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Rydberg-like image potential states (IPSs) form special series surface states on metal and
semiconducting surfaces. Here, using time-resolved and momentum-resolved multi-photon
photoemission (mPPE), we measured the energy positions, band dispersion, and carrier lifetimes of IPSs
at the 2H-MoS, surface. The energy minima of the IPSs (n = 1 and 2) were located at 0.77 and 0.21 eV
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band and IPS (n = 1) are observed, showing a k;-momentum-dependent behavior. Our time-resolved
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1. Introduction

Rydberg-like image potential states (IPSs) form a special class
of electronic states at different surfaces where they are bound
by their image charges through the long-range Coulomb inter-
action. IPSs at metal surfaces have been intensively studied
since 1985," and they have also been observed at semiconduct-
ing surfaces.”® As a special series of surface states, IPSs are
extremely sensitive to surface properties. They are bound by the
electrostatic Coulomb potential and reside few angstroms out-
side the surface, making them particularly alert to changes in
the surface electrostatic potential. For example, with molecules
or atoms adsorbed on the surface, interfacial charge transfer or
reorienting molecular dipoles in the adsorbate layer can change
the surface dipoles, which will affect the energy positions of the
1PSs.* ® Furthermore, the molecular layer on metal surfaces can
be considered as a quantum well, which confines the image
wavefunction by the thickness of the adsorbate layer.”®* More-
over, the IPSs may couple strongly to the other electronic bands
through photoexcitation. As a series of unoccupied states, they
have been reported to be mediated states for charge transfer
dynamics at different interfaces.” "> Therefore, the measure-
ment of IPSs, especially the dynamics of IPSs, is of great
importance to understand the dynamics on the surface.
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mPPE measurements show that the lifetime of photoexcited electrons in the IPS (n = 1) is about 33 fs.

Compared to traditional metal surfaces, the newly developed
two-dimensional (2D) material family brings new chances for
novel optoelectronic devices, in which the charge transfer
dynamics play a key role.*' The measurement of IPS
dynamics on 2D materials will provide an approach to investi-
gate the charge transfer dynamics at the surfaces and interfaces
of 2D materials. In addition, unlike those electronic states that
usually have a density distribution localized around the nuclei,
the maxima of IPSs are located away from the atomic centers;
namely, they have nonnuclear density maxima, showing diffu-
sive character and forming energy bands with nearly-free-
electron (NFE) character.'®™® Such NFE-like IPSs are expected
to exist in low-dimensional nanomaterials. For example, the
existence of IPSs in two-dimensional (2D) graphene was theo-
retically predicted.’® ' When 2D graphene is wrapped to form
a one-dimensional (1D) carbon nanotube or zero-dimensional
(0D) fullerenes, the IPSs can transfer into the 1D NFE states or
0D superatom molecular orbitals.”>>* All these states have
nonnuclear density maxima, which were proposed to have
small electron-phonon interactions and to provide unique
conduction channels.>® Therefore, it is also of great interest
to understand the properties of IPSs in low-dimensional
materials,”"*® especially in the newly developed 2D-materials
family.>”

Transition metal dichalcogenides (TMDs) form one of the most
intensively studied 2D semiconductor families, which have impor-
tant applications in spintronics and optoelectronics.'**>?*3 Exten-
sive research efforts have been performed on their electronic
structures, charge carrier dynamics and light-matter
interaction.> > The energy positions and band dispersion of IPS
are related to 2D screening properties. The electron can be excited
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into the IPS by photons. Such photoexcited electrons with a certain
lifetime on IPS can scatter with phonons and other charge carriers
during its relaxation, which will affect the photoexcited charge
carrier dynamics on TMD surface.*

MoS, is a representative material in various TMDs. Bulk 2H-
MosS; is an indirect gap semiconductor with a bandgap of about
1.29 eV,** which is different from monolayer MoS, with a direct
bandgap of about 1.8 eV.*® Despite their difference in the
bandgaps, understanding the electron dynamics of the IPSs
in bulk 2H-MoS, should be an important step for further
understanding of other competing dynamical properties in
less-layered MoS, and even TMD materials.”” Many studies
have been carried out on the dynamics of excited states in
conduction bands or intervalley scattering in MoS,.3!3373%:38
However, to our best knowledge, we are unaware of any report
on the dynamical properties of trapped electrons in MoS, IPSs,
and it is even unclear if there exist resolvable IPSs at MoS,
surfaces.

In this work, we, for the first time investigate the hot
electron dynamics of IPSs at bulk 2H-MoS, surface by means
of time-resolved and momentum-resolved multi-photon photo-
emission (TR-MR-mPPE) spectroscopy, with m = 3, 4, and 5
using varying the photon energies. Scanning tunneling micro-
scopy (STM) and conventional angle-resolved photoemission
spectroscopy (ARPES) were also used for characterizing the
surface morphology and the valence band structure of the
2H-MoS, surface. In our results, the observed parabolic disper-
sion of the states near the vacuum level of the 2H-MoS, surface
can be well described by a series of Rydberg-like image
potential states, in good agreement with the features of IPSs.
The observed effective masses of electrons in the IPSs are very
close to the rest mass of a free electron. These features are well
supported by our theoretical calculations. Multiphoton excita-
tion processes are identified, and the momentum-dependent
resonances between IPS and the valence band maximum (VBM)
are observed. The lifetime of the 2H-MoS, IPS was also
measured.

2. Experimental and theoretical

The experiments were carried out in an ultrahigh vacuum
(UHV) system equipped with a low-temperature scanning tun-
neling microscope (LT-STM, Omicron), and a TR-MR-mPPE
system, similar to the system developed by Reutzel et al.,* that
recorded spectra using a hemispherical electron energy analy-
zer (SPECS PHOIBOS 150) with a 2D delay-line detector (DLD).
The base pressure of the system was better than 2 x 10 *°
mbar. The photo-excitation source for the mPPE measurements
was a noncollinear parametric amplifier (NOPA) system
pumped by a Clark MXR Impulse fiber laser. The NOPA system
was performed at a power of about 10 pJj pulse ' with a
repetition rate of 500 kHz and a tunable wavelength in the
range of 340-900 nm (pulse width =30 fs after compensation
with a compressor). The p-polarized laser light with an incident
angle of 45° from the surface normal was used, with a focused
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beam size of about 50 um at the sample surface. In the
interferometric measurements, identical pump-probe pulse
pairs were generated using a Mach-Zehnder interferometer,
and the delay time was scanned using a piezo driver that
electrically varies the path length of one arm. One output of
the interferometer was directly focused onto the sample as the
mPPE excitation source, while the other one was transmitted
through a monochromator to generate interference fringes that
calibrate the pump-probe delay time.'> More than 200 pump-
probe scans were accumulated to improve the counting
statistics.

Commercially purchased 2H-MoS, single crystal (HQ Gra-
phene, Netherlands) was freshly cleaved in the UHV chamber,
and then was further cleaned by annealing at about 450 K for
20 minutes. The cleanliness and the surface quality were
characterized in situ using STM before mPPE measurements.
The band structure of the 2H-MoS, surface was also measured
ex situ using an ARPES (VG SCIENTA, DA30L). Before the ARPES
measurements, the sample was treated according to the similar
procedure used in the sample for the mPPE measurements. In
the ARPES measurements, a high brightness helium discharge
lamp of I, emission line (21.22 eV) was used. During ARPES
measurements, the samples were kept at 90 K.

Density functional theory (DFT) calculations were performed
with the Vienna A4b initio Simulation Package*' (VASP) using
Perdew-Burke-Ernzerhof*> (PBE) exchange-correlation func-
tional, the projector-augmented wave (PAW) method and the
D3 van der Waals correction by Grimme et al.** The kinetic
energy cutoff was set at 400 eV for the plane-wave-basis setting
and the Brillouin zone sampled with a 24 x 24 x 1 I'-centered
k-point mesh. There is a more than 50 A vacuum portion above
the MoS, surface with a 10-layer MoS, bulk region.

3. Results and discussion

Fig. 1(a) schematically shows the measurements using a visible
pump and probe laser to record TR-MR-mPPE spectra of bulk
2H-MoS, surface, that is, using 3D spectroscopy.®® The high-
quality surface of the 2H-MoS, sample was characterized by the
atomically resolved STM images, as shown in Fig. 1(b). The
observed lattice parameter of 0.34 = 0.01 nm and the angle of
60° between the lattice vectors is consistent with the centrosym-
metric phase structure of the 2H-MoS, surface along the (0001)
direction.***

Fig. 1(c) shows a typical energy-momentum (E-k;) map of
the band structure measured at an excitation photon energy of
1.61 eV at zero pump-probe delay time. The final-state (Efipar)
energies recorded by the analyzer are referenced with respect to
the Fermi energy (Er = 0). Fig. 1(d) is the integrated line trace at
ky = 0. The low-energy cutoff corresponds to the vacuum level
(Eyac) through the mPPE process, which determines the
work function (@) of the bulk 2H-MoS, surface by @ = E,,. —
Er = 4.98 eV.*® Three upward-dispersed bands are observed,
which can be well fitted with the parabolic line shape (overlaid
dashed red lines), with an approximate effective mass of
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Fig. 1 (a) Schematic drawing to show the measurements of TR-MR-mPPE
spectra for the bulk 2H-MoS;, surface using the pump—-probe method.
(b) An STM image of the MoS, surface acquired at a sample bias of 1.0 V
and the tunneling current of 140 pA. (c) Typical mPPE spectrum of 2H-
MoS, surface measured using photon energy of 1.61 eV at zero pump-
probe delay time. The dashed red lines are the fitting curves of the
parabolic dispersed bands. (d) Integrated signals of near k; = 0 within
Ak, ==£0.03 AL The blue line is a magnified segment at high-energy final
states. The peak positions are labeled by WF (work function of MoS,),
Rydberg-like series n = 1, 2 (IPS), and IPS (n = 1) + hv. (e) Energy diagram to
show the mPPE processes through the intermediate IPSs.

m* ~ me, where m. is the rest mass of the electron. On the basis
of the parabolic dispersion of these bands in accordance with
the band dispersion of IPSs, we tentatively attribute them to IPS
(n = 1), IPS (n = 2), and IPS-related state (IPS (n = 1) + hv).
Fig. 1(e) shows the energy diagram extracted from the experi-
mental observations, where the horizontal red lines below the
E,a correspond to the IPS series n = 1 and 2, respectively.

To confirm our assignments, we performed a series of mPPE
measurements by varying the excitation photon energy from
1.57 eV to 1.72 eV recorded at zero delay time (Fig. S1, ESIT).
The corresponding line traces integrated near k| = 0 from each
mPPE spectrum in Fig. S1 (ESIt) are plotted as a function of
photon energy in Fig. 2(a). The extracted peak positions of IPS
(n=1) and IPS (n = 2) in the final-state energies are then plotted
as a function of excitation photon energy in Fig. 2(b), which
present explicit linear dependence. The slopes by linear fitting
of the data in IPS (n = 1) and IPS (n = 2) are both around 1,
which indicates that in both cases the emission takes place by
absorbing one photon, while the multi-photonic order for both
states is 4.*” Therefore, the energy positions of IPS (n = 1) and
IPS (n = 2) at k; = 0 can be obtained by E, = Egnai — Av. The
observed energy difference between IPS (n=1) and IPS (n = 2) is
~0.56 eV. The high-energy state of IPS (n = 1) + hv can be
assigned to the replica of IPS (n = 1) in above-threshold
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Fig. 2 (a) Plot of integrated signals at k; = O against photon energy and
the final-state energy using a p-polarized light. (b) Peak positions in the
final-state energies against photon energies. The dotted lines represent
linear fitting of the data of IPS (n = 1) and IPS (n = 2), respectively.
(c) Calculated band structure along M-I'-K for the 2H-MoS, surface.
The two upward dispersed red parabolic curves denote the IPS (n = 1) and
IPS (n = 2) band, and the lower downward parabolic curve denotes the
valence band maximum (VBM). The arrowed red segments indicate photo-
emission transitions via the IPSs.

photoemission (ATP).>"*® The extracted values of (E, — E),
(Evac — En), and m* are summarized in Table 1. We also
measured the distance-voltage (z-V) curves and dz/dV curves
at different constant-current setpoints. As shown in Fig. S3
(ESIt), a series of setpoint-current-dependent steps or peaks are
observed in the z-V or dz/dV curves. The peak labeled by n =1
positioned below the E,,. by about 0.5-0.6 eV should corre-
spond to the IPS (n = 1) in the mPPE measurements, where their
energy difference can be ascribed to the Stark shift in the STM
measurements.*® Hence, the existence of the IPSs can also be
supported.

Table1 Measured and calculated energy positions of Rydberg-like states
(relative to the E¢and E, 4., respectively) and effective masses m* of the nth
image potential state at the 2H-MoS, surface

En_Ef (eV) Evac_En (CV) m*/me
TR-mPPE IPS (n=1) 4.21 £0.04 0.77 £ 0.02 1.05 + 0.06
IPS (n=2) 4.77 £0.02 0.21 £ 0.02 0.99 + 0.06
Hydrogenic model IPS (n=1) 0.66
IPS (n = 2) 0.16
DFT IPS (n = 1) 0.57 0.9
IPS (n = 2) 0.02 1.0
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On semiconducting surfaces, the IPS binding energy,

namely, energy relative to E,,. can be estimated using a
classical Rydberg-like series:*'">°

0.85 /e, — 1\

E, = Evac e+ 1
T

where 7 is the quantum number of the IPS and ¢, is the static
dielectric constant.®** From our DFT calculations, the & of
MoS, is 15.6 in the direction parallel to the surface, which is
consistent with the previous results.>>* Based on this value,
(Eyac — E,,) of IPSs (n = 1) and (n = 2) were calculated as 0.66 and
0.16 eV, respectively. These values are in agreement with the
MR-mPPE measurements in Fig. 1(c), suggesting that the IPSs
on MoS, can be described sufficiently by the classical hydro-
genic model. The binding energies of IPSs on MoS, are compar-
able to the metal surfaces,> but slightly larger than that on
wide-bandgap semiconductor NiO.® It suggests that the MoS,
has good screening properties analogous to metals in the
direction parallel to the surface.

We also performed theoretical calculations on the band
structure of the bulk 2H-MoS, based on DFT. Fig. 2(c) shows
the projected band structure of 2H-MoS, at the M-I'-K plane
calculated using a slab model consisting of a 5-layer MoS, using
a tight-binding (TB) approach. It was observed that the calcu-
lated band structure in the VB is in good agreement with the
experimentally measured band structure using the ARPES
(Fig. S2, ESIt). The DFT-PBE band gap of 2H-MoS, indicated
by the grey area is ~1.0 eV, which is smaller than the experi-
mental value.>* This is owing to the well-known self-
interaction error in DFT, which will underestimate the band
gap. The simulated IPS (rn = 1) and IPS (n = 2) are marked in red,
whose features well reproduce the experimental observations.
The arrowed 4-segment lines indicate 4PPE processes from the
initial VB states via the intermediate IPSs. As our experimental
observations indicate since the initial states are both located in

hv=1.72¢eV
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the VB, the intermediate IPSs could be sufficiently populated by
the pump light, and thus produce the much strong 4PPE
signals by the probe light.

Based on DFT calculations, the binding energies for IPS
(n=1) and IPS (n = 2) are 0.57 and 0.02 eV, respectively. It is
lower than the experimental value because the DFT calculations
cannot reproduce the long-range Coulomb potential correctly."®
However, the DFT calculations successfully reproduce the NFE
character of the IPSs. The fitted effective masses of these two
IPSs are close to 1.0 as shown in Table 1.

Fig. 3 shows an MR-mPPE image with a wide k range for the
resonance between the valence band maximum (VBM) and IPS.
It is noticed that the fitting lines of the data for VBM and IPS
(n=1) across at the photon energy of about 1.72 eV, as shown in
Fig. 2(b), indicate the existence of resonance between the states.
Actually, such resonance should also be kj-momentum-
dependent, as schematically shown in Fig. 3(a). Due to the
upward dispersion of the IPSs and the downward dispersion of
the VBM, the resonance may also exist between different mth
excitations. As shown in Fig. 3(b), the relatively strong signals
show resonance between the IPS (n = 1) and the VBM in the
4PPE processes at k= 0. Moreover, as indicated by the yellow
arrows, the resonance may appear between 4th IPS (n = 1) and
5th VBM at larger k,-momenta. More related MR-mPPE images
using 1.68 and 1.63 eV excitation photon energy are also shown
in Fig. 3(c) and (d), respectively. We expect that such enhanced
signals at the band crossing could be a general property of IP
states in the spectroscopy of semiconductors.

To investigate the role of the electron transition and relaxa-
tion process between IPS and VBM, a pulsed laser of 355 nm
was used as the excitation source. We image the photoelectron
distributions as a function of delay time t between pump-probe
pulses and record the coherent polarization dynamics in
Fig. 4(a). The interferograms for k| = 0 in Fig. 4(a) and photo-
electron distribution for ¢ = 0 in Fig. 4(b) represent
cross-sections through the three-dimensional (E, k, 1) data.

hv=1.63eV &

VBM(5)

06 03 00 03 06
k(A1)

Fig. 3 (a) Schematic drawing showing the existence of resonance between the VBM and IPS (n = 1) in the final states. The experimentally measured

E(k)-resolved mPPE spectra are overlaid in the top panel. A k;-momentum-dependent processes of 4PPE (k; = 0) and 5PPE (k; ~ 0.40 A=Y are indicated
by the arrowed red lines. (b) E(k|)-dependent MR-mPPE spectra showing the resonance between the replicas of the VBM and IPS (n = 1) in the 4th and 5th
order excitations, marked by the bracket numbers (4) and (5). The intensity of spectra in the upper part is magnified by a factor of 30. The crossing of the
bands gives relatively strong signals, indicating their resonances at the band crosses. (c) MR-mPPE spectra with a wide k| range measured at the near-
resonance photon energy of 1.68 eV and (d) the off-resonance photon energy of 1.63 eV, respectively. Note that in (b) a much shorter acquisition time
was used due to the strong resonance signals.
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Fig. 4 3D photoemission spectra for image potential states with 3.49 eV
excitation photon energy. (a) Interferogram of the photoelectron counts
vs. Efina and scanned pump-—probe time delay 7 at k| = 0. (b) ARPES image
for a pump—probe delay t = 0. (c) Correlation measurement was obtained
by taking cross-sections through the interferogram in (a) at Egn, for the IPS
(n = 1). Oscillations with approximately the period of the carrier wave
(~1.18 fs) represent interference between the pump and probe pulse-
induced polarizations excited in the sample. (d) The energy diagram of the
expected 3PPE processes in (b) from VB to IPS.

The distinct polarization dynamics of the IPS (n = 1) are evident
in the correlation trace representing cross-sections through the
interferogram for the Eg,, marked by the red line cutting in
Fig. 4(a).

In order to show more clearly the coherence dynamics in the
3PP process, the interferogram shown in Fig. 4(c) is Fourier
transformed with respect to time to generate the components at
dc (0w), the first (1w), and the second (2w) harmonics of the
driving field. The 0w component has contributions from the
incoherent hot electron population dynamics, whereas the 1w
and 2w components characterize the linear and second-order
nonlinear coherences.”’ From the cross-section of IPS at
Efina1 = 7.7 €V shown in Fig. 4(a), the obtained interferometric
two-pulse correlation trace of Fig. 4(c) is modeled with an
optical Bloch equation (OBE) approach®®*” for a four-level
scheme in Fig. 4(d). The simulation gives a population lifetime
of Ty =33 fs for IPS (n = 1), showing an ultrafast manner. This
value is comparable to the pulse duration of ~30 fs. We adopt
an estimated error of &5 fs for T; owing to the fact that the OBE
is a crude model for the bulk sample.””

The photoexcited electron on IPS can be scattered to other
bulk states through electron-phonon interactions. In this case,
the lifetime of IPS is normally strongly affected by its overlap
with the bulk states and the electron-phonon interaction. The
lifetime measured in this report is in the same magnitude
compared with other metal or semiconducting surfaces, sug-
gesting the electronic properties of IPSs on different surfaces
exhibit general character. The electron-phonon interaction of
IPSs are proposed to be small.>® However, the diffuse character
of IPS may lead to a large orbital overlap with the bulk states,
resulting in a short lifetime.
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The lifetime of IPS (n = 1) on MoS, is slightly shorter than
that on Cu(100) (40 fs) and Ag(100) (55 fs) surfaces.”® On
Cu(100) and Ag(100) surfaces, the IPS is located at about
midgap in the projected band structure and has a small overlap
with bulk states, resulting in a relatively long lifetime. In
contrast, the IPS of 2H-MoS, is located close to the unoccupied
states along I'-K, as shown in the calculated band structure in
Fig. 2(c). Such energy level alignment is similar to the Cu(111)
surface, where its IPS (n = 1) has a lifetime of about 20 fs.>°

The IPSs on MoS, are found to have high energy relative to
the E; with a short lifetime with tens of fs, which makes it
difficult for IPS to be applied in charge transport. However, we
propose that there might be different techniques, which can
reduce the energy of IPS and elongate their lifetime. For
example, the cation or anion doping may induce dipole
moment perpendicular to the surface, which may reduce the
energy of IPS. If 2D MoS, can be wrapped into a 1D nanotube,
the 1D NFE state can be formed and the structure distortion
may result in a dipole moment which can stabilize the 1D NFE
conduction channel. It will need further experimental and
theoretical investigations.

4. Conclusion

We have measured the electronic structure and ultrafast
dynamics of IPSs at the 2H-MoS, surface using the TR-MR-
mPPE technique. The parabolic dispersion of the observed
bands, with their energy minima located at 0.77 and 0.21 eV
below the E,,, can be assigned to the IPS (n = 1) and (n = 2),
respectively, which can be well described by the classical
hydrogenic model and have been supported by our DFT calcu-
lations. The effective masses of the IPSs are close to the rest
mass of the free electron, clearly presenting the NFE character.
These results also suggest a good screening effect of the excited
states on the MoS, surface. Owing to the downward and upward
dispersion of VBM and IPSs, we also observed the
k,-momentum-dependent resonances between replicas of
VBM and IPS (n = 1) in mPPE spectra. The relaxation of the
photoexcited electrons at the IPS (n = 1) shows an ultrafast
manner, in a time scale of about 33 fs. We propose the
existence of IPSs, as well as their NFE character and short
lifetime, can provide useful information for understanding the
electron dynamics in other TMD materials.
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