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Two-photon photoemission �2PPE� spectroscopy has been performed for lead phthalocyanine films on
graphite surface. Fully resolved occupied and unoccupied levels and resonant optical transitions between them
are characteristics of the film surface �Phys. Rev. B 77, 115404 �2008��. 2PPE peaks due to photoemission
from normally unoccupied levels �1� peaks� and those due to coherent two-photon process from occupied
levels �2� peaks� show unexpected variations in intensities and widths when the pump photon energy crosses
the resonances. At around a resonance between molecule-derived levels, we find an intensity switching in
which only the 2� peak appears at photon energy below the resonance, and at above the resonance, the 1�

peak becomes prominent and the 2� peak becomes very weak. The 1� peak is broadened with increasing
photon energy. These results cannot be interpreted by a simple energy level scheme, and point to further
understanding of 2PPE process. Temperature dependence reveals the origin of indirect transitions involving the
unoccupied substrate � band. We also demonstrate that resonant 2PPE spectroscopy is effective to probe
deeper occupied levels which are not well resolved in one-photon photoemission.

DOI: 10.1103/PhysRevB.81.115426 PACS number�s�: 73.20.�r, 79.60.Dp

I. INTRODUCTION

The electronic structure and the exited electron dynamics
in the vicinity of the Fermi level �EF� at interfaces between
organic thin films and inorganic substrates are the key issues
to understand the functionalities of organic films. Though
occupied energy levels have been extensively studied by
both experimental and theoretical works,1,2 investigation for
unoccupied levels are still challenging.3,4 Two-photon photo-
emission �2PPE� spectroscopy based on ultrafast laser pulses
is a promising method to probe the unoccupied levels and
electron dynamics in the levels.3–6 In 2PPE, a first light pulse
excites electron from an occupied level to an unoccupied
level. The normally unoccupied level is probed by photo-
emission with the second pulse �denoted as 1� process�. In
one-color 2PPE experiment, the final energy of photoelectron
EK from 1� process is written as

EK = h� + Em, �1�

where h� is the photon energy and Em��0� is the energy of
the unoccupied level with respect to EF. The two-step pro-
cess competes with the coherent two-photon process �de-
noted as 2� process� which results in the photoelectron of

EK = 2h� + Ei, �2�

where Ei��0� is the initial energy of the occupied level. One
of the key advantages of 2PPE spectroscopy is the competi-
tion of the two processes. From the 1� and 2� peaks we can
know the occupied and unoccupied levels at the same time.
With photon energy of Em-Ei, 2PPE signal is resonantly en-
hanced. Optical transition probability between the levels is
important to understand the character of the electron wave
functions. The photon energy dependence of the 2PPE sig-
nals due to 1� and 2� processes around the resonance has
been studied by several theoretical works.7–11 The theoretical
results were carefully compared with experiments for the
resonance between the occupied Shockley state and the first

image potential state �IPS� of Cu�111� surface.5,7,12 On the
other hand, experiments for different systems showed reso-
nance behaviors deviated from the theories.13–15 Understand-
ing of the resonance behavior is essentially important to
know the physical meaning of the unoccupied level detected
by 2PPE experiment. The issue is especially serious for or-
ganic films in which addition or removal of electron in/from
a molecular orbital causes significant change of the energy
levels.

Here, we extend our former works on 2PPE of lead ph-
thalocyanine �PbPc� films formed on a substrate of highly
oriented pyrolytic graphite �HOPG�.16,17 We have resolved
occupied levels due to the highest occupied molecular orbital
�HOMO� and the next HOMO �HOMO-1�. Also clearly re-
solved were the molecule-derived unoccupied levels �de-
noted as LUMO, LUMO+1, LUMO+2 in the order of en-
ergy� and the first IPS’s on HOPG and on the PbPc films. In
addition, a resonance between HOMO and LUMO+2, as
well as that between HOMO and the IPS were observed at
h�=4.3 eV and 4.8 eV, respectively.16 The system which
involves two resonant excitations is a highly suitable ex-
ample for detailed analysis of the resonance in 2PPE. We
have measured 2PPE spectra for 1 monolayer �ML� films of
PbPc on HOPG with improved signal-to-noise ratio. From
the photon energy and temperature dependence of the peak
profiles and the intensities, we analyze excitation processes
in 2PPE spectroscopy, and present unresolved problems for
2PPE process.

II. EXPERIMENT

In our former 2PPE work for PbPc films, we employed a
microspot method in which laser radiation was focused on
the sample to the spot of 0.6 �m diameter.16 The microspot
method was effective to selectively observe laterally homo-
geneous surface areas, while the number of photoelectrons
from the small probe areas was limited to suppress the space
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charge effect.18 In this work, the laser light was focused with
a concave mirror of 35 cm focal length onto the sample
surface in an ultrahigh vacuum �UHV� chamber at the inci-
dent angle of 60°. With the large light spot size of about
80 �m diameter, the space charge effect was easily avoided
with higher photoelectron intensity. In cost of the spatial res-
olution, signal to noise ratio of 2PPE spectrum was fairly
improved compared to the microspot configuration.17 We dis-
regarded the lateral inhomogeneity of the films in this work
because we have found in our former works that highly uni-
form 1 ML films were made by a suitable annealing
process.16,19 Note that formation of the uniform films was
achieved only for 1 ML coverage, and was not for sub-ML
films. Annealed sub-ML films seemed to be homogeneous
when the surface image was measured with photoemission
from the HOMO band,19 but they were not homogeneous
when the unoccupied levels were measured with the
microspot-2PPE. The inhomogeneity of unoccupied levels
will be discussed elsewhere. The light source of the 2PPE
experiments was the p-polarized third harmonics �4.04–4.77
eV� of a tunable titanium sapphire laser. Repetition rate and
pulse width of the third harmonics were 80 MHz and 100 fs,
respectively. The power of the incident light was controlled
to be less than 0.19 nJ/pulse. Photoelectrons emitted to the
surface normal were detected with a hemispherical energy
analyzer �VG-CLAM4 with nine channeltrons detector� of
20 meV resolution. The analyzer was modified to limit the
electron acceptance angle to be �1°.

HOPG was cleaved in air and heated in UHV at 670 K for
more than 50 h. Cleanliness of the surface was confirmed by
the work function �4.45 eV� and the width of the n=1 IPS
peak. The IPS peak was narrower than 140 meV.16 Purified
PbPc was deposited by sublimation on the HOPG surface in
an UHV preparation chamber with a rate of 0.05 nm/min as
monitored by a quartz microbalance. The deposition and an-
nealing conditions were similar to those in the former
works.16,19 The coverage was determined from the work
function change. The well ordered 1 ML films were formed
by annealing the deposited films of 0.4 nm thickness at 370
K for 1 h. The work function was 4.27 eV for the 1 ML film.
The decease in the work function is due to the uniform di-
pole layer at the interface.20

III. RESULTS

A. General spectral features for 1 ML films

The 2PPE spectrum for the 1 ML film measured at h�
=4.65 eV is compared with a one-photon photoemission
�1PPE� spectrum in Fig. 1. The sample was at room tempera-
ture �RT�. The 1PPE spectrum,16 measured by the microspot
configuration with h�=8.86 eV, reproduces 1PPE spectra
with He-I resonance line17,20 except for slight broadening
due to the space charge effect. Molecules in the annealed 1
ML films are lying flat on the substrate directing Pb atoms to
vacuum side.20 In the 2PPE spectrum, the peaks due to the
first �n=1� IPS on the film, the HOMO derived occupied
level, and the LUMO+2 derived unoccupied level are clearly
observed. The HOMO derived peak is at −1.33 eV for both
2PPE and 1PPE spectra. The vibronic structure appears as a

shoulder at −1.47 eV in the 1PPE spectrum, while it is very
weak in the 2PPE result. The weak vibronic structure is due
to the nuclear motion in the electronic excited state associ-
ated with the LUMO+2 level.17 The HOMO-1 derived peak
appears at −2.78 eV for both spectra, but the spectral shapes
are largely different. The peak is sharp in 2PPE when com-
pared with the broad shoulder in 1PPE. The broad 1PPE
feature reproduces that of Ref. 20 measured with h�
=21.2 eV.

The 2PPE spectra measured at different photon energies
for the film of 90 K are shown in Fig. 2. At photon energy
higher than the work function of 4.27 eV, strong 1PPE is
observed at the left-hand edge of Fig. 2. Though the 1PPE
signal increases the low energy background, it causes no
significant influence on the 2PPE features. The relatively low
disturbance by the 1PPE is partly due to the uniformity of the
present sample surface. The 2PPE peaks were assigned pre-
viously as indicated.16 According to a DFT calculation
�Gaussian 03, B3LYP with LANL2DZ basis set� for a free
molecule, HOMO-1 is mainly composed of orbitals of Pb
atom �A1 symmetry in C4v point group�, and other occupied
and unoccupied orbitals, HOMO �A2�, LUMO �E�, LUMO
+1�E�, and LUMO+2 �B1�, are composed of �-orbitals of
phthalocyanine ring. The LUMO and LUMO+1 levels de-
generate in a free molecule. The degeneracy is lifted by the
adsorption.16 The split levels appear as two peaks at 0.71 and
0.88 eV, labeled as L0 and L1, respectively. The splitting
indicates a symmetry reduction in PbPc molecule by adsorp-
tion. The symmetry reduction of phthalocyanine ring from
fourfold symmetry was reported for SnPc on Ag�111� and
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FIG. 1. �Color online� 2PPE �top� and micro-1PPE �bottom�
spectra for the well annealed 1 ML PbPc film on HOPG. The pho-
ton energies are shown at right-hand side. The upper horizontal axis
is the intermediate energy �final energy-1h�� for 2PPE. The 2PPE
trace in the right hand is magnified by a factor of 3 to that in the
left-hand side. Peaks due to IPS and molecule-derived levels
�HOMO, LUMO+2 and HOMO-1� are clearly resolved. The
HOMO and HOMO-1 peaks are at −1.33 and −2.78 eV initial en-
ergy for both spectra. Note the largely different appearance of the
HOMO-1 feature: the sharp peak in the 2PPE is a contrast to the
broad shoulder in the 1PPE result.
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CuPc on Cu�111� by scanning tunneling microscopy
works.21,22

B. HOMO-1 peak

The HOMO-1 peak in Fig. 2 is enhanced at h�
=4.48 eV. From the initial energy of the HOMO-1 peak of
−2.78 eV, the intermediate energy for the enhancement is
1.70�=4.48−2.78� eV. In order to confirm the enhancement
of the HOMO-1 peak, expanded spectra measured at RT are
shown in Fig. 3. The HOMO-1 peak is enhanced at photon
energy of 4.48 eV, reproducing Fig. 2. The peak width is not
strongly dependent on the photon energy. By comparing
Figs. 2 and 3, we identified no significant temperature depen-
dence for the HOMO-1 enhancement. The enhancement is
discussed in Sec. IV A.

C. LUMO+2, HOMO and IPS peaks

The LUMO+2, HOMO, and IPS peaks appear at the en-
ergy region above 2.5 eV as can be seen in Fig. 2. The
photon energy dependence of their intensities and widths are
rather complicated. The HOMO derived peak becomes stron-
ger as the photon energy increased from 4.04 to 4.23 eV. At
h�=4.23 eV, the peak is sharp and intense: the enhancement

is due to the resonance between the HOMO and LUMO+2
derived levels.16 Optical transition between HOMO �A2� and
LUMO+2 �B1� is forbidden for a free molecule. The ob-
served resonance indicates again the symmetry reduction of
adsorbed PbPc. At h��4.33 eV, the LUMO+2 component
is separated from the HOMO component. The overlapped
peak is mainly composed of the LUMO+2 component, and
the HOMO component is resolved as a weak shoulder at
h�=4.38 and 4.43 eV. The intensity of the HOMO peak is
switched to that of the LUMO+2 peak when the photon
energy increases across the resonance energy. We denote the
sudden intensity changes as “intensity switching.” The inten-
sity switching is clearly seen in Fig. 4 where selected spectra
are shown in an expanded scale. The HOMO peak becomes
strong again at h��4.48 eV. The intensity increase is due to
the resonance between the HOMO derived level and IPS.16

The LUMO+2 peak is not observed at photon energies lower
than 4.18 eV. The peak becomes prominent at the
HOMO-LUMO+2 resonance and becomes gradually weaker
as the photon energy increases. The width of the LUMO+2
peak becomes wider with increasing photon energy �see Fig.
4�. In contrast to these molecule-derived peaks, the IPS peak
appears for all the spectra and becomes stronger with in-
creasing photon energy. The IPS peak nearly merges with the
HOMO peak at h�=4.77 eV �the HOMO-IPS resonance�.
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FIG. 2. �Color online� Photon energy dependence of 2PPE spec-
tra for 1 ML PbPc/HOPG measured at 90 K. The photon energies
are shown at both left and right-hand sides of the spectra. The
bottom spectrum is for the clean HOPG measured at RT. The hori-
zontal axis is the intermediate energy. The HOMO-1 peak is en-
hanced at 1.7 eV intermediate energy. In addition to the peaks ap-
peared in Fig. 1, the LUMO and LUMO+1 derived levels appear as
split components, labeled L0 and L1. The intensity ratio between
L0 and L1 changes as the change of the photon energy. Weak fea-
tures labeled as L� and L� are left unassigned.
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graphite. The enhancement of the HOMO-1 peak at 1.7 eV inter-
mediate energy is due the resonance with the �� band. Note that the
�� peak is not visible for the PbPc film.
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The width of the IPS peak is almost constant throughout the
photon energy region.

For a quantitative analysis, the 2PPE spectra are fitted
with four Voigt functions and some characteristic results are
shown in Fig. 4. The fitting was made as follows: the initial
energies for the HOMO peak and its vibronic structure were
fixed to −1.33 and −1.47 eV, respectively. The intermediate
energies for the LUMO+2 and IPS peaks were also fixed to
+2.91 and +3.52 eV, respectively. Thus the energy for the
HOMO-LUMO+2 resonance is 4.24 eV, and that for the
HOMO-IPS resonance, 4.85 eV. In order to reduce the num-
ber of adjustable parameters, the Lorentzian and Gaussian
widths, WL and WG, of the IPS peak were fixed to 80 and 60
meV, respectively. The width parameters of the LUMO+2
peak were adjustable with equal WL and WG. The main
HOMO peak was fitted with fixed WG of 60 meV and adjust-
able WL. The width parameters for the vibronic structure
were set to be the same as those of the main HOMO peak.
The fixed width parameters for the IPS and HOMO peaks
were determined from the spectrum at h�=4.13 eV.

The areas and full widths at half maxima �FWHMs� of the
peaks are plotted against the photon energy in Fig. 5. At
h�=4.28 and 4.33 eV, the HOMO and LUMO+2 peaks are
heavily overlapped, and the intensity and the width of the
HOMO peak are not determined. The intensities at h�
�4.7 eV are not very reliable because the photon energy is
close to the limit of the tuning range of our laser. The varia-
tion in the intensities and the widths are discussed in Sec.
IV B.

D. L0 and L1 features

The intensity ratio between L0 and L1 changes by in-
creasing the photon energy �see Fig. 2�. At h�=4.04 eV,
both peaks are weak and the L0 component is slightly stron-
ger than the L1 component. The peaks become intense as the
photon energy increases. The intensity of L0 is weaker than
L1 at h�=4.18–4.28 eV. The L0 component becomes stron-
ger again at h��4.33 eV. At h��4.65 eV, the further en-
hanced peaks shows slightly changed spectral shapes. The h�
dependent of the L0 and L1 intensities is discussed in Sec.
IV C. The weak peaks at 1.10 and 1.32 eV in Fig. 2, labeled
as L� and L�, respectively, were not resolved in Ref. 16. The
unoccupied levels for the L� and L� peaks should be another
split components of the LUMO and LUMO+1, but are left
unassigned here.

IV. DISCUSSIONS

A. HOMO-1 derived peak

The sharp HOMO-1 peak in the 2PPE spectra is a clear
contrast to the shoulderlike feature in the 1PPE result. The
enhancement of the HOMO-1 peak at the intermediate en-
ergy of 1.7 eV should be a resonance with an unoccupied
level at the energy. In order to clarify the origin of the unoc-
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cupied level, the 2PPE spectrum for the clean HOPG sub-
strate measured at h�=4.33 eV is shown at the bottoms of
Figs. 2 and 3. The broad structure labeled as �� is observed.
The peak is located at around 1.7 eV as indicated by a bar in
Fig. 3. Similar broad structure in a 2PPE spectrum of HOPG
was reported and attributed to non-k�-conserving transitions
from the initial state into a high density of the unoccupied ��

band of graphite.23 k� is the electron momentum parallel to
the surface. Inverse photoemission works reported a nondis-
persing unoccupied level at similar energy.24–27 Because the
peak energy of the �� structure is close to the intermediate
energy for the HOMO-1 enhancement, we attribute the
HOMO-1 enhancement to the resonance between the
HOMO-1 level and the unoccupied �� band of graphite.

The band structures and electron-phonon coupling in
graphite have been extensively studied.23,28–31 � band of
graphite crosses EF at K point forming so-called “Dirac
cone.” The unoccupied part of the �-band ���� below 2 eV is
located in the momentum region from M, K, to H points. The
occupied and unoccupied 	 bands are located below −4 and
above 4 eV, respectively. The energy region between −4 and
4 eV at the 
 point of bulk graphite is in the band gap. We
measured photoelectrons emitted normal to the surface, that
is, we probed the 
-point of the surface Brillouin zone. Pho-
toelectrons detected at the surface normal direction should be
generated by some indirect transitions. The origin of the in-
direct transition can be compared with the real intermediate
states within the projected band gap known in the 2PPE
works for Cu�111�.32–34 Petek discussed the role of phonon-
assisted process as the origin of the real unoccupied states
within the band gap.32 In order to compare our HOPG result
with the Cu�111� case, temperature dependence of 2PPE
spectra is shown in Fig. 6�a�. The intensity of the �� struc-
ture for clean HOPG decreases at 90 K, suggesting that the
�� structure for clean HOPG is related with thermal phonon.
Similarly to Cu�111�, the broad ��-structure at 1.7 eV for
clean HOPG should arise from the phonon coupled states
which are essentially the momentum integrated density of
state of the unoccupied �� band.

Another interesting feature of the �� structure is that the
peak of the substrate almost disappears for the 1 ML covered
surface. The electron mean free path of the low energy pho-
toelectrons is fairly longer than the thickness of the films.
The disappearance of the �� structure cannot be attributed to
the attenuation of the photoelectrons by the films. In contrast
to the clean HOPG in Fig. 6�a�, the intensity of the HOMO-1
peak is insensitive to the temperature as shown in Fig. 6�b�,
suggesting that the thermal phonon is not contributing to the
intensity of the HOMO-1 peak. The surface phonon of
graphite should be largely disturbed by adsorbed PbPc, and
the phonon-assisted process inducing the �� structure for the
clean surface becomes less effective. Then the �� structure
disappears for the PbPc covered surface. In place of the
phonon-assisted process, we consider a role of electron scat-
tering by PbPc molecules. In our preliminary work, the
HOMO-1 band shows no significant dispersion. Photoexcita-
tion from the HOMO-1 level to the �� band occurs in pro-
portional to the density of state of the �� band. Photoelectron
from the �� band can be scattered by the molecules to the
surface normal direction. The electron scattering should be

effective in 2PPE when the electronic transition is coupled
with the molecule, and the �� band contributes to 2PPE only
as the intermediate state for the HOMO-1 peak. The
HOMO-1 peak is observed throughout the photon energy
region of Figs. 2 and 3. The variation in the peak height with
the photon energy reflects the density of state of the �� band.
The peak width shows no significant dependence on the pho-
ton energy. The resonance narrowing discussed in Sec. IV B
does not occur because the width of the �� band is fairly
wider than that of the HOMO-1 level. Peak narrowing by
energy filtering effect35 known in resonant three-photon pho-
toemission from Cu�001� is not the case of the present sys-
tem in which the band width of the laser light ��20 meV� is
narrower than the widths of the relevant energy levels and
the dispersion of the intermediate state is not important. Thus
the peak width in Fig. 3 corresponds to the width of the
HOMO-1 level. While we do not discuss the origin of the
shoulderlike feature in 1PPE, 2PPE can resolve the HOMO-1
level clearer than 1PPE.

As can be seen in Fig. 6�a�, the intensity of the IPS peak
for HOPG decreases at low temperature, suggesting that the
IPS peak is affected by thermal phonon. Because of the band
gap at 
 point, the IPS for bare HOPG is excited by an
indirect transition from occupied states at high momentum
regions. The indirect transition becomes effective by
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FIG. 6. �Color online� Temperature dependence of 2PPE spectra
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traces are for RT and 90 K, respectively. The RT spectra for �a� and
�b� are normalized �gray horizontal line� to the intensities at the
−2.8 eV initial energy. For clean HOPG, the intensity of the ��

peak at around 1.7 eV intermediate energy decreases as temperature
decreases, suggesting that the �� peak arises from phonon-assisted
process. The IPS peak also becomes weak by decreasing the tem-
perature. On the other hand, the intensities of the HOMO-1 peak
and the IPS peak for the film are nearly independent of the tem-
perature. The low energy backgrounds in these spectra are higher
than those in Figs. 2 and 3 because of the different experimental
conditions.
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phonon-assisted momentum conservation. On the other hand,
the IPS peak for the PbPc film is rather insensitive to the
temperature. The IPS on the film is related with a molecule-
derived unoccupied level as is discussed in Sec. IV B.

B. HOMO, LUMO+2 and IPS peaks

The intensity of the IPS peak monotonically increases as
the photon energy increases close to the HOMO-IPS reso-
nance. The intensity increase indicates that electrons in the
IPS are excited from both the HOMO level and the bulk
band of graphite. It is interesting that the intensity of the IPS
peak for the 1 ML PbPc film is higher than that for the clean
HOPG as shown in Fig. 7. The binding energies from the
vacuum level are 0.85 eV for the clean HOPG and 0.73 eV
for the PbPc films, respectively. The increase in the intensity
is not in accordance with the frequently used dielectric con-
tinuum model.36–39 When the film acts as the dielectric iso-
lation layer, the wave function of the IPS penetrates into the
substrate by less extent and the intensity of the IPS peak
becomes weaker than that for the clean surface. On the other
hand, the increase in the intensity of the IPS peak indicates
that the PbPc film is not the simple isolation layer. As an
origin of the enhancement, we consider a hybridization of
the IPS with a molecule-derived unoccupied level. Our DFT
calculation16 for a free molecule shows that LUMO+3 or 4
is located close to the IPS. By mixing of the molecule-
derived unoccupied level with IPS, the IPS wave function is
not dumped in the film. Then the penetration of the IPS wave
function into the substrate is enhanced, and the IPS peak
becomes stronger. The mixing also causes the HOMO-IPS
resonance by the intramolecular transition.

It is interesting that the LUMO+2 peak is observed only
at photon energies higher than the HOMO-LUMO+2 reso-
nance at h�=4.24 eV. The width of the HOMO peak is 0.16
eV at photon energy below the resonance and the width of

the LUMO+2 peak is about 0.25 eV at h�=4.38 eV �see
Figs. 4 and 5�. Simply considering that the intensity variation
in the unoccupied peak around the resonance is determined
by a convolution of the occupied and unoccupied density of
states, the LUMO+2 peak is expected to appear at the
photon energy region higher than 4.04�=4.24− �0.16
+0.25� /2� eV. But no trace of the LUMO+2 peak is ob-
served at the photon energy region from 4.04 to 4.18 eV. On
the other hand, the intensity of the HOMO peak increases as
h� increases from 4.04 to 4.18 eV, reflecting the resonance.
As can be seen in Figs. 4 and 5, the HOMO peak suddenly
becomes very weak as the photon energy exceeds the reso-
nance, and the LUMO+2 contribution suddenly becomes
prominent at h�=4.23 eV. The intensity switching between
the HOMO and LUMO+2 peaks is strange in the view of the
simple resonance.

According to 2PPE results for Cu�111�, the n=1 IPS peak
due to 1� process is observed even at photon energy lower
than the resonance between the occupied Shockley state and
IPS.7,12,13 The intensity variations in the IPS peak due to 1�
process and the Shockley state peak due to 2� process are
symmetric with respect to the resonant photon energy. The
intensity variation as a function of the pump photon energy
has been discussed based on the dephasing process.7–10,12

When the present PbPc results are compared with the known
trend, the intensity variation around the HOMO-IPS reso-
nance may be viewed as to be similar to the Cu�111� case:
both the HOMO peak �2�� and the IPS peak �1�� become
stronger as the photon energy increasing closer to the
HOMO-IPS resonance. In contrast to the HOMO-IPS reso-
nance, the intensity variations around the HOMO-LUMO
+2 resonance are asymmetric: the intensity of the HOMO
�2�� peak is switched to the LUMO+2 �1�� peak at the
resonance. Similar intensity switching at the resonance was
reported for several transitions of Si surfaces.13–15 The asym-
metric intensity variation is not specific to the present mo-
lecular film. The detailed mechanism for the intensity varia-
tion in 2PPE peaks awaits for further understanding on the
2PPE process as was suggested by Weinelt.13,40

The LUMO+2 peak due to 1� process is observed at
photon energies far above the resonance. If only the HOMO
level was the initial state, energy conservation is not fulfilled.
A possible mechanism may be an optical transition from the
HOMO level to some resonantly excited state followed by
relaxation to populate the LUMO+2 level. But such an ex-
cited state is not observed and is not very probable for the
film with the clearly resolved energy levels. Rather, we con-
sider a contribution of occupied bulk bands of the substrate
as the initial state. The contribution is mentioned below
when the width of the LUMO+2 peak is discussed.

Figure 5 shows that the width of HOMO is 0.16 eV at
h��4.23 eV and becomes narrower to 0.13 eV at the reso-
nance. It becomes about 0.15 eV again at h��4.59 eV. Ac-
cording to Ueba’s theory of resonance narrowing,8 the widths
of 2PPE peaks become narrower by interference of 1� and
2� processes, and the peak profiles at the resonance are de-
termined by the product of the occupied and unoccupied den-
sity of states. Taking the widths of the HOMO and LUMO
+2 levels to be 0.16 and 0.25 eV, respectively, the width of
the product function is estimated to be about 0.13 eV. The
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FIG. 7. �Color online� Close up of 2PPE spectra for clean
HOPG �bottom� and the 1 ML PbPc/HOPG �top� measured at 4.33
eV photon energy, which is far from the HOMO-IPS resonance. The
IPS peak for the film is significantly higher than that for the clean
HOPG. The enhancement indicates that the IPS is hybridized with
an unoccupied level of the PbPc film.
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value close to the observed width supports the narrowing
mechanism. We present the estimated value with reservation,
because the functional forms of the intrinsic density of states
are not accurately known. The narrowing is observed at the
photon energy range of about 0.4 eV wide. The energy range
should be correlated with the widths of the HOMO and
LUMO+2 levels and is similar to the photon energy window
of 0.4 eV for the suppression of the HOMO vibronic
structure.17 Though the resonance narrowing should occur
symmetrically around the resonance, Fig. 5 shows that the
narrowing occurs only at photon energy region higher than
the resonance. The reason is not clear and will be correlated
with the mechanism of the intensity switching.

The width of the LUMO+2 peak becomes broader with
increasing photon energy above the HOMO-LUMO+2 reso-
nance. The width of 1� peak should be independent of the
photon energy when a fixed intermediate state is assumed.
Sakaue predicted that hole scattering causes a broadening of
1� peak at photon energy region higher than resonance.11

According to the theory, the hole partially exists in the bulk
band. As the photon energy increases, the hole is formed at
deeper energy to fulfill the energy conservation. As a result
of the increased phase space to fill the hole, the lifetime of
the intermediate state becomes shorter and the 1� peak be-
comes broader. The mechanism seems to be helpful to con-
sistently understand the broadening of the LUMO+2 peak
and also the appearance of the peak at the photon energy
region high above the resonance. The discussion also leads to
a conclusion that the LUMO+2 level observed in 2PPE
spectroscopy is not a molecular exciton in which the hole
and electron are localized within a molecule. On the other
hand, the theory cannot interpret the intensity switching.

C. L0 and L1 features

The intensity ratio of the split components, L0 and L1,
changes with the photon energy increase as can be seen in
Fig. 2. The change can be understood by considering reso-
nant excitations from occupied levels deeper than HOMO-1.
Fig. 8 shows energy levels for a free PbPc molecule obtained
by the DFT calculation and the 2PPE spectra measured at
selected photon energies. The energy scale for the calculated
levels was adjusted to reproduce the initial energies of the
HOMO and HOMO-1 peaks. The occupied levels deeper
than HOMO-1 are grouped as �A� to �C�. The lengths of
vertical arrows are proportional to the photon energies used
in the upper 2PPE spectra. The resonance from HOMO-1 to
the graphite ��-band, discussed in Sec. IV A, is shown by an
open gray arrow. At low h� of 4.04 eV, the L0 and L1 levels
are not resonant with any occupied levels. The resultant
2PPE peaks are weak. The photon energy of 4.18 eV is suf-
ficient to resonantly excite the L0 and L1 levels from the
occupied levels of the group �A� and the intensities of the
2PPE peaks become higher. The L1 component is higher
than the L0 component by favorable resonance from the
high-lying level of the group. At slightly higher photon en-
ergy of 4.38 eV, other occupied levels labeled �B� participate
in the initial states to excite the L0 level. The intensity ratio
of the L0 and L1 components is reversed by the contribution.

At h�=4.70 eV, the group �C� occupied levels participate in
the initial states to populate the L0 and L1 levels resulting in
the increased intensity and the change of the spectral fea-
tures. Thus the L0 and L1 levels are considered to be popu-
lated by resonant excitations from the occupied levels. The
resonant 2PPE spectroscopy is effective to resolve the con-
gested occupied levels which cannot be resolved in 1PPE.

V. CONCLUSION

Photon energy variable 2PPE spectroscopy is effective to
reveal detailed resonant excitation processes in the molecule-
adsorbed surface. It is interesting that the intensity variations
of 1� and 2� peaks are different for the transitions: only the
HOMO-1 peak appears for the resonance between the
HOMO-1 level and the �� band. Intensity switching and
the broadening of the 1� peak are observed for the
HOMO-LUMO+2 resonance. The HOMO-IPS resonance is
rather similar to the known trend. The intensity switching
and the broadening of the 1� peak provide a clear evidence
of the unresolved signal generation mechanisms for 2PPE
process. The phenomena should generally occur for surfaces
on which energy levels of narrow width interact with con-
tinuous energy band of the substrate. The present results pro-
vide the direction to refine the understanding of 2PPE pro-
cesses. Deeper understanding of the intensity and width
variations is also crucial for advancing 2PPE spectroscopy to
a versatile method to probe unoccupied energy levels. De-
tailed understanding of the nature of the unoccupied levels
observed in 2PPE experiment is indispensable when the
2PPE results are compared with other experimental results
such as inverse photoemission, optical spectroscopy and so
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on. It is also demonstrated that resonant 2PPE spectroscopy
is effective to probe not only unoccupied levels but also oc-
cupied levels which are buried in complicated 1PPE features.
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