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Two-photon photoemission �2PPE� spectroscopy is used to map the momentum-dependent energy distribu-
tion of unoccupied bands in the layered 1T-TiSe2 transition-metal dichalcogenide compound. A comparison of
the experimental results with previous calculations based on the local-density functional approach enables us to
identify the second Ti 3d conduction band and a localized unoccupied state that we assign to the presence of
excess titanium atoms in the van der Waals gap of the crystal. Time-resolved 2PPE measurements show clear
differences in the lifetime between the two states, indicative for the decoupling of the Ti excess atoms from the
bulk electronic structure.
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I. INTRODUCTION

The compound class of the layered transition-metal
dichalcogenides �TMDC� is considered a model system for a
wide range of phenomena associated with a reduced dimen-
sionality and has therefore been studied extensively during
recent decades. Examples include enhanced correlation ef-
fects such as charge-density wave �CDW� instabilities,1–3

Mott insulator transitions,4 and superconductivity.5,6 The
group 4 TMDC 1T-TiSe2 is of particular interest, as it is the
only compound of this group exhibiting a CDW transition
which is accompanied by a structural transition associated
with the formation of a �2�2�2� superlattice.7,8 Even
though the system has been the subject of a number of
studies in the past, there is still an ongoing and lively
discussion about the actual origin of this phase transition.
Among others, Fermi-surface nesting,8,9 a band-type Jahn-
Teller mechanism,3,7 and an excitonic insulator mechanism,10

as well as combinations of these,11 have been proposed.
Recently also a competition between the CDW phase and a
superconducting phase in copper doped TiSe2 was
observed.5,6

A distinction between the different models proposed so
far is possible by a detailed inspection of peculiarities of the
electronic structure particularly in the vicinity of the Fermi
energy. For instance, a �band-type� Jahn-Teller mechanism is
expected to be accompanied by an energy lowering of the
Se 4p bands, which is associated with a Ti-Se bond shorten-
ing upon the transition into the CDW phase.12 On the other
hand, characteristics at the � point and the L point of the
Brillouin zone are indicative of a phase transition driven by
Fermi-surface nesting.9 A thorough study of the 1T-TiSe2
band structure by means of angle-resolved photoelectron
spectroscopy �ARPES� in the normal and in the CDW state is
therefore a common and very efficient approach used to ad-
dress the problem raised above.7,11,13

ARPES allows primarily for a spectroscopic access to the
band structure associated with occupied electronic states.
However, also the study of the properties of the unoccupied
spectrum can contribute to the comprehensive understanding
of the complex behavior of the TMDC compounds. In the

past, the inverse photoemission technique �IPE� has been
used to investigate the unoccupied band structure of the
1T-TiSe2 system.14–16 It was possible to identify the Ti 3d�

band �conduction band 2 in this reference� in the �M direc-
tion in qualitative agreement with band-structure
calculations.9

In this work we apply the angle-resolved two-photon pho-
toelectron spectroscopy �AR-2PPE� to map the momentum-
resolved unoccupied band structure of 1T-TiSe2. The 2PPE
technique allows for a significantly higher energy resolution
than the IPE technique.17 Furthermore, in a stroboscopic
�time-resolved� scheme, 2PPE �TR-2PPE� is capable of
monitoring the ultrafast decay of bulk and surface electronic
excitations at a temporal resolution of a few femtoseconds
�10−15 s�.18 Such measurements can provide relevant in-
sights into the decay mechanism of bulk decoupled electron
states as has been shown, e.g., in the context of image po-
tential states18–22 and adsorbate excitations at noble-metal
surfaces.23–27

Our 2PPE data proof the existence of a nondispersive un-
occupied band at an energy of about 2.3 eV above the Fermi
energy. We provide evidence that this band originates from
excess titanium atoms embedded in the interlayer van der
Waals gap of TiSe2. The TR-2PPE experiments reveal a life-
time of the excess titanium atom excitation of about 7 fs,
which is significantly longer than the measured lifetime of a
Ti 3d� band excitation within the TiSe2 layers. This differ-
ence points to a considerable decoupling of the band from
the bulk electronic structure and further supports our assign-
ment to a state localized within the van der Waals gap. Our
results show that an efficient decoupling of unoccupied states
in resonance with bulk electronic states can emerge not only
in front of a surface but also at specific sites located within a
bulk.

II. EXPERIMENTAL DETAILS

The scheme of the experimental setup used in this work is
shown in Fig. 1. ARPES and AR-2PPE as well as TR-2PPE
experiments were performed in a magnetically shielded
ultrahigh vacuum �UHV� chamber �base pressure below 5
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�10−11 mbar� using a hemispherical electron-energy ana-
lyzer �“PHOIBOS 150,” SPECS, 150 mm radius�. The ana-
lyzer is equipped with a two-dimensional �2D� detection unit
which allows for parallel detection of the photoemitted elec-
trons over a kinetic-energy range of typically 2 eV and an
emission angle range of up to �13°. The analyzer was set to
an energy resolution of 20 meV and an angular resolution of
0.3°. The system is furthermore equipped with a low-energy
electron diffraction �LEED� system which is used to check
the surface quality and for alignment of the surface crystal-
line orientation prior to the photoemission experiments.

ARPES reference spectra have been recorded using the
He-I emission �21.22 eV� of a gas discharge vacuum ultra-
violet lamp. Next to initial and final states accessible in con-
ventional photoemission experiments, 2PPE spectra contain
in addition information about the unoccupied state distribu-
tion between Fermi energy and vacuum energy. Figure 2 il-
lustrates the excitation scheme of a 2PPE process and the
different electronic states contributing to the measured sig-
nal. The energy scale E−EF used in this work is determined
from the kinetic energy Ekin of the photoelectrons analyzed
in the spectrometer according to E−EF=Ekin+�−h�, with
the work function � and the photon energy h�. For the 2PPE
experiments we use the frequency converted output of two
different-pulsed Ti:sapphire lasers: the AR-2PPE measure-
ments are performed with the second harmonic �SH� and
third harmonic �TH� of a narrow bandwidth laser system
�laser 1, repetition rate: 80 MHz, bandwidth �20 meV�. Un-

der consideration of the electron analyzer setting the experi-
mental setup using this laser system yields an overall energy
resolution of �30 meV. The wavelength of the laser light
can be tuned continuously between 720 and 840 nm corre-
sponding to photon energies of the SH light from h�=2.95 to
3.45 eV, and of the TH light from h�=4.45 to 5.15 eV.

For the time-resolved experiments we use a broad band-
width laser system �laser 2, repetition rate: 76 MHz, band-
width �90 meV�, delivering frequency doubled light pulses
of 28 fs temporal width at a photon energy of h�=3.12 eV.
All TR-2PPE measurements are performed in the autocorre-
lation mode using identical, p-polarized laser pulses. The
broader bandwidth of laser 2 leads to noticeable broadening
of the spectral features in comparison to the AR-2PPE mea-
surements. The data was phase averaged during acquisition
using an electric-wobbling motor, thus eliminating interfer-
ence contributions to the signal. A TR-2PPE scan consists of
a series of E�k��-intensity maps recorded with the 2D energy
analyzer at varying temporal delays �t between the two
pulses. Individual 2PPE autocorrelation traces from selected
E�k�� areas can later be extracted from these intensity maps
and then deconvoluted using calculated autocorrelation
traces. For this purpose, the autocorrelation of a
sech2-shaped laser pulse is convoluted with a decreasing ex-
ponential. The time constant of the exponential corresponds
to the lifetime of the unoccupied state. It is tuned for best
fitting of the calculated to the experimental data.28,29 This
procedure finally yields in parallel a complete lifetime value
data set ��E ,k��, covering the complete experimentally ac-
cessible energy and momentum regime.30 The laser-pulse du-
ration at the sample surface, required for the deconvolution
procedure, is determined by measurement of the 2PPE auto-
correlation trace for excitation from the Cu�111� Shockley
surface state.31,32 For further illustration, the energy- and
momentum-dependent lifetime variations are color coded
and displayed in a two-dimensional E−k� representation as
shown in Fig. 9�a�.

The 1T-TiSe2 single crystals used for the experiments
were grown by chemical vapor transport using iodine as a
transport gas.8 The crystals were grown at a temperature of
660 °C at a selenium excess of 3 mg /cm3. Such a procedure
results in the formation of single crystals exhibiting struc-
tural homogeneous domains of up to about 3�3 mm2 suit-
able for photoemission experiments, however, on the costs of
the crystal stoichiometry toward an enrichment with titanium
atoms.8,33,34 The preparation of a defined surface was per-
formed by cleavage of the crystal under high-vacuum condi-
tions and the subsequent removal of residual adsorbates by
short annealing of the sample to 500 K under UHV condi-
tions in the experimental chamber. The overall preparation
procedure resulted in flat and shiny �0001� surfaces of the
TiSe2 samples yielding sharp LEED spots and well defined
ARPES and AR-2PPE spectra. Surface impurities are known
to modify the spectral weight of the electronic states of
1T-TiSe2 considerably35,36 and can also completely quench
the CDW transition as a result of a net charge transfer be-
tween adsorbate and compound. A reliable check of the sur-
face quality in our experiments was the observation of the
CDW transition by mapping characteristic changes7,10,11,13,37

in the electronic structure at the M̄ point of the Brillouin

FIG. 1. Scheme of the experimental setup used for the 2PPE and
TR-2PPE experiments.

FIG. 2. Excitation scheme of the 2PPE process. The contribu-
tion of intermediate �hatched� and final �cross-hatched� states to the
recorded spectrum is visualized.
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zone using angle-resolved photoelectron spectroscopy �Fig.
3�. The actual transition temperature of the samples into the
CDW phase is �174�3� K and was determined from the
temperature dependence of the upper Se 4p band edge at the

�̄ point in reference to resistivity measurements by Rossna-
gel et al.,7 where similarly prepared samples were used. This
temperature value allows us to estimate the Ti excess con-
centration in the samples to about �1�0.1�% based on ref-
erence data of Di Salvo et al.,8 where the Ti excess atom
content was referred to the observed CDW transition tem-
perature in a systematical manner.

A work function of �=5.7 eV has been determined for
several AR-2PPE experiments on the pristine TiSe2 from the
low-energy onset of the photoemission spectrum. This value
is in good agreement with the results of previous
measurements16 and calculations.38 For part of the experi-
ments the 1T-TiSe2 surface was covered by a small amount
of cesium from a SAES Getters source to reduce the surface
work function. To inhibit the intercalation of the alkalis into
the van der Waals gap of the TiSe2 crystal, as reported in
several works, we evaporated and performed these experi-
ments at a sample temperature of 123 K.39–42 For all photo-
emission experiments either a sheet of tantalum or a Cu�111�
single crystal in electrical contact to the sample was used as
Fermi energy reference.

III. RESULTS AND DISCUSSION

A. Spectroscopy of the unoccupied states of the 1T-TiSe2

compound

Figure 4 shows a composite AR-2PPE E�k�� intensity map
recorded with the third harmonic of laser 1 �TH-2PPE� at a
photon energy h�=4.43 eV and at four different polar angles

of the sample with respect to the energy analyzer axis. This
composite map is used for illustration only. The quantitative
analysis of the data was performed using energy distribution
curves �EDCs� deduced from the intensity maps as shown in
Fig. 4�b� for different emission angles. Normal emission �0°
emission angle� corresponds to electron emission from the �̄
point. At a work function �=5.7 eV of the pristine 1T-TiSe2
sample, the used photon energy provides the spectroscopic
access to an overall energy span of 3.16 eV �see inset of Fig.
4�a��. This span covers an energy range for occupied states
between −3.16 eV and the Fermi level EF and an energy
range for unoccupied states between 1.27 and 4.43 eV be-
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FIG. 3. �Color online� ARPES data at the M̄ point of the Bril-
louin zone taken in the normal �300 K, left part� and CDW �125 K,
right part� phase. The formation of the CDW �2�2�2� superlattice

leads to a backfolding of the Se 4p bands, which appear at the M̄
point. The conduction band, which is situated above the Fermi en-
ergy at room temperature, shifts into the occupied region during the
phase transition. This leads to the appearance of the nondispersive
feature right below the Fermi level upon cooling. The photon en-
ergy is h�=21.22 eV.
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FIG. 4. �Color online� �a� AR-2PPE intensity map of pristine
1T-TiSe2, photon energy h�=4.43 eV. The map is composed of
four partial spectra recorded at different polar angles of the sample
relative to the analyzer axis. The partial spectra are shifted in an-
gular direction for best correlation and blended at the seams using a
special software �“SpecsComposer,” SPECS, Version 1.0�. Normal-
ization is applied to match the intensity as homogeneous as pos-
sible. The labeling of the left axis displays the occupied states en-
ergies, the labeling of the right axis displays the unoccupied states
energies of the 2PPE process. The colorscale corresponds to the
mapping of the intensities. The inset shows the occupied and unoc-
cupied states energy span that is sampled in this 2PPE experiment at

the �̄ point. �b� EDCs for selected emission angles extracted from
the AR-2PPE intensity map. �c� Corresponding 2PPE-energy-
reduced band scheme of 1T-TiSe2 following calculations from Refs.
9 and 43. Initial-state bands are shown in black, intermediate-state
bands �red, dashed� have been shifted by h�=4.43 eV, final-state
bands �green, dotted� have been shifted by 2h�=8.86 eV. Intersec-
tions of different bands indicate possible direct transition within the
2PPE process. The nondispersive �unoccupied� band labeled “ex-
cess Ti” �dashed line� arises from excess Ti atoms located in the van
der Waals gap of the layered crystal �Ref. 43�.
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tween EF and the vacuum level. The energy scale used
throughout this work is referred to the Fermi energy EF.

The sharpest and therefore most distinctive features ap-
pearing in the TH-2PPE intensity map in Fig. 4�a� are the
two parabolas at the top of the spectrum, exhibiting a strong,

holelike dispersion in the vicinity of the �̄ point. The parabo-
las are well known from conventional ARPES data �see Refs.
7, 11, 37, and 44� and can be attributed to the occupied Se 4p
bands of the composite. The upper visible parabola corre-
sponds to one of the two spin-orbit split Se 4px, 4py valence
bands.45 The second split-off band is only barely visible at
about +30° emission angle �indicated by the dashed line in
Fig. 4�a�� and as a resonance feature at about +45° emission
�arrow, see EDCs at different emission angles shown in Fig.
4�b��. The lower parabola can be assigned to the Se 4pz
band.

The main spectral feature dominating the TH-2PPE data
in Fig. 4 is the broad, weakly dispersive intensity band lo-
cated in the occupied state-energy regime E−EF between
−2.25 and −1.25 eV. In the following, we will show that this
spectral feature has a complex origin, and contains contribu-
tions from five different bands. For a direct comparison with
the experimental data, Fig. 4�c� shows an energy-band dia-
gram of 1T-TiSe2 deduced from band-structure calculations
in Ref. 9. These data cover the full-energy regime probed in
our experiment. The data are completed by results from Ref.
43 which particularly consider the effect of defect states on
the electronic structure. More recent band-structure calcula-
tions are also available from literature.33,46–50 These data are,
however, restricted with respect to the addressed energy
range. The band energies and band dispersions provided by
these data do not considerably deviate from the data from
Ref. 9.

The data in Fig. 4�c� are shown in a representation that we
refer to as a 2PPE energy-reduced band scheme. In this rep-
resentation all energy bands which are potentially involved
in the 2PPE process �initial-, intermediate-, and final-state
bands� are projected to the initial-state energy level under
consideration of the experimentally used photon energy, i.e.,
h�=4.43 eV in the present example. Final-state bands are
therefore shifted down in energy by 2h�, intermediate-state
bands are shifted down by h�, and initial-state bands are not
shifted at all. This representation allows for the comparison
of experimental data and calculations in an intuitive and di-
rect manner. In particular, band intersections in the reduced
band scheme are indicative of potential resonant transitions
within the 2PPE process.

Four main features are predicted by the calculations and
the corresponding 2PPE energy-reduced band scheme: first
of all, the above-mentioned parabolic Se 4p bands �4px, 4py,
and 4pz� which are shown in black �full line� and are clearly
identified in the TH-2PPE intensity map. Second, the inter-
mediate �unoccupied� states labeled in red �dashed line�
which exhibit two distinct contributions. The two higher-
lying energy levels are derived from a mixture of Ti 3dx2−y2,
3dxy, 3dxz, and 3dyz orbitals and will in the following be
referred to as Ti 3d� bands in accordance with Ref. 48. The
lower-lying nondispersive feature marks the energy of a band
arising from the presence of Ti excess atoms in the van der

Waals gaps of the layered crystal structure �excess Ti state�
and was predicted by Pehlke and Schattke.43 Finally, the two
final-state bands marked in green �dotted line� are derived
from high-energy titanium orbitals of s and p character.9,16

The broad intensity band in the experimental TH-2PPE
data extends over an initial-state energy range from −2.25 to
−1.25 eV. Note that these two energy values agree rather
well with the energies of the Ti 3d� band �−1.2 eV� and the
excess Ti state �−2.3 eV� in the energy-reduced band
scheme of Fig. 4�c�. However, only the resonance features,
due to the crossing of the Se 4p bands, can be assigned un-
ambiguously from the experimental TH-2PPE data. AR-
2PPE intensity maps recorded with second-harmonic light
�SH-2PPE data� enable us to distinguish and identify further
contributions to this intensity band.

Figure 5 shows a SH-2PPE intensity map recorded at a
photon energy of h�=3.44 eV. As in the case of the TH-
2PPE intensity map, Fig. 5�a� includes scales for occupied
states energy �left� and unoccupied states energy �right�. Fig-
ure 5�b� is the corresponding 2PPE related energy-reduced
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FIG. 5. �Color online� �a� AR-2PPE intensity map of 1T-TiSe2

covered by a small amount of cesium recorded with p-polarized
laser light at a photon energy of h�=3.44 eV. The map is com-
posed of three partial spectra, angularly shifted and blended as de-
scribed in Fig. 4�a�. The intensity of the two non-normal-emission
spectra is amplified to enhance visibility of the Se 4p bands. Energy
labeling corresponds to occupied states energy �left axis� and unoc-
cupied states energy �right axis�; �b� corresponding 2PPE energy-
reduced band scheme �h�=3.44 eV�.
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band scheme.9,43 A meaningful 2PPE intensity map of a
1T-TiSe2 sample recorded in the second-harmonic photon
energy regime �h�=3.00 to 3.44 eV� requires a specific
sample treatment which will be described and commented on
in the following and prior to the discussion of the actual
SH-2PPE data.

Because of the high work function value of 5.7 eV of the
pristine 1T-TiSe2 surface the accessible energy span in a
2PPE experiment recorded at h��3 to 3.5 eV is limited to a
width of about 1.3 eV and below. To extend this energy span,
the samples have been covered, in our study, with a small
amount of cesium atoms �	
0.27 monolayer �ML��, a pro-
cedure, which is well known to be very effective in reducing
the surface work function.38,51,52 Figure 6 shows 2PPE EDC
of the TiSe2 sample taken at increasing Cs coverages up to
a maximum of 0.34 ML. The successive shift in the low-
energy onset of the spectrum is indicative for the lowering
of the surface work function.53 It has to be emphasized that
the interaction between alkali atoms and transition-metal
dichalcogenides can be rather complex. Alkalis tend to
intercalate into the van der Waals gap in between the
crystal layers.38,40–42 To thermally inhibit alkali intercalation,
the sample temperature was therefore kept at 123 K
during evaporation, as well as during the consequent
experiments.39,41,42

Furthermore, electron transfer from the adsorbed alkali
species to the substrate can give rise to a successive filling of
the 1T-TiSe2 bands and results in an increase in the electron
binding energies.52,54 In particular, the energy regime close
to EF, governed by the Se 4p bands, is considerably affected
by the adsorbed Cs �see Fig. 6�. Three-peak fits to this spec-
tral region �see Fig. 7�b�� show that the different spectral
signatures exhibit an energy shift �E of up to 35 meV for the
maximum Cs coverage used in this work. Additionally, the
relative photoemission yield becomes clearly reduced due to
the adsorption of Cs. In the quantitative analysis of the ex-
perimental data, this energy shift was taken into account. For
other surface systems the appearance of new, surface-

localized electron states due to the adsorption of alkalis has
been reported.51,55–59 In this 2PPE study such an alkali-
derived state could not be observed. The peak at E−EF�
−1.1 eV �E−EF�2.3 eV unoccupied states energy� that be-
comes accessible due to the decrease in the work function is
already present at zero Cs coverage �even so spectrally
merely accessible at this coverage� as evidenced by the inset
in Fig. 6. Even more �and in contrast to the low-energy part
of the spectrum� this state is extremely robust against Cs
adsorption and exhibits no detectable change in energy
��E
15 meV� and photoemissivity. A lowering of the work
function by other adsorbates, i.e., nonalkalis, for instance,
because of the contamination by the residual gas in the UHV
chamber over days, will also render this feature visible with
no significant changes. This insensitivity to modifications in
the surface properties hints to a state that exhibits no or only
negligible wave-function amplitude in the TiSe2 top layer but
that is buried underneath within the van der Waals gap of the
crystalline structure. We will see later that this feature con-
siderably contributes also to the broad intensity band in the
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TH-2PPE intensity map of the noncesiated sample. The in-
sensitivity of the 2PPE data to adsorbates/surface contamina-
tions proofs that this state is not due to surface-localized
states such as adsorbate states, surface states, or image po-
tential states but that it is indeed an unoccupied electron state
located within the bulk. Note also that a pronounced depen-
dence of the photoemission yield on the polarization of the
state is not observed as one would expect particularly in the
case of surface states and image potential states.

Let us now consider in detail the SH-2PPE intensity map
displayed in Fig. 5. At first glance the data exhibit the same
general spectral features as the TH-2PPE spectrum: Parabo-
las exhibiting holelike dispersion just below the Fermi level
because of photoemission from the Se 4p bands and addi-
tional �nondispersive� features at slightly lower energies that
becomes fully accessible due to the work function reduction
by the Cs. A closer inspection shows, however, clear differ-
ences in the spectral characteristics. The Se 4p signal in the
SH spectrum appears blurred, yet strongly enhanced in the

vicinity of the �̄ point. Furthermore, the nondispersive fea-
ture appears to be much narrower than in the TH-2PPE spec-
trum. The energy-reduced band scheme in Fig. 5�b� gives an
obvious explanation for both characteristics. The change in
photon energy has shifted initial-, intermediate-, and final-
state contributions with respect to each other in the initial-
state energy projection. Therefore, for 2PPE excitation with
h�=3.44 eV, the unoccupied excess Ti state is now expected
to be rather isolated and well separated from the final-state
titanium s and p orbitals �green, dotted parabolas�. In fact,
the energy of the excess Ti state as derived from the calcu-
lations fits rather well to the energy of the narrow band in the
SH-2PPE data. This interpretation is corroborated by the ro-
bustness of the state against surface contamination indicating
a localization within the van der Waals gap as expected for
the Ti excess state. Furthermore, the Se 4p parabolas now
show significant overlap with the intermediate Ti 3d� band

particularly at �̄, and therefore explain the experimentally
observed resonant enhancement and overall spectral broad-
ening.

The quantitative analysis of AR-2PPE data recorded at a
number of different photon energies supports our assign-
ments and enables us to explicitly extract the respective band
energies and dispersions from the experimental data. Figure
7�a� shows the kinetic-energy position �corresponding to the
final-state energy� of all spectral features identified in the

SH-2PPE maps at the �̄ point as a function of the applied
photon energy �h�=3.00–3.45 eV�. This graph is completed
by corresponding TH-2PPE data �h�=4.40–4.75 eV�. The
data points were extracted from the 2PPE EDCs deduced
from the intensity maps and after subtraction of a secondary
background mimicked by an exponential decay function.
Peak positions were determined from multiple, sufficiently
separated Gaussian fits. These fits delivered unambiguous
peak energies from all SH-2PPE EDC. In the case of the
TH-EDC the extraction of peak positions is, however, critical
in the energy regime of the broad intensity band. Figure 7�b�
compares a SH- and TH-EDC recorded at h�=3.44 and
4.43 eV, respectively, with the result of the multiple Gaussian
fit. While two Gaussians are sufficient to fit the unoccupied

features �dashed, peaks A and C� in the SH-EDC, a satisfac-
tory fit to the dominating broad feature in the TH-EDC re-
quires the assumption of a third Gaussian �dotted, peak B�.
We assign these three Gaussians to three different bands.

The slope of the peak positions in Fig. 7�a� allows one to
distinguish initial-, intermediate-, and final-state contribu-
tions to the spectrum. A slope of 2�h�, two times the change
in photon energy, is characteristic for an initial state, �h� is
characteristic for an intermediate state and final states exhibit
a vanishing slope.60 The two parabolas in the vicinity of the
Fermi edge, which we already assigned to the occupied �ini-
tial� Se 4p states, show indeed a slope of �2.0�0.1� and
�2.0�0.2� as expected. They are shown in Fig. 7�a� by full
black lines in correspondence to the color coding and line
style used in the energy-reduced band schemata �Figs. 4�c�
and 5�b��. Another peak �labeled in red and dashed, C in Fig.
7�b�� which evolves slightly below the Se 4p parabolas in the
SH-2PPE spectra as the photon energy increases exhibits a
slope close to one �1.2�0.1� and fades into the upper edge
of the broad band feature in the TH-2PPE spectrum. Due to
the energy of this state in comparison to the band-structure
calculations, we assign the peak to the unoccupied Ti 3d�

bands. The deviation of the slope from one is likely due to
the fit of the broad feature in the TH-EDC, as described
above. Except for the Se 4pz band all bands exhibit a small
or even vanishing band dispersion in k�, because of the
weak coupling between the TiSe2 layers �see band-structure
calculations9 shown in Fig. 8�. Therefore, the experimentally
determined photon-energy slopes are not affected by the k�

dispersion as reported before for instance in the case of a
resonant interband excitation in Ag�111�.61,62 With respect to
the Se 4pz band the observed slope of two just confirms the
unambiguous assignment on the basis of the k� dispersion
and the comparison with 1PPE measurements and the band-
structure calculation. In this case the pronounced k� disper-
sion does not seem to affect the photon-energy dependence
of the 2PPE signature. The data points at the lowest energy
values �also shown in red and dashed, A in Fig. 7�b�� corre-
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FIG. 8. �Color online� Left: calculated band structure along the
�M direction �k�� �Ref. 9� in comparison to the experimental results
of this 2PPE study. The lower-lying red �dashed� line is the unoc-
cupied nondispersive excess Ti atom band �E−EF=2.1 eV, Ref.
43�. Filled symbols correspond to experimental TH-2PPE data,
open symbols correspond to SH-2PPE data. Right: calculated band-
dispersion data perpendicular to the surface plane along the �A
direction �k��.
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spond to the separated nondispersing band in the SH-2PPE
intensity map. These data points also exhibit a slope close to
one �1.1�0.1� and further support our previous assignment
to the nondispersive unoccupied excess Ti atom state.

Let us finally consider the slope of the center Gaussian
fitted to the broad band feature in the TH-2PPE EDC �Fig.
7�b�� and displayed in Fig. 7�a� in green �dotted line�. This
peak does not exhibit any change in position with excitation
energy and is therefore characteristic for a final-state contri-
bution. Extrapolation of these data to the second-harmonic
photon-energy regime �3.0–3.5 eV� �see also Fig. 7�a��
shows that this state is located well above the final-state cut-
off energies in these spectra �labeled by the gray dashed-
dotted line� and therefore cannot contribute to the SH-2PPE
signal. In comparison with the reduced band scheme the en-
ergy of this state fits approximately to the energy of the
upper of the two final-state Ti bands of s and p character. We
do not observe any contribution of a second final-state band
in any of the 2PPE data.

In a similar manner, peak positions of 2PPE EDC curves
at different, finite k� values along the �M direction have been
evaluated. The results are summarized in Fig. 8 and are di-
rectly compared with the band-structure calculations from
Refs. 9 and 43. The first conduction band of the TiSe2 com-
pound, exhibiting a Ti 3d� and Ti 3dz2 character with admix-
tures of Se 4p bands,48 is located at an energy between 0 and
1 eV above the Fermi level and therefore experimentally not
accessible with the photon energies available for our 2PPE
study. For the upper unoccupied Ti 3d� band �full red circles�
the experimental data show only a weak dispersion and an

energy of E−EF= �3.0�0.1� eV at the �̄ point, as derived
from Fig. 7. This result is in good agreement with the calcu-
lated band structure, which yields a corresponding value of
3.2 eV �Refs. 9 and 49� and 3.1 eV �Ref. 48�, respectively.
For comparison, in previous IPE studies a value of 3.1 eV
�Ref. 15� to 3.2 eV �Ref. 16� was reported.

The data points located approximately 0.7 eV below the
Ti 3d� band �open and filled red squares� correspond to the
band that we assigned to the excess Ti atom states. The ab-
sence of any dispersion in the experimental data supports the
localized character of this state and an energy of E−EF
= �2.3�0.1� eV agrees well with the calculated value of 2.1
eV.43 The energy of the state is rather close to the regular
Ti 3d� bands which is not very surprising considering the
rather similar octahedral coordination site proposed for both
Ti species, within the regular TiSe2 layers and within the van
der Waals gap of the crystal, respectively.38,41 At first glance
it may be surprising that the Ti excess peak shows up in the
spectra at a significant intensity even though only 1% of all
Ti atoms contribute to this signal. However, as we will see
later, this state exhibits a rather long lifetime which enhances
the probability for the second 2PPE excitation step and con-
sequently the efficiency of the overall 2PPE process.

The observed final-state energy in the 2PPE experiment
�green diamonds� agrees within about 0.6 eV with the
predictions for the Ti band of s and p character.9 This
result is, however, worse than for the other bands. Further-
more, the expected band dispersion cannot be confirmed
experimentally.

We now comment in more detail on the actual origin of
the Ti excess atoms in our samples. Pehlke and Schattke
considered in their theoretical work titanium atoms that have
been removed from a crystalline layer, leaving vacancies
within the layer, and occupying empty sites within the inter-
layer van der Waals gap.43 These kinds of defects have been
referred to as “Frenkel-type defects,” characterized by addi-
tional occupied and unoccupied localized states. The results
of their calculations give evidence for a vacancy state at E
−EF=−1.5 eV, and states localized at the Ti excess atom at
energies of −7, 0.5, and 2.1 eV. The existence of the nondis-
persive vacancy state at an energy of −1.5 eV has been
previously observed in a conventional photoemission
experiment.43,45 Here, we present experimental evidence for
the unoccupied state of the Ti excess atom at an energy of
2.1 eV. From a preparational point of view, it is likely that
the Ti excess atoms were embedded into the van der Waals
gap during the growth process of the TiSe2 crystal. Note that
TiSe2 tends to grow at a surplus of titanium atoms, even if a
compensating selenium excess has been applied for the
growth process.8,33,63 Such a Ti surplus �approximately 1%
for the samples used in this work� guarantees the growth of
large TiSe2 single crystals required for the photoemission
experiments as discussed already in the experimental section.
The appearance of vacancies is therefore not expected in our
case. Experimentally we neither observe a vacancy state at
−1.5 eV in conventional ARPES, nor in the 2PPE intensity
maps �Figs. 4 and 5� supporting this view.

In the following section we will focus on the ultrafast
decay dynamics associated with the population of the unoc-
cupied Ti 3d� band and the excess Ti atom state. Both bands
originate from titanium 3d orbitals. Since the unoccupied
state associated with the excess Ti is much more strongly
localized at the corresponding atoms, one can expect a clear
distinction between both excitations with respect to their life-
time.

B. Decay dynamics of Ti-localized unoccupied states

The time-resolved experiments were performed using the
second-harmonic light of laser 2 �h�=3.12 eV, 28 fs�. The
left part of Fig. 9�a� shows a SH-2PPE intensity map from a
sample recorded with this light source. Note that for these
measurements the work function of the 1T-TiSe2 sample was
lowered by 1.2 eV by the adsorption of cesium �	
=0.27 ML�. Clearly visible and marked by the dotted box is
the nondispersing excess Ti atom state at an energy of about
2.3 eV. The Se 4p band just below the Fermi edge shows, at
this photon energy, a distinct structure exhibiting a maximum
at about −4° emission angle and marked in the figure by a
dotted ellipse. This intensity maximum arises from the reso-
nant excitation of the weakly dispersing Ti 3d� intermediate-
state band from the strongly downward dispersing Se 4p
initial-state band at finite k� values �see Fig. 9�b�, excitation
path i�. At a photon energy of h� =3.12 eV a resonant ex-

citation is not possible at the �̄ point �see Figs. 9�a� and 9�b�,
excitation path ii�, due to the higher energetic separation of
the Ti 3d� and Se 4p bands. The 2PPE process enables us to
selectively address two distinct unoccupied states of the
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1T-TiSe2 compound, both derived from Ti 3d orbitals. In the
following we will focus on the population lifetime T1 of
these two unoccupied states, Ti 3d� and Ti excess state, as
probed by means of time-resolved 2PPE.

The right part of Fig. 9�a� also shows a color-coded life-
time map derived from a TR-2PPE scan as described in de-
tail in Sec. II and in Refs. 29 and 30. A blue, green, and red
color coding corresponds here to short, medium, and the
longest lifetimes measured within this experiment, respec-
tively. The actual lifetime values have been deduced from the
measured 2PPE autocorrelation traces following an analysis
procedure suggested in Ref. 28 and under the assumption of
rapid-dephasing conditions within both excitation steps of
the 2PPE process.64,65 The lifetime map covers the identical
energy and momentum range shown in the 2PPE intensity
map on the left of Fig. 9�a�. Once again the E�k�� areas
related to the excitation of the excess Ti atom state and the

Ti 3d� band are marked by the dotted box and the dotted
ellipse, respectively. Evident from these data is a distinct
maximum in the unoccupied state population lifetime of
about 7 fs at the energy of the excess Ti atom state, which is
independent of the probed momentum vector k�. By contrast,
in the energy region of the Se 4p band, autocorrelation traces
are measured, which closely follow the laser autocorrelation.
In the lifetime map this behavior gives rise to the pro-
nounced minimum, mimicking the parabolic downward dis-
persion of the Se 4p band in correspondence to the 2PPE
spectroscopy data. Only at the E�k�� area, which is indicative
for the resonant excitation of the Ti 3d� band �see dotted
ellipse�, the color coding of the lifetime map points to an
increase in the measured lifetime to values of about 3.0 fs.
We assign this local maximum to the actual population life-
time T1 of the Ti 3d� band. On the other hand, the minimum
lifetime value along the rest of the Se 4p parabola, i.e., out-
side the area of the resonant excitation, arises from the off-
resonant character of the 2PPE process.31,32

To illustrate the difference in the depopulation dynamics
between excess Ti atom state and Ti 3d� band, we compare
in Fig. 9�c� the corresponding 2PPE autocorrelation traces.
These traces have been generated by signal integration of the
respective areas marked in the lifetime map in Fig. 9�a� by
full boxes. The result of the quantitative analysis of the two
Ti autocorrelation traces is displayed as a full line. For ref-
erence the laser autocorrelation has also been added to Fig.
9�c� �open symbols�, which has been determined from the
time-resolved 2PPE signal of the Shockley surface state of a
well-prepared Cu�111� single-crystal surface.31,32 The broad-
ening of both unoccupied Ti state autocorrelation traces in
comparison to the laser autocorrelation is indicative for the
finite lifetime T1 of the Ti-intermediate states involved in the
2PPE process. The quantitative analysis delivers a lifetime
T1= �7.1�3.3� fs for the excess Ti atom state and a lifetime
T1
3 fs for the Ti 3d� band. The population decay of the
excess Ti state happens on a time scale which is about 2.5
times slower than the population decay of the Ti 3d� band.

We suggest that the difference in the population lifetime
of the two unoccupied Ti states arises from the characteristic
differences in the electronic coupling of the corresponding
layer and interlayer titanium sites to the TiSe2 bulk elec-
tronic structure. As mentioned above, both the regular Ti
atoms embedded within the crystal layers �layer Ti atoms�, as
well as, the excess Ti atoms located within the van der Waals
gap, exhibit octahedral coordination sites with respect to the
selenium atoms.38,41 Furthermore, the unoccupied states
probed in our time-resolved experiment are very similar with
respect to the involved atomic orbitals. The inelastic popula-
tion decay of these states, which is mainly governed by the
coupling to the electronic environment, is, however, ex-
pected to differ significantly. Within the crystal layers the
large orbital overlap with the layer electronic structure pro-
vides a multitude of efficient channels for the inelastic decay
of the unoccupied Ti 3d� band via electron-hole pair excita-
tion. These decay channels are less efficient for the spatially
decoupled excess Ti state. The experimentally observed in-
crease in the lifetime of the Ti excess state is a direct conse-
quence of this decoupling.

Efficiently decoupled unoccupied states in solid-state sys-
tems have been observed particularly in the context of
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surface-localized unoccupied states in the past: examples are,
for instance, image potential states18–22 and adsorbate reso-
nances on noble-metal surfaces.23–27 The characteristic life-
times of these states, which are also governed by the cou-
pling to the substrate electronic structure, cover the low
femtosecond to picosecond regime. The comparatively long
lifetime of the Ti excess atom state, in comparison to the
layer Ti atoms shows that in a similar manner a stabilization
of electronic resonances is also possible within the bulk.

IV. CONCLUSION

In this work, we performed an angle-resolved two-photon
photoemission study of the transition-metal dichalcogenide
1T-TiSe2. In addition to the well-known spectral signatures
of the occupied Se 4p valence bands, we are able to identify
two different unoccupied bands in the system. The Ti 3d�

conduction band, which has been observed before in a IPE
experiment, and a nondispersive band, which we assign to
the excitation of excess Ti atoms within the van der Waals
gap of the crystal. In a theoretical study,43 this band was

predicted before. The present paper provides experimental
proof for the existence of this band.

Time-resolved 2PPE data give insight into the coupling
efficiency of the Ti excess state to the electronic environ-
ment. In comparison to the interlayer Ti 3d� band we ob-
serve an increase in the population lifetime of the excess Ti
state by more than a factor of 2 up to a value of T1
= �7.1�3.3� fs. This difference is attributed to the reduction
in the coupling of the excess Ti state to the electronic band
structure of the TiSe2 layers. Our results particularly show
that besides surface-localized unoccupied states bulk-
embedded states can exhibit an efficient decoupling from the
residual decay channels.
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