjpc < 0.2 mW/um®,
which corresponds to the laser power of <2 mW incident into the
STM junction). This low incident power is highly beneficial for
keeping the junction stable and minimizing photoinduced thermal
effects (23). The detected STM current (Isty) under illumination is
the sum of the static tunneling current (Ipc) induced by the applied
DC bias (Vi) and the photoinduced current (Ihoto). The Iphoto
originates from transfer of photoexcited electrons across the junction
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Fig. 1. Ultrashort pulsed laser-induced STM in a plasmonic junction. (A) Sche-
matic of the experiment. (B) lsty—Az curves recorded with (red) and without (black)
illumination. Az=0 corresponds to the STM set point of Vyj;s =2V and lsyy =6 nA at
Pinc=0.16 mW/umZ. The red circles show the neg extracted from the peak-to-baseline
ratio r of the IAC trace using the formula neg = [loga(r) + 11/2. (C) IAC trace of the
photocurrent from the tip recorded for the Ag tip-Ag(111) junction at Vpjas=2 V
with fixed tip height at Az=1 nm. The dashed line indicates the fitting result using
Egs. 1 and 2. The inset is the magnified IAC trace after a delay time of 40 fs.

either above the vacuum barrier or via photoassisted tunneling (37).
With the excitation wavelength at 780 nm, one-, two- and three-photon-
excited electrons gain an excess energy of ~1.6, ~3.2, and ~ 4.8 eV,
respectively. Because the work function of the Ag surface is 4.2 to
4.7 eV (38), the one- and two-photon processes result in the Iphoto
through photoassisted tunneling, whereas the three-photon process
can lead to the Iphoro through over-barrier emission. The proportion
of electrons that are emitted above or tunnel through the barrier de-
pends on the barrier width (i.e., tip—surface distance). Electron tun-
neling becomes dominant at a small tip-surface distance where the
tunneling probability is large. Under illumination, the Iphoto consists
of electrons transferred from both tip and surface, but the electron
transfer from the tip (surface) can be suppressed by applying a neg-
ative (positive) bias to the surface. The exact magnitude of the nega-
tive (positive) bias required to suppress the Ihoto contribution from
the tip (surface) depends on the incident laser power, the tip—surface
distance, and the tip conditions (plasmon enhancement).

To characterize the plasmonic response of the junction, we mea-
sure Iphoto from the tip to the surface at a positive sample bias. The
relative contribution from Ipc and Iypeto can be assessed by record-
ing Istym as a function of the relative tip-surface distance (Az) with
and without illumination (Fig. 1B). Here, Az = 0 corresponds to the
tip—surface distance given by the STM set-point of Vi, =2 V and
Istm = 5 nA. At Az < 0.1 nm, the total current (Isty) is dominated
by the Ipc. The Ippot mainly contributes to the Istyv at Az > 0.3 nm
and extends more than 5 nm outside the tunneling regime (red
curve in Fig. 1B). Figure 1C shows the I pot recorded for the Ag
tip-Ag(111) junction as a function of the time delay (Af) between
the two NIR pulses, yielding the interferometric autocorrelation
(IAC) of the Iphoto- The data are recorded at Az = 1 nm outside the
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tunneling regime, and the plasmonically enhanced interferometric
Iphoto can be detected at a sufficient signal-to-noise ratio without
lock-in detection methods. The photothermal modulation (noise)
of the junction during the IAC measurement is estimated to be less
than 0.05 nm at Pj,c = 0.12 mW/um? (see fig. S1), which does not
significantly affect the I pot because of the shallow Ispy-Az slope in
the used distance range. Thus, the contribution from thermal ex-
pansion is almost negligible in the IAC measurement when it is re-
corded in the photoinduced tunneling regime, in which the I is
dominant. The IAC trace measured for the Ag tip—Ag(111) junc-
tion can be fitted by

Inc(At) o [ o | (Bot) +Eg(t — Ar))| 2 (1)

where Ej is the plasmonic field and #. is the effective nonlinearity
of the photoinduced process. The noninstantaneous plasmonic re-
sponse of the Ag tip—Ag(111) junction contributes to the IAC trace,
leading to broadening of the central envelope and the appearance of
satellite tails extending to tens of femtoseconds (inset to Fig. 1C)
(39). We approximate the plasmon dynamics by a damped harmon-
ic oscillator driven by the laser pulse field E(t), resulting in the
plasmon-enhanced field

Ep(t)e | t_wwL}ﬂE(tf)exp(— t;pf’)m(mpl(t —¢))dr ()

where E(t') = sech(%)sin(mt’) is the electric field of the individual
laser pulses with a hyperbolic secant shape of duration 7 (full width
at half maximum) and 1, and oy, are the decoherence time and the
resonance frequency of the plasmon, respectively. The fitting anal-
ysis can reproduce the IAC trace reasonably well (black dashed line
in Fig. 1C) and yields 1,1~25 fs, wp1~ 421.6 THz (corresponding to a
photon wavelength of 711 nm). This dephasing time is consistent
with the reported dephasing time of Ag nanoparticle plasmons
(40, 41). To clarify the contribution from the localized surface plas-
mon (LSP), we record an IAC trace for nonlinear photoemission
from a Cu(111) surface that exhibits a much weaker plasmonic re-
sponse. The result reveals a negligible plasmon response, and the
IAC trace can be used to evaluate the pulse duration at the junction
(see fig. S2). We further evaluate the effective nonlinearity . of the
Iphoto from the peak-to-baseline ratio r of the IAC trace, revealing
that the n.g decreases from 2.8 to 1.6 as Az decreases (Fig. 1B). This
observation evidences the increasing contribution of lower-order
processes due to photoassisted tunneling at short tip—surface distances.
The femtosecond time resolution achievable with ultrafast photo-
induced STM allows us to trace ultrafast dynamics at surfaces in real
time and in real space. We apply the above measurement scheme to
locally excite and probe ultrafast lattice dynamics in ultrathin ZnO
films epitaxially grown on the Ag(111) surface (42). A coherent lattice
oscillation was previously proposed in femtosecond laser-coupled
STM (24), but it has remained uncorroborated. Figure 2A illustrates
the experiment, which is the same setup as depicted in Fig. 1 but
with a negative Vs applied to the sample to suppress the transfer
of photoexcited electrons from the tip. Figure 2B compares the
Istm—Az curves under femtosecond laser illumination recorded over
the bare Ag(111) surface and over the regions of 2- and 3-ML ZnO
(hereafter denoted by 2-ML and 3-ML ZnO). Note that the current
is given by the absolute value and the electrons flow from the surface
to the tip. The simulated structure of 2- and 3-ML ZnO is reported
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Fig. 2. Photoinduced resonant electron tunneling from the ultrathin ZnO films. (A) Schematic of the experiment. (B) Isyy—Az curves recorded over the bare Ag(111)
surface, 2-ML, and 3-ML ZnO, respectively. The measurement locations are indicated by the stars in the inset STM image (scale bar, 5 nm). Az=0 corresponds to the
tip-surface distance given by the STM set point of Vyjas =—2 V and Isyy = 3 nA at Pj,c = 0.08 mW/umz. Note that the current is given by the absolute value and the electrons
flow from the surface to the tip. (C) Schematic energy diagram. @, work function of surface/tip; Eyac, vacuum level. The vertical and horizontal arrows indicate electronic

excitation and electron transfer, respectively.

in (36) and in fig. S3, respectively. We found that the Ijpo is larger
for 3-ML ZnO by one order of magnitude compared to the other
two cases. The large Iphoto from 3-ML ZnO can be explained by res-
onant photoassisted tunneling, which is absent for 2-ML ZnO and
the Ag(111) surface. Figure 2C depicts the schematic energy dia-
gram of the Ag tip-vacuum-ZnO-Ag(111) junction. The position
of the conduction band edge (CBE) of the ultrathin ZnO films de-
pends on the film thickness, and its onset can be observed in STS at
~1.8 and ~1.4 eV above the Fermi level (Eg) for 2- and 3-ML ZnO,
respectively (42). Furthermore, the interface state (IS) between the
ZnO film and the Ag(111) surface is located at ~0.2 eV below Ep,
originating from the Shockley surface state of Ag(111) (42). In con-
trast to 2-ML ZnO, the transition from the IS to the CBE is resonant
with the excitation wavelength (780 nm) for 3-ML ZnO, resulting in
amuch larger Iphoto- We also confirm that the local work function of
the surface (®;) is not primarily related to the transfer of photoex-
cited electrons in the junction (see fig. S4).

The resonant electronic excitation of 3-ML ZnO yields the en-
hanced I poto and allows us to observe the CPs excited impulsively
via the resonant optical excitation. Figure 3A shows representative
IAC of the I poto recorded at three different locations on 3-ML ZnO
with Az = 0.5 nm in the regime where Ipc is negligible. In addition
to the coherent electronic center part of the IAC including the re-
sponse of the LSP (<25 fs), all traces exhibit pronounced oscillations
extending up to ~1.5 ps, and their detailed profiles differ at the three
locations. In the Fourier transform (FT) of the IAC traces (Fig. 3B),
several peaks appear in the range of 7.5 to 21.0 THz. The peak posi-
tions in the IAC-FT spectra are consistent with the phonon modes
observed in TERS measured at the same position (Fig. 3C). TERS
provides equilibrium phonon spectra in the frequency domain with
ultrahigh spatial resolution reaching ~1 nm (36). In Fig. 3C, the
bands at 250 to 460 cm ™! and 470 to 700 cm ™' can be assigned to the
out-of-plane and in-plane phonon modes of the ZnO film, respec-
tively (36, 43). Therefore, we conclude that the long-lasting oscilla-
tions observed in the IAC traces result from CPs of 3-ML ZnO. In
the out-of-plane and in-plane modes, atoms in the ZnO film are
mainly displaced perpendicular and parallel to the surface, respec-
tively. The out-of-plane modes will slightly change the tip-surface
distance, which, in principle, can modify the tunneling probability
(i.e., Iphoto). However, this should not contribute to the observed
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modulation of the Iypot. The coherent lattice displacement is esti-
mated to be 107 to 107 nm (44, 45), which is much smaller than
the tip—surface distance (~1 nm) used in the IAC measurements. As
discussed above, at the distance of the IAC measurement, the slope
of the I poto-Az curve is rather small; hence, a CP-induced displace-
ment of the atoms cannot result in a measurable change of Isry. The
negligible contribution is also corroborated by the fact that the am-
plitude of the in-plane modes is larger than the out-of-plane modes
in some cases. Instead, we deduce that the CPs modulate the elec-
tronic structure of the ZnO film, eventually modifying the magni-
tude of the I,po, through a change in the transition probability from
IS to CB. The local work function may also be modulated by the CPs,
which could affect the apparent barrier height and, thus, the tunnel-
ing probability. However, because, at a positive bias, the Iphot caused
by electron transfer from the tip is not modulated by the CPs, the
local work function change plays a minor role. The involved phonon
modes are further analyzed by fitting the IAC trace with a damped
harmonic oscillator model. Assuming that the phonon-induced
modulation of the Ijho is, in first-order approximation, linearly
proportional to the phonon amplitude, we can fit the IAC traces in
Fig. 3A to a model of multiple damped oscillators
IIAC = Z,’A,‘Sin(ZTC (O,'At + (p,) e—At/‘r,- + IO (3)
where the ith damped oscillator is characterized by the initial ampli-
tude A;, the frequency ;, the initial phase @;, and the damping
time 1;. We deduce the phonon frequencies that are involved in the
IAC trace based on the analysis of the IAC-FT and TERS spectra in
Fig. 3 (B and C). The fitting results (the black dashed curves in
Fig. 3A) reproduce fairly well the IAC trace using five phonon
modes at frequencies of 300, 340, 400, 433, and 530 cm ™. Note that
there is one measurably different peak at 340 cm™ in the FT spectra
instead of 360 cm ™ in TERS [these peaks are highlighted by vertical
black lines in Fig. 3 (B and C)]. The fitting procedure and parame-
ters for all phonon modes are described in the Supplementary
Materials, showing that the values of A;, ¢;, and 1;largely depend on
the measurement site.
The observed spatial variation of the IAC trace should be associ-
ated with the underlying mechanisms of the CP excitation and re-
laxation. To rationalize the CP excitation, two key processes have
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Fig. 3. CPs measured in ultrathin 3-ML ZnO. (A) IAC traces measured over differ-
ent locations over 3-ML ZnO (set point: Vpias=—4 V, Issy=2 nA, Az=0.5 nm,
Pinc=0.08 mW/um?). The dashed lines are fits obtained using Eq. 3 with the parameters
provided in table S1. (B) FT spectra obtained from the IAC traces in (A). (C) TERS
spectra recorded with a narrowband continuous wave laser at 780 nm (Pi,c =
0.8 mW/pmz) at a set point of Viias =50 mV and /sty = 3 nA. The vertical solid lines
in (B) and (C) indicate the frequencies used for the fitting analysis in (A). (D) IAC
traces recorded over 3-ML ZnO at different Az (Az=0 corresponds to the tip-surface
distance given by the STM set point of Vpias =—1V, sy =3 nA, Pinc = 0.08 mW/um?).
(E) Semi-log plot of the amplitude-to-baseline ratio of the traces in (D) as a function
of Az. Note that the current is given by the absolute value and the electrons flow
from the surface to the tip.

been discussed, namely displacive excitation of CPs (DECP) (46)
and impulsive stimulated Raman scattering (ISRS) (47, 48). The
DECP mechanism involves real electronic transitions that create an
excited state population. The corresponding rearrangement of charges
leads to a displaced potential energy surface, which can eventually
drive coherent lattice motion. In contrast, ISRS drives Raman active
modes via a virtual excitation, which is typically the operating mecha-
nism in transparent media. In the present case, the pronounced dis-
crepancy in the spectral distributions between the frequency- and
time-domain measurements, i.e., the frequency at 340 cm ™" observed
in the TAC-FT spectra in Fig. 3B being different from the TERS
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spectra, indicates that resonant Raman scattering cannot be a dom-
inant mechanism responsible for CP generation in the ZnO film. As
the excitation wavelength of 780 nm is resonant with the electronic
transition between the IS and the CBE of 3-ML ZnO, we believe that
the DECP mechanism is a major driving force. DECP and ISRS are
often distinguished by the initial phonon phase, which are zero for
the ISRS mechanism under nonresonant conditions. The phases
(1) in Eq. 3 are all nonzero (see table S1). The original DECP theory
predicts ¢; = 5 when the lifetime of a coupled electronically excited
state is much longer than the period of the coherent lattice oscilla-
tion (49). However, all ¢; obtained from the fitting analysis in Fig. 3A
largely deviate from 7 (table S1). This could be explained by a short
lifetime of the resonantly excited charge carriers compared to that of
the coherent lattice oscillation (49). The absence of an (incoherent)
electronic decay in the IAC traces implies that the lifetime of the
excited electrons is shorter than the plasmon dephasing (i.e. <25 fs).
In this case, the resulting displacive force becomes more impulsive,
thus yielding ¢; # 3 (49, 50). The short electron lifetime could be
explained by fast relaxation of the excited state(s) into the Ag sub-
strate and/or by the nature of the highly localized excitation inside
the plasmonic field, for which lateral transport of excited electrons
out of the excitation volume could effectively reduce the lifetime of
the locally excited charge density. We note that the CPs are excited
by the local electromagnetic field enhanced by the LSP in the STM
junction, which differs significantly from far-field excitation. The
strong field confinement (to Ax) leads to momentum uncertainty,
which is given by Ak ~ n/Ax in the optical excitation, which could
relax the momentum conservation required in far-field optical exci-
tation (51, 52). The momentum uncertainty could contribute to the
electronic transition and result in excitation of phonons away from
the I' point.

In the DECP model, the amplitude of CPs is assumed to be lin-
early proportional to the excited charge density (46, 49). We thus
examine how the localized plasmonic field will affect CP excitation.
According to previous TERS measurements (53), the LSP is expo-
nentially enhanced as the tip-surface distance is reduced. Figure 3D
shows the Az-dependent IAC traces obtained on 3-ML ZnO. The
shape of the IAC traces is independent of Az; thus, the CP dynamics
are not noticeably modified by the change of the LSP enhancement.
The amplitude of the CPs can be evaluated by analyzing the tran-
sient photocurrent change, i.e., the ratio between the coherent oscil-
lation amplitude and the IAC baseline current. Provided Ipc is
negligible, and the relative oscillation amplitude of the IAC induced
by the CPs is approximately proportional to the nuclear displace-
ment (AQ); thus

Idis - qu _ Z(IIAC - I())

AQ < < (4)

Ieq
where I1ac = Iais + leg, Lais is the photocurrent from the probe pulse

in the presence of the CPs, and Iq = % is the photocurrent from a
single pulse at equilibrium lattice positions. As plotted in Fig. 3E, we
found that AQ increases as Az is decreased for Az > 1 nm, which is
explained by the increased LSP field strength with decreasing the
tip-surface distance. However, AQ saturates for Az < 1 nm, implying
that the phonon amplitude is saturated when the local field becomes
very strong. At extremely small cavity distances, the LSP will be
damped because of quantum mechanical effects (54, 55). As previ-
ously reported (53), damping is expected to occur at Ag tip—Ag(111)
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Fig. 4. Nanoscale CPS. (A) STS map (Vbias= 1.5V, Istm = 0.3 nA), representing the LDOS of the CBE of 3-ML ZnO. (B) /photo Mmap recorded over the same 3-ML ZnO island in
constant height mode (Az=0 corresponds to the tip-surface distance given by the STM set point of Vyjas=-3V, Isry =4 nA, Az=0.5 nm, Pinc=0.16 mW/umz). (C) Blurred
STS map of (A) using a mean filter with the diameter of 4 nm. (D) The region of interest is indicated by the white dashed box in (B). Scale bars, 5 nm (A to D). (E) IAC traces
at different positions marked in the enlarged /pnoto image in (D). Note that the current is given by the absolute value, and the electrons flow from the surface to the tip.
The dashed lines are the fitting curves, and the parameters are provided in table S2. (F) Corresponding FT spectra of the IAC traces in (E). The FT magnitude is normalized
with respect to the IAC baseline. (G) Lateral distance dependence of the filtered STS intensity, lphoto, and the FT peak magnitude along the line scan in (E). The magenta
and cyan markers in the bottom panel are the FT magnitudes integrated over the range of 254 to 371 cm™' and 391 to 469 cm™, respectively, as shaded in (F).

surface distances smaller than ~0.5 nm, at which the tip is nearly in
atomic contact to the surface of 2-ML ZnO film. However, all the
IAC measurements are performed at a distance of ~1 nm; hence, the
AQ saturation cannot be explained by attenuation of the LSP. We
speculate that the saturating behavior may be related to limited car-
rier generation due to the strong spatiotemporal confinement of the
exciting plasmon field. Above a certain strength of the extremely
localized and enhanced field, the locally excited charge density
might be saturated because of Coulomb repulsion.

The generation of CPs via optical excitation is fundamentally as-
sociated with the electronic structure of the sample. The versatility
of ultrafast STM enables the concurrent observation of local femto-
second dynamics and equilibrium electronic states. Figure 4A shows
an STS intensity map recorded at Vi, = 1.5 V without laser illumi-
nation, representing the distribution of the local density of states
(LDOS) of the CB of 3-ML ZnO. The contrast modulation inside
the 3-ML ZnO arises from inhomogeneities originating from atom-
istic defects in the film (56). Figure 4B displays the corresponding
Iphoto map recorded at Az = 0.5 nm, exhibiting pronounced na-
noscale variations. However, the spatial resolution of the I, map
is lower than that of the STS map and will be determined by the
lateral size of the plasmonic field in the junction (37). This assump-
tion can be verified in the artificially “blurred” STS map using a
mean filter with the diameter of 4 nm that accounts for the field
localization (the size of the plasmonic field). The blurred STS map
(Fig. 4C) is indeed very similar to the I o map (Fig. 4B), indicating
that the plasmonic field is confined to ~4 nm underneath the tip
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and further corroborating that the Iypoto is enhanced through the
electronic resonance. The I is larger at positions of higher LDOS
because of a larger transition matrix for the photoexcitation. The
Iphoto and blurred STS maps exhibit “domains” in their contrast on
a length scale of 2 to 8 nm. Figure 4 (D to F) display the IAC traces
and corresponding FT spectra recorded across the different do-
mains with a 2-nm interval. Whereas the IAC traces do not change
significantly inside each domain, an abrupt change of the beating
pattern occurs within a 2-nm length scale between neighboring do-
mains. In the FT spectra, this is manifested as a significant change
in the relative peak intensities of the involved phonon modes
(Fig. 4F; see also table S2, which lists the fitting parameters of the
IAC traces in Fig. 4D). As can be seen in Fig. 4G, the change in the
relative peak intensities (and in the fitting parameters in table S2)
correlates with the spatial variation of the STS intensity and Ippoto-
The dephasing of CPs can involve complex contributions, such
as anharmonic coupling between phonon modes, which is domi-
nant in bulk ZnO (12). However, the phonon dephasing time in
bulk ZnO is estimated to be several picoseconds, thus much longer
than the t; obtained in the present case. Therefore, anharmonic
coupling within 3-ML ZnO should not be a major damping chan-
nel. However, phonon scattering at atomistic defects is reported as
a damping channel of CPs (19), which potentially contributes to the
dephasing process of the CPs. For adsorbates on metal surfaces,
multiple channels may contribute simultaneously to the vibrational
damping, namely, interadsorbate interactions (57), electron-hole pair
(EHP) excitation in a metal (58), anharmonic coupling to surface
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phonons (59), and hot-electron scattering (60). Damping through
hot-electron scattering can be excluded by the Az-dependence of
the IAC traces in Fig. 3E. At smaller tip—surface distances, hot elec-
trons will be excited more efficiently because of the increased LSP
field in the junction, but the observed CP dynamics are not affected.
The contribution from EHP excitation and anharmonic coupling to
surface phonons depends on the interaction between the adsorbate
and the surface (61). Because the ZnO film is physisorbed onto the
Ag(111) surface, these channels may not be dominant. The locally
excited CPs in the ZnO film may efficiently couple to the surround-
ing lattice because they have the same phonon modes (the phonon
frequency is not influenced by the inhomogeneity as evidenced by
the TERS spectra in Fig. 3C). However, to gain further insight into
the complex phonon dynamics in the ZnO film is challenging in the
present work. Polarization-dependent measurements, which are
commonly used to distinguish CP modes with different symmetry,
are not straightforward to implement in the present case because of
the nontrivial polarization of the tightly confined plasmonic near
field. We expect that more insight into the underlying mechanism
can be gained by variation of the resonant excitation condition, e.g.,
by using a tunable wavelength femtosecond laser source.

DISCUSSION
We demonstrated the capability of ultrasfast NIR laser-induced
STM to resolve the spatial inhomogeneity of ultrafast lattice dynamics
in ultrathin ZnO films with ~2-nm and ~10-fs spatiotemporal reso-
lution. We exploited the strong confinement and enhancement of
the LSP in the STM junction to obtain spatially localized ultrafast
photocurrents at very low excitation power. The LSP field allowed
us to operate the photoinduced STM outside the normal tunneling
regime while maintaining a high spatial resolution that is deter-
mined by the localization of the photoassisted tunneling current.
This operation mode largely mitigated the thermal effects that usually
disturb the measurement and interpretation of two-pulse autocor-
relation experiments performed in the femtosecond laser-coupled
STM. Furthermore, resonant optical excitation of photoassisted
tunneling channels via the transition from the IS to the CB within
the ZnO film yields sufficient photoinduced current to detect the
ultrafast coherent lattice vibrations. The resonant excitation condi-
tion, together with the observed discrepancies between the TERS
and time-domain spectra of CPs, indicated that the DECP mecha-
nism is involved in the CP generation in 3-ML ZnO films. The con-
current real-space observation of the local electronic structure and
equilibrium phonon modes by STS and TERS is a unique capability of
STM and enables to investigate the complex correlation between ultra-
fast dynamics of electron—phonon and phonon-phonon coupling.
The presented experimental concept for nanoscale CPS can be
applied to investigate the excited state dynamics and the interplay
between electronic and phononic degrees of freedom at photoexcited
surfaces on length scales approaching a few unit cells. To extend the
approach to other sample systems and to control the resonant con-
dition in the excitation process, it will be beneficial to combine
wavelength-tunable pulsed lasers with a broadband LSP resonance
in the STM junction. We expect that higher spatial resolution
approaching the atomic scale can be achieved by using plasmonic
picocavities (62), confining the plasmonic near-field down to a few
atoms (63, 64). Operating at closer tip-surface distances to increase
spatial resolution will remain a significant challenge due to the remaining

Liu et al., Sci. Adv. 8, eabq5682 (2022) 21 October 2022

small but unavoidable thermal effects. To overcome these issues,
lock-in detection of the laser-induced tunneling current without
amplitude modulation (31) or combination with terahertz-gated
STM might be promising approaches. We envision that real-time
and real-space observation of ultrafast coherent lattice dynamics
using ultrafast photoinduced STM may pave the way for studying
the coupling of fundamental degrees of freedom in solids—Ilattice,
charge, orbital, and spin—on the atomic scale.

MATERIALS AND METHODS

All experiments were performed inside an ultrahigh vacuum (UHV)
(base pressure of <5 x 107'° mbar) chamber equipped with a low-
temperature STM system from UNISOKU Ltd. (modified USM-
1400) that is operated with Nanonis SPM Controller from SPECS
GmbH. The bias voltage (Vyi,s) was applied to the sample, and the
tip was grounded. The Isty was collected from the tip through a
current amplifier from FEMTO Messtechnik GmbH (DLPCA-200).
The Ag tips are prepared in a two-step process. First, an Ag wire was
chemically etched to obtain a sharp tip, which was then further
sharpened by focused ion beam milling to yield a nanoscopically
sharp plasmonic tip as detailed in (35).

The STM junction was illuminated by a titanium-sapphire laser
oscillator from Laser Quantum (Venteon Pulse One), which pro-
vides 10-fs laser pulses at 780-nm center wavelength and 80-MHz
repetition rate. A spectral phase interferometry for direct electric-
field reconstruction (SPIDER, APE GmbH) was used to measure
the duration of the laser pulse at a reference beam path with identi-
cal dispersion outside UHV. To couple with the low-temperature
STM, the laser beam enters the UHV chamber through a fused silica
window. A chirped mirror pair is used for dispersion control and to
precompensate the dispersion of the setup. The laser polarization
was aligned along the tip axis (p-polarized). The beam is focused
inside the UHV by a custom-designed parabolic mirror with a focal
length of 8 mm to ~3-um spot size in the junction. The parabolic
mirror was precisely aligned using piezo motors (Attocube GmbH)
enabling three translational and two rotational motions. Collinear
pairs of identical pulses are generated inside a dispersion-balanced
Michelson interferometer. The laser power is equal in both inter-
ferometer arms, and before measurements, it was checked that the
photocurrent from both arms is additive at large delays far away
from temporal overlap of the two pulses. In the IAC measure-
ments, the delay is controlled by a closed-loop piezo stage (PI-Hera)
operated at 0.5- to 2-Hz scanning frequency, and the Isy)y is time-
averaged over several scanning cycles. The maximum scanning speed
is thereby limited by the bandwidth of the preamplifier (1 kHz here)
and the fastest frequency components that need to be resolved in
the TAC trace.

TERS was measured using a narrow-band solid-state laser at
780 nm. The beam was focused by the same parabolic mirror as
mentioned above. The Raman signal was collected in the back-
scattering geometry and was detected outside of the UHV chamber
with a grating spectrometer (AndorShamrock 303i) equipped with
the back-illuminated charge-coupled device camera (Newton 970).
The scattered light was separated by a beamsplitter (90:10) and fil-
tered by a longpass filter before coupling to the spectrometer via an
optical fiber.

The Ag(111) surface was first cleaned by repeated cycles of Ar*
sputtering and annealing up to ~700 K. Ultrathin ZnO layers were
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grown on the clean Ag(111) surface by reactive deposition method

as described in (65).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq5682
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