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ABSTRACT

High-order  nonlinear  multiphoton  absorption  is  usually  inefficient,  but
can be enhanced by designing resonant excitations between occupied and
unoccupied  energy  levels.  We  conducted  angle-resolved  multi-photon
photoemission (mPPE) studies on the SnSe2(001) surfaces excited by ultra-
short  laser  pulses.  By  tuning  photon  energy  and  light  polarization,  we
demonstrate the presence of a resonant four-photon photoemission (4PPE)
process involving the occupied valence band (VB), the unoccupied second
conduction band (CB2)  and the unoccupied image-potential  state  (IPs)  of
SnSe2.  In this 4PPE process, VB electrons of SnSe2 are resonantly excited
into CB2 by adsorbing two photons, followed by the adsorption of another
photon to populate the n = 1 IPs before being emitted out to the vacuum by
adsorbing  one  more  photon.  This  results  in  a  double-resonant 4PPE
process, which exhibits approximately a 40 times enhancement in photoe-
mission  yields  compared  to  cases  where  one  of  the  resonant  pathways,
CB2 → IPs, is inhibited by involving a virtual state instead of the IPs in the
4PPE.  The  double-resonant 4PPE  process  efficiently  excite  the  bulk  VB
electrons outside the vacuum, like taking advantage of resonant “ladders”
through  two  real  empty  electronic  states  of  SnSe2.  Our  results  highlight
the important applications of mPPE in probing the band-structure, partic-
ularly  the  unoccupied  states,  of  recently  emerging  main  group  dichalco-
genide  semiconductors.  Furthermore,  the  discovered  resonant  mPPE
process  contributes  to  the  exploration  of  their  promising  optoelectronic
applications.

Keywords  multi-photon  photoemission, four-photon  photoemission,
SnSe2, unoccupied states, resonant excitation

 1   Introduction

The  nonlinear  photoelectric  effect  can  be  realized  by
multiphoton process in solids induced by ultrashort laser
pulses. In these processes, the occupied initial states, the
unoccupied  intermediate  states,  and  the  coupling

between  them  play  a  center  role  [1, 2].  Multiphoton
photoemission  (mPPE)  is  highly  sensitive  to  the  wave
functions and energy levels of the states involved in the
excitation,  making  it  a  powerful  tool  for  observing  the
unoccupied band structure of materials with high energy-
momentum resolution and investigating the dynamics of
electronic excitations at solid surfaces [1, 3–13].  Among
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mPPE  techniques,  two-photon  photoemission  (2PPE)
represents  the  lowest  and  most  accessible  order  of
nonlinearity. In 2PPE, the photon energy for photoemission
experiments is selected to be lower than the work function
( ) of the system, typically in the range of few electronvolts
for  most  materials.  Consequently,  two  photons  are
required  to  excite  occupied  electrons  near  the  Fermi
energy  (EF)  into  the  vacuum.  The  range  of  accessible
unoccupied electronic state is determined by the difference
between twice the photon energy and the , and thus is
limited  by  the  single  photon  energy  [1].  Utilizing  laser
pulses with lower photon energy enables the observation
of the photoemission signal for higher orders of nonlinearity
through mPPE. This approach is practicable for extending
the range of accessible unoccupied electronic states [6–9].
Moreover,  mPPE beyond the  second order  would allow
the observation of light-induced resonances that are not
accessible  through  ordinary  photoemission  techniques
such  as  angle-resolved  photoemission  spectroscopy
(ARPES) or 2PPE. For instance, Bisio et al. [8] demon-
strated high-order 3- to 4-photon photoemission involving
occupied  Cu d bands,  unoccupied sp bands  and n =  1
image-potential  state  (IPs)  from  Cu(001)  surfaces.
Winkelmann et al. [7] further revealed a 3rd-order reso-
nance involving the Cu d bands as initial states, the sp
bands,  and  IPs  as  the  first  and  second  intermediate
states,  respectively.  These  resonant  3PPE  processes
exhibit the contribution of coherent excitation pathways
in photoemission.

Despite  its  importance,  high-order  mPPE  from
surfaces  is  a  much  less-explored  field  compared  to
conventional  ARPES  or  2PPE.  This  is  mainly  due  to
the significantly reduced photoelectron yields, which can
be  overshadowed  by  space  charge  effects  from the  low-
order  processes  [4, 14–18].  Moreover,  non-photoelectric
emission through surface plasmon excitation and, possi-
bly,  tunneling  can  also  interfere  with  the  mPPE signal
[17, 19]. As a result, high-order mPPE studies normally
are limited to solids other than noble metals, which are
more stable and have well-known band structures. While
mPPE has recently been reported for graphite [20–22], it
has rarely been performed on the emerging class of two-
dimensional (2D) materials beyond graphene.

Tin  diselenide  (SnSe2),  a  main  group  dichalcogenide
sharing  a  layered  structure  similar  to  that  of  2D
graphene  and  transition  metal  dichalcogenide,  has
recently garnered significant interest. It has demonstrated
gate-tunable  interfacial  superconductivity  [23–28]  and
holds  promise  for  optoelectronic  applications  [29–32].
Despite over 50 years of extensive investigation [33–43],
important  electronic  properties  of  SnSe2,  such  as  the
unoccupied  electronic  states,  remain  unresolved,  let
alone mPPE. In this paper we report the observation of
a  four-photon  photoemission  on  SnSe2(001)  surfaces,
which exhibits distinct features related to occupied and
unoccupied  band  structures.  We  identify  that  SnSe2’s

(Tn′n)

TVBM→CB2 ∗ TCB2→IPs

TVBM→IPs

valence band (VB) electrons are resonantly excited into
the second conduction band (CB2) through the adsorption
of  two  photons.  This  is  followed  by  the  adsorption  of
another photon to populate the n = 1 IPs,  and finally,
they  are  emitted  to  the  final  state  (Efinal)  above  the
vacuum level through the adsorption of one more photon.
This creates a double-resonant four-photon photoemission
(4PPE) process: VB → CB2 → IPs → Efinal. The double-
resonant  4PPE  exhibits  an  approximately  40-times
enhancement  in  photoemission  yields  compared  to  the
VB → CB2 → Vs (virtual state) → Efinal process, where
the  resonant  pathway  of  CB2  →  IPs  is  replaced  by  a
non-resonant  one  via  a  Vs,  rather  than  the  IPs,  in  the
penultimate  step.  The  experimental  results  clearly
demonstrate that by taking advantage of resonant exci-
tations through two real empty electronic states of SnSe2,
the  bulk  VB  electrons  can  be  efficiently  excited  in  the
mPPE. Theoretically,  we calculate the transition dipole
element  of  VB  → CB2,  CB2  → IPs  and  VB  →
IPs  using  Density  Functional  Theory  (DFT).  The  esti-
mated transition efficiency of VB → CB2 → IPs repre-
sented by  is found to be much larger
than  that  of  VB  →  IPS  ( ).  This  supports  the
idea  that  resonant  excitation  through  the  real  CB2
intermediate  state  greatly  enhances  the  excitation  effi-
ciency  between  the  initial  VB  and  intermediate  IPs  of
SnSe2,  emphasizing  the  effect  of  real  empty  electronic
states acting as intermediate states in mPPE.

 2   Materials and methods

Sample  preparation. The  high-quality  SnSe2 single
crystals  used  in  the  experiments  were  self-grown  using
the  temperature  gradient  growth  method  from  high-
purity (99.9999%) Sn and Se granules. First, Sn and Se
granules  with  the  stoichiometry  of  SnSe2 and  a  total
weight of 30 g were loaded into a quartz ampoule with
an inner diameter of 11 mm. Then, the quartz ampoule
was evacuated to  a  pressure  better  than 5 × 10–5 Torr
and sealed. The quartz ampoule was placed into a tubular
furnace at a 15° angle from the horizontal plane. In the
furnace,  the  sample  was  slowly  heated  to  680  °C  over
30 h, held at this temperature for 48 h, and then gradually
cooled  from 680  °C  to  300  °C  at  a  precisely  controlled
rate  of  1  °C  per  hour.  After  the  furnace  was  cooled  to
room  temperature  (RT),  the  synthesized  SnSe2 single
crystals  were  removed  from  the  quartz  ampoule  and
exposed  to  the  air.  Prior  to  STM,  ARPES  and  mPPE
experiments, the SnSe2 crystals were cleaved in-situ in a
preparation  chamber  under  ultrahigh  vacuum  (UHV)
conditions at room temperature (RT).

STM  measurements.  The  STM  topographic  and
spectroscopic experiments were conducted in a UHV low-
temperature  STM  system  (CreaTec)  at  liquid  helium
temperature. STM topographic images were acquired in
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constant-current  mode.  The  dI/dV spectra  were
measured  using  the  standard  lock-in  technique  with  an
8 mV bias modulation of at 711.333 Hz. The STM tips
were  chemically  etched tungsten tips  and were  spectro-
scopically calibrated against the Shockley surface states
of  cleaned  Au(111)  surfaces  before  being  utilized  on
SnSe2.

ℏω =

ARPES  measurements.  ARPES  measurements
were  performed  at  the  home-designed  facility  with  a
base pressure of better than 5 × 10–11 Torr and photon
energy  21.20 eV, at a temperature below 80 K.

k//

mPPE  measurements.  mPPE  experiments  were
conducted in a UHV angle-resolved photoemission spec-
troscopy  system  that  recorded  spectra  using  a  hemi-
spherical  electron  energy  analyzer  (SPECS  PHOIBOS
150)  with  a  2D  delay-line  detector  (DLD).  The  base
pressure  of  the  system  is  better  than  2  ×  10–10 mbar.
The hemispherical electron analyzer recorded 2D spectra
of photoelectron counts vs. final state energy, Efinal, and
parallel momentum, . A 3 V bias was applied between
the  sample  and  analyzer  to  collect  near-zero  kinetic
energy  electrons.  The  photon-excitation  source  for  the
mPPE measurements is a noncollinear parametric ampli-
fier  (NOPA)  system  pumped  by  a  Light  Conversion
Pharos  Impulse  laser.  The NOPA system operates  at  a
power  of  approximately  10  μJ  pulse–1 with  a  repetition
rate of 1 MHz and a tunable wavelength in the range of
500–900  nm  (photon  energy  of  2.48  to  1.38  eV).  The
NOPA  outputs  is  compressed  by  multiple  reflections
from  matched  pairs  of  negative  dispersion  prisms  to
produce the shortest autocorrelation trace. The s- and p-
polarized  light  is  tuned  by  the  rotation  angle  of  a λ/2
waveplate. The excitation light with an incident angle of
45°  from  the  surface  normal  is  used,  with  a  focused
beam size of about 50 μm radius at the sample surface.

k//

DFT calculation. Density Functional Theory (DFT)
calculations  were  performed using the  Vienna Ab initio
Simulation  package  (VASP)  [44, 45],  employing  the
generalized  gradient  approximation  with  the
Perdew–Burke–Ernzerhof  (PBE)  functional  [46]  for  the
exchange-correlation  potential,  and  the  projector
augmented wave method. For bulk SnSe2, the structures
were fully relaxed until the residual force per atom was
less  than  0.02  eV/Å.  Energy  cutoffs  for  plane  waves
were set at 400 eV for the plane-wave-basis setting, and
the  Brillouin  zone  was  sampled  with  a  9  ×  9  ×  4  Γ-
centered k-point  mesh.  The  PBE  functional  was
employed  in  the  electronic  structure  calculations  based
on the optimized atomic structures. For the band structure
calculations  of  bulk  SnSe2,  40 -points  were  sampled
along  each  of  the  high  symmetry  lines  in  the  Brillouin
zone.

The transition dipole moments (TDM) are calculated
as follows: 

Tn′n = ⟨Ψn′ | ε̂ · r |Ψn⟩ .

To  compare  with  the  experimental  photoemission
spectrum,  the  dipole  moments  are  broadened  with  a
Gaussian expansion. Since the experiments measure the
excitation at Γ point, we only calculate the TDM at the
Γ point. To include the IPs in the TDM calculations, we
used 10-layer SnSe2 slab model to obtain the wavefunction
of the states,  and a 20-Å vacuum layer included in the
calculations to separate the periodic images of the slab.

 3   Results and discussion

As  shown  in Fig.  1(a),  SnSe2 crystallizes  in  a  layered
structure of Se–Sn–Se sheets with octahedral Sn coordi-
nation  [47–50].  SnSe2 exhibits  a  rich  polytypism  which
results  from the  various  stacking  sequences  of  identical
Se–Sn–Se  layers.  The  most  common  polytype  contains
one  formula  unit  per  unit  cell  and  belongs  to  space
group 164  [51],  which  is  usually  referred  to  as  1T with
“1” referring to the number of Se–Sn–Se minimal sand-
wiches [52–54].

Figure 1(b) shows the three-dimensional (3D) Brillouin
zone of 1T-SnSe2 with high symmetry points and its 2D

 
Fig. 1  (a) The top and side views of the atomic structure
of 1T-SnSe2. (b) Schematic representation of the 3D Brillouin
zones  of  1T-SnSe2 along  with  its  projection  onto  the  (001)
surfaces. (c) Typical  STM  topography  image  of  the
SnSe2(001) surfaces acquired at a sample bias of 0.6 V and a
tunneling  current  of  8  pA.  The  white  rhomboid  defines  the
unit  cell  of  the surface.  The atomic structural  model  of  one
SnSe2 sandwich-layer  on  the  surface  illustrates  that  the
bright  contrast  resolved  by  STM  originates  from  the  Se
atoms on the top atomic layer. The inset shows typical STS
dI/dV spectra acquired on the surfaces.
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projection  onto  (001)  surfaces.  Our  self-grown  SnSe2
crystals were characterized with X-ray diffraction (XRD)
[Fig.  S1  of  the  Electronic  Supplementary  Materials
(ESM)], where the sharp (001) diffraction peaks confirm
1T-SnSe2 single  crystals.  The  atomically  resolved  STM
image [Fig.  1(c)]  taken on the in-situ cleaved 1T-SnSe2
surfaces  shows  a  hexagonal  lattice  structure.  The
resolved bright  spots  correspond to  Se  atoms in  top Se
layers  [55, 56].  The  measured  lattice  constant  (a0)  of
3.83 ± 0.03 Å is consistent with previous reports [55–57].
Typical  scanning tunneling dI/dV spectra taken on the
bright  and  dark  contrasts  on  the  surface  [inset  in
Fig.  1(c)]  exhibit  semiconducting  characters,  with  the
conduction  band  minimum  (CBM)  crossing EF.  This
indicates  a  slightly n-doped 1T-SnSe2,  a  finding further
confirmed by our  ARPES measurement  (Fig.  S2  of  the
ESM), which shows an occupied CBM at M point with a
binding energy of –0.03 eV relative to EF.  ARPES also
reveals the valence band maximum (VBM) of –1.30 eV
at  Γ.  This  establishes  an  indirect  band  gap  of  approx-
imately  1.30  eV,  consistent  with  our  tunneling  spectra
results.  A  recent  ARPES  studies  on  a  69-layers  1T-
SnSe2 thin  films  grown  on  n+-GaAs(111)  substrates
show similar results [57].

ℏω

Φ

Φ = EV − EF =

While  the  occupied  electronic  structure  of  1T-SnSe2
has been detected, the unoccupied electronic states have
not yet been probed. With the aim of directly resolving
the unoccupied electronic states and investigating possible
excitation between the  occupied and unoccupied states,
we  conducted  mPPE  measurements  on  our  grown  1T-
SnSe2 samples. In Fig. 2(a), we present the photoelectron
yield along the surface normal for p-polarized (pin) incident
radiation  with  different  central  energies  varying  from
1.65  to  2.25  eV  (photon  energy ).  The  final-state
energy (Efinal)  of  the electrons is  measured with respect
to EF.  In Fig.  2(a),  our  spectra  clearly  exhibit  well-
resolved features that shift as we vary the photon energy.
This  is  in  stark  contrast  to  non-photoelectric  electron
emissions, which are insensitive to the band structure of
the irradiated solids and results  in structureless  spectra
[17, 19]. Therefore, our spectra are primarily contributed
by  the  photoelectric  effect,  and  the  observed  features
can be unambiguously interpreted on the basis  of  band
structure effects. By identifying the low-energy cut-off of
the  spectra  in Fig.  2(a),  which  corresponds  to  the
vacuum level  (EV),  we determined the work function 
of  bulk 1T-SnSe2 by  5.40 eV. This  value
is close to the measured electron affinity of 5.20 eV for
SnSe2 thin films in heterostructures composed of epitaxial
layers  of  SnSe2 on  WSe2,  MoS2,  MoTe2 and  GaSe
substrates [58, 59].

In the mPPE spectra, three separate features, labeled
I,  II  and III  [as marked in Fig.  2(a)],  can be identified.
These features evolve into an overwhelming peak feature
at  most  photon  energies.  Peaks  I,  II  and  III  exhibit
noticeable  dispersion  with  changing  photon  energies,  as

∆ℏω

m∆ℏω
∆ℏω

∆ℏω

∆ℏω
∆ℏω ∆ℏω

ℏω

ℏω

clearly demonstrated in the insets of Fig. 2(a). This shift
with  could be understood in the following scenario:
In  a  mPPE  process  (generally  non-resonant)  involving
states with fixed energy (i.e., not dispersing with k⊥), as
is the case of SnSe2 due to weak van der Waals (vdW)
interlayer interactions, it can be expected that the peak
position from the initial state tunes with , the first
intermediate state with (m–1) , the second intermediate
state  with  (m–2) ,  and  so  on  [60].  Plotting Efinal
versus photon energy in Fig. 2(b) reveals three different
linear  dispersions:  peak  I  tunes  with  a  slope  of  4 ,
peak II with 2  and peak III with 1 . This implies
that  a  4PPE  process  might  occur  in  the  observations.
Accordingly, electrons on these peaks are emitted out by
the adsorption of 4, 2, and 1 photons, resulting in their
binding  energies.  Using  the  formula Ebinding = Efinal –
n  (where n equals  the  number  of  additional  photons
necessary to reach the final  state),  the binding energies
are calculated to be –1.28, +2.65 and +4.60 eV, respec-
tively. In the following, we refer to the electronic states
associated with features I, II and III as States I, II and
III  for  convenience.  Furthermore, Fig.  2(b)  shows  an
intersection at  = 1.94 eV between the fitting lines for
States  I,  II,  III.  This  suggests  the  possible  potential
occurrence  of  a  resonant  4PPE  process  that  might
involves States I,  II,  III  as the initial  state,  second and
third intermediate state, respectively. This implication is
supported by the highest intensity of the dominant peak
at  1.94  eV  (the  cyan  curve)  in Fig.  2(a).  As  will  be
explained  in  details  below,  the  existence  of  resonant
4PPE is further confirmed later with the band-structure
results of SnSe2.

k//

k//

dxy dx2−y2

Since  photons  in  the  visible  and  UV  range  cannot
impart  significant  momentum to  electrons,  multiphoton
photoexcitation effectively proceeds vertically within the
electronic E( )  band-structure.  This  property  enables
the  determination  of  the  separation  of  electronic  bands
at  specific k points  by  identifying  resonances  between
multiple  states  coupled  by  the  incident  radiation.  This
approach allows us to assign the observed states in the
band-structure of  SnSe2.  The assignment of  the various
features  in  our  spectra  is  performed  with  reference  to
Fig. 2(c), which presents the electronic structure of bulk
SnSe2 for the -space lines (Γ–M and Γ–K lines) relevant
to  emission  along  the  surface  normal  of  a  SnSe2(001)
surface. Figure  2(c)  is  consistent  with  the  reported
results [57, 61], and we have marked key points, including
the  maximum of  the  valence  band  (VBM, –1.05  eV  at
the Γ point); the minimum of the first conduction band
(CB1M, –0.03  eV  at  the  M point);  the  first  conduction
band (CB1Γ,  +0.20  eV at  the  Γ  point)  and  the  second
conduction  band  (CB2,  +2.15  eV at  the  Γ  point).  The
VB bands  consist  of  energetically  closed  and 
orbitals,  which,  according  to  our  ARPES  experiments
(Fig.  S2  of  the  ESM),  cannot  be  resolved  within  the
experimental resolution. ARPES results in Fig. S2 reveal
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a VB signal which is flat around Γ and spans the energy
window  from –1.35  to –2.10  eV,  consistent  with  the
DFT  calculations.  A  similar  VB  was  also  observed  by
ARPES in a 69-layers 1T-SnSe2 thin films [57], providing
occupied  initial  states  with  variable  binding  energies
that  do  not  exhibit  a  strong  dependence  on  near  Γ.
ARPES results also show a very weak occupied CB close
to  M,  corresponding  to  the  DFT-observed  CB1M.
However,  CB1M is  not  considered  as  an  initial  state
because it is located at the M point. CB1Γ and CB2 are
absent  in  ARPES observations  as  they  are  unoccupied.
The  population  of  CB1Γ and  CB2  from  occupied  VB
initial  states  would  be  expected  in  mPPE.  It  is  worth
noting that CB1Γ cannot be reached resonantly with the
photon energies in our experiment because photon energies

k//

k//

k//

near  1.70  eV  are  non-resonant  with  respect  to  the  VB
and CB1Γ. Furthermore, we observe that CB2 bands are
nearly  symmetric  within  the  experimentally  observable

 rang along Γ–M and Γ–K, resulting in indistinguishable
photoelectron  emission  from  these  two -space  lines.
This  symmetry  is  confirmed  in  experiments  as  mPPE
spectra  do  not  exhibit  noticeable  differences  when  the
sample is rotated in the surface plane. Therefore, we can
analyze the mPPE data by considering only one -space
line, i.e., the Γ–M line.

As is commonly understood, theoretical band structures
often  do  not  quantitatively  match  experimental  photo-
emission data. However, a reasonable assumption is that
the absolute values for critical points can be adjusted to
align  with  known  experimental  data,  ensuring  that  the

 

k//

Fig. 2  (a) The  normal-emission  mPPE  spectra  versus  photon  energy  measured  with p-polarized  irradiation  from  the
SnSe2(001) surfaces. Three separated features, labelled as I, II and III, are marked in the spectra. The insets highlight each of
these features individually. (b) The peak positions of features I, II and III in the Efinal versus photon energy plot. The dotted
line represents the linear fitting of  the data for VB, CB2, and IPs. (c) The calculated band structure along K–M–Γ–K of
bulk 1T-SnSe2, relevant to the normal emission geometry of the mPPE. CB2 and VB around Γ point are highlighted red and
purple, respectively. (d–g) The 4PPE intensity versus  along Γ‒M with p-polarized incident radiation on SnSe2 surfaces at
different irradiation photon energies. CB2, IPs, and VB are fitted using red, orange and purple parabolic dashed lines, respec-
tively. (h) Schematic representation of band structure alignment at Γ point with the proposed 4PPE resonance for a photon
energy near 1.94 eV.
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ℏω

ℏω

calculations correctly depict the dispersion of the bands.
To facilitate a more accurate comparison with the theo-
retical band structure, we present in the mPPE spectral
images  of Efinal vs.  parallel  momentum ( )  along  Γ–M
with p-polarized  light Figs.  2(d)–(g).  These  images
reveal  information  about  the  dispersions  of  the  bands
associated  with  State  I,  II,  III.  At  a  photon  energy  of

 =  1.94  eV  [Fig.  2(d)],  we  observed  an  upward-
dispersed  feature  with  very  high  intensity,  possibly
attributed to the resonance involving States I, II and III.
As  the  excitation  photon  energy  decreases  to  1.86  eV,
two upward-dispersive bands corresponding to States II
and  III  evolve.  These  bands  are  fitted  and  overlaid  by
the  orange  and  red  parabolic  dashed  lines,  respectively
[Fig. 2(e)]. Furthermore, as the photon energy decreases
further to 1.82 eV, the band related State II fades away,
while  the  band  associated  with  State  I  emerges  with  a
downward  dispersion,  depicted  by  the  purple  parabolic
dashed  line  in Fig.  2(f).  Simultaneously,  the  band
related  to  State  III  is  almost  isolated,  exhibiting  an
upward  parabolic  dispersion.  Both  the  bands  related
with  States  I  and  III  become  more  clearly  resolved  at

 = 1.75 eV [Fig. 2(g)]. These results confirm an unam-
biguous  downward  dispersion  for  the  band  related  to
State  I,  an  upward  dispersion  for  the  band  related  to
State III, and a possible upward dispersion for the band
related to State II.

ℏω
ℏω

By  combining  the  established  energies  levels  and
dispersions  for  States  I,  II  and  III  in  mPPE,  with  the
band-structure results shown in Fig. 2(c), we can readily
assign  State  I  (–1.28  eV)  as  originating  from  the  VB
band  (calculated  at –1.05  eV)  and  State  II  (+2.65  eV)
as  originating  from  the  CB2  band  (calculated  value  at
+2.15  eV).  The  quantitative  energy  level  discrepancies
between  the  experiment  and  theory  may  be  partially
attributed to the fact that the calculation was performed
for  neutral  SnSe2,  whereas  the  measurements  were
conducted on a slightly n-doped sample, as confirmed by
STS  and  ARPES  spectra.  The  missing  counterpart  for
State III in the bulk band-structure depicted in Fig. 2(c)
is  identified  as  the n =  1  image  potential  states  (IPs),
which are present in the calculated band structure of a
10-layers SnSe2 (as shown in Fig. S3 of the ESM) due to
the presence of surfaces. Basing the observed results, we
present a schematic representation of the band levels at
Γ  in Fig.  2(h)  to  explore k-conserving  resonance  in  the
band structure as a function of photon energy. According
to the relative energy separation between VB, CB2 and
IPs,  a  4PPE  resonant  multiphoton  transition  is  indeed
possible for  = 1.94 eV [as indicated by dashed lines
in Fig.  2(d)].  The  highest  peak  at  =  1.94  eV  in
Fig. 2(a) can be attributed to a direct excitation process:
VB → CB2 → IPs → Efinal.  In  the first  step,  electrons
are  resonantly  excited  from  the  occupied  VB  band  to
CB2  through  the  adsorption  of  two  photons.  In  the
second step, resonant excitation populates the n = 1 IPs

at  4.60  eV  above EF.  In  the  final  step,  electrons  are
photoemitted at an energy of 6.54 eV.

Considering  that  the  photoemission  count  rate  of  a
4PPE  process  is  diminished  by  about  four  orders  of
magnitude  compared  to  that  of  1PPE,  the  observed
significant  4PPE  intensity  at  6.54  eV  is  remarkable.
Winkelmann et al. [7] have reported a 3PPE process on
Cu(001)  surfaces,  beginning  with  Cu d bands  and
involving  the  unoccupied sp band  and  the n =  1  IPs.
This  3PPE  process  was  found  to  be  highly  efficient,
producing a signal higher in intensity than the simulta-
neously  observed  2PPE  signal,  which  occurs  through
non-resonant pathways [7].  These results  emphasize the
importance  of  double  resonances  in  the  VB → CB2 →
IPs  → Efinal 4PPE  process  in  determining  the  high
photoemission yield.

k//

k//

k//

k//

To  investigate  this  further,  we  deliberately  switched
the  incident pin radiation  to s-polarized  (sin)  radiation,
where the IPs would not be populated due to a matrix
element effect [3],  as determined by the geometry of sin
radiation  [see Fig.  3(c)].  In  this  configuration,  the  only

 conserving  transition  from  the  intermediate  CB2  to
the  final  photoemitted  state  is  a  non-resonant  two-
photon process. This effectively eliminates the resonance
of CB2 → IPs, and the excitation from CB2 to the final
state  can  be  understood  through  a  virtue  state,  as
depicted  in Figs.  3(a)  and  (b)  respectively.  The  4PPE
results  upon pin and sin polarized  radiations  at  1.94  eV
are presented in Figs. 3(d) and (e), respectively. Under s-
polarization,  the  prominent,  high-intensity,  upward-
dispersed feature observed under p-polarization transforms
into a faint, upward-dispersed feature with very limited

 around the Γ point. We attribute this signal to CB2,
which is populated by resonant excitation from VB vias
adsorption of two photons and then is excited non-reso-
nantly  to Efinal through  the  adsorption  of  another  two
photons.  The reason CB2 is  observed in  a  very  limited

 range  might  be  due  to  the  parabolic  dispersion  of
CB2  detuning  the  resonance  from  the  “non-dispersing”
VB  around  Γ.  As  the  weaker  feature  in  the sin results
share the same resonant VB → CB2 transition as in the
pin results,  the  transitions  of  VB  →  CB2  and  CB2  →
IPs have low yields if  they contribute separately to the
excitation.  Therefore,  the  double  resonance  from  the
VB → CB2 → IPs is the primary factor resulting in the
substantial 4PPE pin yield at 6.54 eV. By presenting the
normalized  4PP  spectral  line  profiles  at  =  0  Å–1 in
Figs.  3(d)  and  (e),  it  is  evident  that  the  photoelectron
yield  at  6.54  eV  for pin radiation  is  almost  40  times
higher than that for sin radiation. Although further work
is  needed  to  quantitatively  understanding  this  factor,
the  discovery  of  double  resonances  involving  both  the
bulk  and  surface  electronic  states  of  SnSe2 could
contribute  exploring  its  related  optoelectronic  applica-
tions, such as photodetectors [47–50].

The  enhanced  photoelectron  yield  of  resonant  4PPE
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Tn′n = ⟨Ψn, | ε̂ · r |Ψn⟩

TVB→CB2 TCB2→IPs TVB→IPs

TCB2→IPs TVBM→IPs

pz
dz2

pxy dxy dx2−y2

TVB→CB2∗

further  is  further  confirmed  by  DFT  calculations.
Initially,  we visualize  the wavefunction normal (|ψ|2)  of
VB,  CB2  and n =  1  IPs,  as  shown  in Figs.  4(a)–(c).
Notably,  the  wavefunction  of  VB  exhibits  even  (+)
parity, whereas CB2 displays odd (–) parity according to
the inversion center of  SnSe2 crystalline structure,  indi-
cating a permitted transition between the two states [62].
We  proceed  to  calculate  the  transition  dipole  element
(TDM), denoted as , for VB → CB2,
CB2 → IPs and VB → IPs, as presented in Fig. 4(d). It
is  evident  that  >  > ,  with  a
difference spanning two orders of magnitude. The signifi-
cant TDM from VBM to CB2 can be attributed to the
wavefunction  distributions  illustrated  in Figs.  4(a)  and
(b). The outcome of  >  can be ascribed
to the relatively greater out-of-plane distribution of CB2
wavefunction  compared  to  VB.  This  discrepancy  arises
because  the  transition  between  CB2/VB  and  IPs  is
primarily determined by the wavefunction overlap in the
out-of-plane  direction.  CB2  contributes  more  to  the 
and  orbitals,  while  VB  has  a  higher  contribution
from , ,  orbitals. The transition efficiency of
VB  →  CB2  →  IPs  can  be  estimated  by 

TCB2→IPs

TVB→IPs

,  which  is  significantly  larger  than  that  of
VB → IPs ( ). These theoretical findings highlight
that resonant excitation through the real CB2 intermediate
state  greatly  enhances  the  excitation efficiency between
the initial VB and intermediate IPs, thus supporting the
experimental  observation  of  the  substantial  4PPE
signals though the double-resonant pathways.

 4   Conclusion

By demonstrating the contribution of resonant excitation
pathways in 4PPE from SnSe2(001), we identify dominant
features  in  the  photoelectron  spectra  originating  from
VB, CB2, and IPs of SnSe2. The identification is validated
by  comparing  them  with  the  DFT  calculated  band
structure  of  SnSe2(001).  Based  on p-  and s-polarized
photoemission  spectra,  double-resonant  4PPE  from
VB  →  CB2  →  IPs  → Efinal exhibits  a  significantly
enhanced  photoemission  yield  when  compared  to  the
single-resonant VB → CB2 → Vs (virtual state) → Efinal
process, where the IPs is replaced by a virtual state. The
experimental results align with DFT calculations, which

 

E//y E//x E⊥xy

k//

k//

Fig. 3  (a) Schematic illustration of the double-resonant 4PPE process of VB → CB2 → IPs → Efinal, where the IPs serves
as the second intermediate state. (b) Schematic illustration of the VB → CB2 → Vs (virtual state) → Efinal 4PPE process, in
which the IPs is replaced by a virtual state. In this case, there is no resonance between CB2 with the second intermediate
state. (c) The  experimental  geometry  of p- and s-polarized  irradiations. s-polarized  irradiation  contains  only  the  in-plane
( )  electric  field,  while  the p-polarized  light  includes  both  the  in-plane  ( )  and  out-of-plane  ( )  components.
(d, e) The 4PPE intensity versus  along Γ–M with p- and s-polarized incident radiation on SnSe2 surfaces respectively, at
a photon energy of 1.94 eV. CB2 and IPs are represented by red and orange parabolic dashed lines, respectively. (f) Normal-
emission 4PPE spectra measured with p-polarized (blue) and s-polarized (yellow) irradiations from the SnSe2 surfaces, corre-
sponding to  = 0 Å–1 in (d) and (e), respectively. The spectra are normalized according to the work function edge.
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suggest that resonant excitation involving real electronic
state as intermediate state can substantially enhance the
excitation efficiency between the initial and final states.
While 2PPE has significantly contributed to the under-
standing  of  electronic  structure  and  ultrafast  electron
dynamics at solid surfaces [1, 3–5, 63–65], similar studies
of higher-order mPPE have just begun and have primarily
focused on metals [6–9]. Our findings suggest extensions
to future mPPE studies in mapping unoccupied electronic
structure  of  2D  semiconductors,  exploring  multiphoton
resonance between occupied/unoccupied bulk and unoc-
cupied surface states, and studying the quantum coherence
of  the  resonant  excitation  pathways  through  interfero-
metric measurements [9, 12, 13].
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