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While many photoemission studies have dealt with both the bulk band structure and various surface states and
resonances, the unoccupied electronic structure above the Fermi level of the Bi(111) surface has not yet been
measured directly although understanding of this model semi-metal is of great interest for topological insulators,
spintronics, and related fields. We use angle-resolved two-photon photoemission to directly investigate the
occupied and unoccupied p bands of Bi, including the bulk hole pocket at the T point, as well as the image
potential states and surface states of Bi(111).
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I. INTRODUCTION

As a group-V element, Bi has an electronic structure which
is dominated by its three valence electrons in the 6p3 orbitals.
If Bi crystalized in a simple fcc crystal structure with five
electrons per unit cell, like Pb or many transition metals, it
would have an odd number of electrons per unit cell and
thus it would be a metal due to a partially filled p band.
Since Bi rather crystallizes in a rhombohedral structure (see
Fig. 1) which corresponds to two fcc sublattices that are
slightly shifted with respect to each other along the [111]
direction, the unit cell contains ten valence electrons which
would allow Bi to be an insulator with three filled p bands and
three empty p bands. However, Bi actually is a semi-metal,
which is caused by the fact that, out of eight L points in an
fcc Brillouin zone, in the rhombohedral structure the two on
the [111] axis are inequivalent to the other six (and referred
to as T points). This lattice distortion leads to electron pockets
at the L points and hole pockets at the T points, which give
rise to conducting carriers at the Fermi level and make Bi
semi-metallic.1–3 Besides the bulk bands, a rich variety of
surfaces states and resonances have been found at Bi(111) and
other low-index faces of Bi,1,4–7 partly residing in the first
bilayer.8 In fact, they form multiple electron and hole pockets
and thereby account for the majority of carriers at the Fermi
level. The surfaces of Bi therefore have a higher charge carrier
density than the semi-metallic bulk. Furthermore, due to the
loss of inversion symmetry at the surface and the importance of
relativistic effects in this heavy element, spin-orbit interaction
plays a crucial role for the surface states, which are spin-split
by more than 100 meV.7,9
Particularly the spin-polarized surface states are very
attractive for the use in spintronics, i.e., electronic devices
which operate not only using the charge of the electrons
but also their spin. For such applications, e.g., sources
for spin-polarized electron currents and spin filters have
been proposed.10,11 Unlike semiconductor heterostructures,
Bi surfaces are especially suitable in such devices not only
because of the large energetic gap between the spin-split states
(which can not be overcome thermally) but also because
they contribute much more to the Fermi surface than the
spin-degenerate bulk states. Another interesting property of
1098-0121/2013/87(3)/035123(8)

Bi is the emergence of superconductivity in rhombohedral
clusters of only a few nanometers in size.12,13 This behavior has
been associated with the increased density of states at the Fermi
level caused by the surfaces states and resonances and their
low effective masses.5,14 The key role of Bi in several variants
of topological insulators also fosters the broad interest in its
electronic structure: Bi itself supports topologically metallic
edge states on the (114)-face15 and it is the prime constituent
of Bi1−x Sbx (the structure of which is very similar to pristine
Bi)16 and more complex layered systems such as Bi2 Se3
and Bi2 Te3 which are currently studied intensively.17 More
generally, Bi and especially its (111)-surface can be considered
an interesting model system for surfaces and interfaces
because (i) the valence electronic structure is relatively simple,
(ii) the surface states can be considered a quasi-twodimensional metal, and (iii) the surface exhibits neither a
reconstruction nor dangling bonds since the (111)-surface lies
in the natural cleavage plane.
Using angle-resolved photoelectron spectroscopy (ARPES)
from the (111)-surface, the bulk valence electronic structure,
i.e., the occupied p bands, has been studied in great detail in the
past three decades. Three bands are observed which are each
separated by a gap. Their dispersion has been investigated both
along the T line3,4,18 which is parallel to the surface normal
as well as parallel to the surface along the ¯ M̄ and ¯ K̄ lines
of the surface Brillouin zone (SBZ).19,20 Along the surface,
the p bands disperse with a negative effective mass around
the ¯ point in an energy range from the Fermi level down to
approximately 5 eV.19,20 A careful analysis of the dispersion
perpendicular to the surface shows that the highest p band
crosses the Fermi level at the T point and thus forms a hole
pocket.3 Within the energy range of the occupied p bands, at
around −0.4 eV3 and −0.6 eV,8 two features that originate
from the surface have been observed which disperse around
the center of the SBZ with a negative effective mass2,4,14 and
threefold symmetry in the surface plane indicating surface
resonance (rather than surface state) character.8 In a narrow
region around the Fermi level, several features associated with
the surface are found which form electron pockets at the ¯
point6–9 and the M̄ point5,8 as well as radial, droplet-shaped
hole pockets.5–9 All of these features belong to a spin-split
surface state (which however has surface resonance character

035123-1

©2013 American Physical Society

CHRISTOPHER BRONNER AND PETRA TEGEDER

(a)

(b)

PHYSICAL REVIEW B 87, 035123 (2013)

of the unoccupied states. All three unoccupied p bands are
observed in the spectra as well as a final state above the vacuum
level, two IPS, and the bulk hole pocket.
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FIG. 1. (Color online) (a) Brillouin zone and surface Brillouin
zone (SBZ) of the rhombohedral Bi lattice together with important
high-symmetry points. (b) LEED image obtained at an electron
energy of 88 eV. The SBZ deduced from the LEED spots is shown
in the image as well as the detection plane in our angle-resolved
photoemission measurements. (c) Top view of the Bi(111) surface.
The hexagonal planes are stacked in an ABC fashion.

at the high symmetry points).7 The origin of this state in
the first bilayer is demonstrated by its sixfold symmetry.8,21
Note that besides the electron and hole pockets induced by
these surface bands, the (less pronounced) pockets of the bulk
are still present. For example, at the ¯ point, the electron pocket
of the surface state lies concentrically with the hole pocket of
the bulk which is found at the T point.6
Unlike for the occupied states, studies on unoccupied electronic states are very rare. Using two-photon photoemission
(2PPE), the image-potential state (IPS) of the Bi(111) surface
lying 3.57 eV above the Fermi level has been studied in
detail.22 Another 2PPE study has shown direct spectroscopic
evidence of the spin-split surface state up to approximately
200 meV above the Fermi level.9 Using terahertz radiation,
information could be gained on the dynamics of electrons
excited into the conduction band but the method doesn’t allow
direct spectroscopic observation of the unoccupied bands and
their absolute energetic position with respect to the Fermi
level.23 A number of theoretical studies have dealt with both
the bulk and the surface electronic structure of Bi using
various methods such as pseudopotentials,24 first principles
calculations,25 or tight-binding models.26 They all make
predictions about the unoccupied band structure which, to
the authors’ knowledge, have not been specifically addressed
experimentally so far.
In this paper, we briefly revisit the occupied electronic
structure based on ultraviolet photoemission (UPS) measurements. We find a well-known surface resonance and observe
two features originating from the occupied p bands which
might be influenced also by a second surface resonance. Using
angle-resolved 2PPE we investigate the electronic structure

Two-photon photoemission (2PPE) has proven to be a
powerful method to study both occupied and unoccupied
electronic states at surfaces.27–30 2PPE is a surface-sensitive
pump-probe technique using two ultrashort laser pulses with
equal (one-color 2PPE, 1C-2PPE) or different (two-color
2PPE, 2C-2PPE) photon energies below the work function
 of the sample. The first (pump) pulse excites an electron
from an occupied electronic state to an unoccupied state. The
probe pulse then emits the electron and its kinetic energy Ekin
is measured. Features of a 2PPE spectrum may arise from
occupied states (probed with a two-photon process via a virtual
intermediate state) or from unoccupied states. To identify the
nature of a feature, the peak position in the spectrum can be
monitored while varying the photon energy by hν.31,32 If we
consider a 1C-2PPE experiment, a peak originating from an
unoccupied state will shift by hν. In contrast, a peak arising
from an occupied state below the Fermi level EF shifts by
2hν in energy. Note that this identification of states strictly
is only applicable to states without dispersion perpendicular
to the surface such as surface states or adsorbate-induced
states. Otherwise the energy shift caused by the change in
photon energy is not distinguishable from possible energy
shifts which are due to the change of the probed state’s binding
energy because the probed point in reciprocal space varies with
the photon energy.33,34 Because of the ambiguity of a peak’s
origin, 2PPE spectra are displayed versus the final state energy
EFinal − EF = Ekin + , from which the binding energy can
be conveniently obtained by subtracting the photon energy
once or twice for unoccupied and occupied states, respectively.
In order to measure the dispersion of a state, angle-resolved
(AR-2PPE) measurements can be performed by rotating the
sample in front of the electron analyzer. The peak position is
recorded as a function of momentum parallel to the surface,

2me Ekin
k =
· sin ϑ,
(1)
h̄2
which is altered with the emission angle ϑ. The laser light
is incident at the surface under an angle of 45◦ (in normal
emission) and in the following, positive values for k refer to
the situation, where the sample is rotated toward the beam.
If the probe pulse is delayed with respect to the pump pulse,
the ultrafast dynamics of an unoccupied state can be studied.
The delay is introduced by varying the path length of one
beam. Depending on the sign of the pump-probe delay in a
time-resolved 2C-2PPE experiment, either pulse can be pump
or probe.
Femtosecond laser pulses at 800 nm are generated in a
Ti:Sapphire oscillator and amplified in a regenerative amplifier
at 300 kHz. This fundamental light can be frequency-doubled
by second harmonic generation in BBO crystals once (400 nm)
or twice (200 nm) or it can be converted to visible pulses using
an optical parametric amplifier (OPA). These visible pulses
can also be frequency doubled to yield tunable ultraviolet
light. Beams are p polarized when incident on the sample.
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The Bi(111) single crystal is mounted in an ultrahigh vacuum
(UHV) chamber on a flow cryostat equipped with resistive
heating. Besides a sputter gun, the chamber is equipped with
a low-energy electron diffraction (LEED) apparatus and a
time-of-flight (TOF) electron spectrometer.
We prepared the single crystal by routine cycles of Ar+
sputtering (900 V) and annealing (410 K, 10 min). The
preparation was checked by LEED where a sharp sixfold
structure was observed and by comparison of the work function
and image potential state with another 2PPE study.22 Using
LEED, we could determine the crystal orientation and verify
that the sampling direction in the surface Brillouin zone
is K̄  ¯ K̄ (see Fig. 1). Direct photoemission experiments,
i.e., UPS, were conducted using the twice frequency-doubled
fundamental with a wavelength of 800 nm, corresponding to a
photon energy of 6.2 eV of the quadrupled beam.

could be associated with the spin-split surface band that leads
to an electron pocket at ¯ and six radial hole pockets.6,7 One
reason for their absence in our spectra is the fact that we do not
probe the ¯ M̄ direction of the SBZ in which the hole pockets
are oriented. Furthermore the surface band is only observed in
the projected band gap of the bulk p bands of Bi while at the
¯ point the photoemission intensity is drastically reduced due
to the resonance character of this feature associated with the
surface.7,8 Peaks B and C clearly show an asymmetry in their
intensities with respect to ¯ which could be a consequence
of the threefold symmetric Brillouin zone in which the ¯ K̄
and ¯ K̄  lines are not equivalent [see Fig. 1(a)]. While both
bulk bands and surface states are threefold symmetric, states
associated with the first bilayer have a sixfold symmetry, such
as the spin-split surface band.8
The UPS spectra in Fig. 2(b) were fitted with three
independent Gaussian peak profiles on a linear background
which was cut off by a Fermi function. The resulting peak
positions are displayed in Fig. 2(a) in the false-color plot. Since
peak A is less intense than B and C and since it overlaps with
B at higher angles, its behavior can not be determined beyond
−1
approximately k = ±0.1 Å . It was still kept in the fitting
function for the sake of consistency. While state C generally
shows a holelike dispersion, it deviates from a parabolic curve
at the ¯ point where a minimum with electronlike dispersion
−1
is found between two extrema at ±0.08 Å . In contrast
to previous ARPES experiments conducted along the ¯ K̄
line14,19 we used a very low photon energy and recorded spectra
with relatively high angular resolution around the center of the
SBZ. Our quite unusual experimental conditions for ARPES
thus provide high momentum resolution at small k and in
fact allowed the first observation of these two distinct maxima

III. RESULTS AND DISCUSSION
A. Occupied electronic states

Using the twice frequency-doubled 800 nm fundamental
of our laser system, we conducted UPS measurements with a
photon energy of 6.2 eV (see Fig. 2). We observe three peaks
in the spectra (labeled A, B, and C), all of which disperse
along the K̄  ¯ K̄ line of the SBZ. While the low intensity of
A makes it difficult to follow its dispersion in great detail,
features B and C generally disperse in a holelike manner, i.e.,
with a negative effective mass around the ¯ point. Note that
the normal emission angle and thus the origin of the k axis
was determined from measurements of the delocalized image
potential state (see below) and not from the UPS features. We
do not observe any features close to the Fermi edge which
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FIG. 2. (Color online) (a) ARPES measurement along the K̄  ¯ K̄ line depicted in a false-color plot. The fitted peak maxima are indicated
with markers for each spectrum. At higher k , peaks A and B overlap which is why one fit component causes an artefact (cross markers).
Note that the ¯ K̄ and ¯ K̄  directions are not distinguishable in our experiment. (b) Single UPS spectra [same data as in (a)] together with the
respective fits (see text).
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in the present study. However, a similar behavior has been
reported along the ¯ M̄ direction and the state was found
to have threefold symmetry8 which is in agreement with the
observed asymmetric intensity distribution in our experiment.
At the center of the SBZ we find a binding energy of
EC = −0.31 ± 0.03 eV which complies well with the surface
resonance peak reported in the literature.2–5,8,9,14,18–20
The binding energy of feature B amounts to EB = −0.55 ±
0.03 eV and peak A has a slightly larger binding energy
¯ Both states seem to be
of EA = −0.78 ± 0.05 eV at .
degenerate at higher angles and might be due to the occupied p
bands which have been reported to lie in this region3,4,18–20 or
another surface resonance which was found at −0.6 eV.8 The
assignment to a p band by comparison to the cited studies is
not straightforward due to the different photon energies which
probe different points along the T line.

from 3.80 eV to 4.16 eV which causes a shift of almost
all peaks, as depicted in Fig. 3(b). As described in Sec. II,
in this one-color experiment, a slope of one indicates an
unoccupied electronic state whereas a shift with twice the
photon energy is characteristic for an occupied state. A peak
which does not show a change in peak position upon variation
of the photon energy can be assigned to a final state which
lies above the vacuum level of the sample. The energies
given here are however to be considered with care since, as
discussed above (see Sec. II), the dispersion perpendicular to
the surface can alter the slope. Peaks D, E, and F all shift
in a similar manner, namely with a slope of one, although
peak F shows a lower energy in the spectrum with highest
photon energy, which leads to a slope of less than one
and might be due to dispersion along the T line or the
occurrence of a resonance with an occupied state. These peaks
can therefore be assigned to unoccupied states with binding
energies of ED = 0.91 ± 0.07 eV, EE = 1.64 ± 0.06 eV, and
EF = 2.06 ± 0.09 eV relative to the Fermi level, respectively.
Feature G is relatively weak, does not show a variation of
the peak position and overlaps with peak H in the lowest
photon energy spectrum. Hence it can be assigned to a final
state lying at EG = 6.50 ± 0.09 eV. On the other hand, peaks
H and J shift with twice the photon energy and J shifts
through peak K at higher photon energies. This behavior would
suggest those two peaks to originate from occupied states
lying at EH = −0.89 ± 0.08 eV and EJ = −0.58 ± 0.08 eV,
respectively. Peak K is the dominant feature near the Fermi
edge of the spectrum and shifts with a slope of one. From its
energetic position of EK = 3.56 ± 0.05 eV it can be assigned
to the first (n = 1) image potential state (IPS) which has been

B. Unoccupied electronic states

After studying the occupied electronic structure with a
one-photon process, we used two-photon photoemission in
order to elucidate the energetic position and dispersion of
unoccupied states above the Fermi level. Figure 3 shows a
series of 1C-2PPE spectra recorded at various photon energies
in the UV regime. The spectra are displayed with respect to
the final state energy, thus the position of the low energy
cutoff directly yields the work function of Bi(111) which has
been determined from several different measurements to be
 = 4.23 ± 0.02 eV. This value is compatible with previous
experiments.22 A total of eight features are observed in the
2PPE spectra, labeled D–L. The photon energy was varied
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FIG. 3. (Color online) (a) 1C-2PPE spectra recorded with different photon energies hν. The spectra were normalized to the intensity of
peak D. (b) Peak shift of the spectral features with varying photon energies. The respective slopes are given in the figure.
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k , D’ and E either cross each other or E disperses to higher
energy while D’ turns back toward the Fermi level again. At
higher energies, peaks F and G show a similar behavior as
D’ and E. F disperses in an electronlike fashion around the
center of the Brillouin zone, then reaches G at approximately
−1
±0.15 Å and either crosses it or both peaks turn around
at this point. Note that at the point where both peaks come
closest to each other, the border of the Brillouin zone is not
−1
reached, as the K̄ point corresponds to k = 0.9 Å . Although
peak H can not be observed for large emission angles in the
false-color plot, a distinct peak is observable in the spectra and
its position is indicated by markers for clarity. The peak does
not show a significant dispersion. In the high energy range of
the spectrum, peak K shows a parabolic dispersion which can
be described by a free-electron dispersion with an effective
mass meff and the minimum binding energy E0 according to
the following equation:
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FIG. 4. (Color online) Angle-resolved 1C-2PPE measurement at
a photon energy of hν = 4.03 eV. The 2PPE intensity is depicted
on a logarithmic color scale in this false-color plot because of the
large differences in intensity. The position of the different peaks are
indicated with markers. The measurement was performed along the
K̄  ¯ K̄ line of the SBZ.

reported to be located at 3.57 eV.22 Peak L can only be observed
in two spectra but assuming an unoccupied state (slope one),
the binding energy of EL = 4.06 ± 0.06 eV corresponds very
well to the n = 2 IPS at 4.05 eV.22 Since this evaluation scheme
is strictly only applicable to states localized at the surface, i.e.,
without dispersion along the surface normal, we need further
measurements characterizing the observed states so that a more
detailed comparison with literature values can confirm our
conclusions and yield an unambiguous assignment.
One very important property of an electronic state is
the dispersion behavior which we investigated using angleresolved 1C-2PPE (see Fig. 4) along the K̄  ¯ K̄ line. For
this experiment, the photon energy of hν = 4.03 eV was
chosen considering the results of the photon energy dependent
experiment to obtain dispersion information about as many
electronic states as possible. However, since no photon energy
which is smaller than the work function yields spectra that
contain a strong signal of all the peaks observed in Fig. 3, peak
J is submerged under K in this dispersion measurement. In the
low energy range of the spectrum we find that peak D is split
into two peaks (labeled D and D’) at higher emission angles.
While D exhibits a holelike dispersion, D’ disperses to higher
−1
binding energies and reaches peak E at around ±0.15 Å .
¯ At higher
E also disperses in a holelike manner around .

h̄2 k2
2meff

.

(2)

Figure 4 shows a corresponding fit and the effective mass
deduced from this fit is meff = 1.3 ± 0.2me .
Combining the photon energy dependent measurements in
Fig. 3, which might be perturbed by dispersion perpendicular
to the surface, with angle-resolved dispersion measurements
(Fig. 4) and previously published experiments and calculations, we can assign the features in the 2PPE spectra as
follows: States K and L are easily assigned to the first
two image potential states due to the excellent agreement
of their binding energies with a previous study22 and the
free-electronlike dispersion of K. For identification of the other
features observed in the 2PPE spectra, we have to consider
further information from the literature, i.e., a measurement
of the three occupied p bands along the T line by Ast and
Höchst3 and two different theoretical studies of the occupied
and unoccupied bulk band structure.23,26 Figure 5 gives an
overview of the band dispersion of the bulk p bands along
the T line. From the observed peak positions in 2PPE
[hν = 4.01 eV, Fig. 3(a)] we can conclude to the energy
of the intermediate and initial states of the respective 2PPE
process but we can not determine the momentum perpendicular
to the surface experimentally, and we are unable to state
immediately from the experiments whether a peak arises from
an excitation with two photons (i.e., an occupied state excited
via a virtual intermediate state) or from an electronic transition
that involves unoccupied bands. However, since the initial
state energy must coincide with an occupied state, we can
estimate qualitatively the location of a transition in reciprocal
space and, by carefully analyzing the behavior of the peak
(dispersion along k and slope in the photon energy dependent
experiment), conclude to the existence and properties of the
unoccupied bands. In the following we will adapt the notation
introduced by Ast and Höchst3 which starts with the 6s bands
(bands 1 and 2) while the occupied 6p bands are labeled 3–5
and the unoccupied bands are consequently named 6–8.
In the 2PPE spectrum at normal emission [Fig. 3(a)], the
two features D and D’ form a single peak at 4.9 eV and, after
subtraction of twice the photon energy (see Fig. 5), it is clear
that this final state can only be populated from band 3. Since the
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FIG. 5. (Color online) Electronic structure along the T line and
transitions observed in 2PPE experiments presented here. The black
arrows indicate photon-induced transitions based on the peaks in the
spectrum recorded with hν = 4.01 eV in Fig. 3. The position of the
transitions along the k⊥ direction is based on the coincidence with
initial states. Experimental results3 on the dispersion of the occupied
p bands are shown in the diagram as well as calculated unoccupied
p bands.23,26 The green, dashed arrows indicate alternate population
pathways which are relevant in the 2C-2PPE experiments discussed
below.

peak splits in two features with different dispersion parallel to
the surface, one can conclude that not only the occupied band
can contribute to the feature in the spectrum. The behavior of
band 3 has been determined experimentally to disperse to lower
energies19 which is supported by the calculated dispersion of
this band along both the K and T W lines.26 We can hence
conclude that while peak D must stem from this occupied band
3, the other peak D’ with its electronlike dispersion originates
from the unoccupied band 6 lying at 0.9 eV and close to the
 point (see Fig. 5), in good agreement with the calculation
by Timrov et al.23 The fact that features D and D’ shift with
0.9 times the photon energy [Fig. 3(b)] indicates that band 6
does not show a strong dispersion along the surface normal
close to . The final state corresponding to peak E can also,
energetically, only be populated from band 3. However, the
resulting position in the Brillouin zone does not coincide with
the high symmetry points  or T at which the density of
states is highest for this band. We conclude that the relatively

high spectral weight of E is thus a consequence of a transition
via a real intermediate state, i.e., the unoccupied p band 7
at 1.6 eV, again in excellent agreement with Timrov et al.23
This band shows a holelike dispersion with an effective mass
higher than that of band 6 and again the slope of 0.9 ± 0.1
in the photon energy dependent measurement shows that the
perpendicular dispersion of this band is not high enough to
alter the peak shift significantly from one. Peak F must also
have band 3 as its initial state, but the transition occurs near
the T point of the Brillouin zone. Due to the dispersion along
the surface to higher energies, which does not comply with the
dispersion of band 3,19,26 and because the peak shift along with
the photon energy should be closer to two (instead of 0.6) for
an excitation of this band (which is rather flat at the T point)
via a virtual intermediate state, we conclude that also in this
case an unoccupied p band is involved in the 2PPE process,
i.e., band 8. Here, the agreement with the calculations is not as
good as in the previous two cases but it should be emphasized
that the determination of the perpendicular wave vector k⊥ is
a rather rough estimate. Feature G, which only slightly shifts
along with the varied photon energy (slope of 0.2), must be
populated from the second p band, named band 4, and in
the vicinity of the T point. We have already learned that in
this area of the Brillouin zone, the perpendicular dispersion
of both bands 7 and 8 are not sufficient to alter the peak shift
in a photon energy dependent measurement from one to 0.2
which however would be necessary if an unoccupied band were
involved in this particular 2PPE process. Instead we conclude
that a two-photon excitation via a virtual intermediate state
occurs from band 4 which disperses enough midway between
 and T such that the final state G can be populated for various
excitation photon energies from different points along the T
line. Features H and J lie at considerably higher final state
energies which makes it more difficult to assign their initial
states to either band 4 or 5—or to one of the surface resonances
located at −0.4 eV3 or −0.6 eV.8 Peak H has a large slope
in the photon energy dependence (2.4 ± 0.1) and does not
show a strong dispersion parallel to the surface. In contrast,
the surface resonances show a stronger holelike dispersion
(see Sec. III A and other photoemission experiments2,8,14 ),
as do the bulk bands 4 and 5.19 We can thus conclude that
this dispersion behavior can be attributed to the intermediate
state of this transition, i.e., band 7 or 8. In fact, the moderate,
holelike dispersion resembles more that of band 7 than 8 [see
peaks E (7) and F (8) in Fig. 4]. The large slope of 2.4 even
supports this interpretation of the real intermediate state since
the calculation by Timrov et al.23 predicts a steep perpendicular
dispersion of bands 7 and 8 in the vicinity of the  point.
Although the dispersion of peak J can not be determined
since it is submerged under the IPS in the angle-resolved
measurement, we can assume a similar scheme as for peak
H, involving band 5 or one of the surface resonances and
either band 7 or 8 as intermediate states. However, since
the slope is also compatible with two, a simple two-photon
excitation from a surface resonance could also result in this
peak. The energetic position at ¯ and the dispersion of the
three unoccupied p bands along the ¯ M̄ line of the SBZ
is schematically depicted in Fig. 6. Considering the results
presented here it seems that the density functional theory
calculations by Timrov et al.23 describe the positions of the
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FIG. 6. (Color online) Simplified scheme of the band structure
above the Fermi level. The three unoccupied 6p bands (bands 6–8)
are shown as parabolas which is an oversimplified picture. However,
the kind of dispersion, i.e., to higher or lower energies, respectively,
is indicated in the figure. The dispersion of the hole pocket can not
be followed except in a small window around the ¯ point.

unoccupied bands better than the tight-binding calculations by
Liu and Allen.26
While all the results so far were obtained using one-color
2PPE, other electronic transitions are accessible in two-color
2PPE. Figure 7 shows 2C-2PPE spectra using visible light
as the pump and its second harmonic as probe beams,
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respectively. At time zero, i.e., when there is no delay between
the pump and the probe pulse (t = 0), four features are
found in the spectrum. Unlike in 1C-2PPE, one can conclude
to the origin of the spectral features from their behavior as
the pump-probe delay is varied, if they possess a lifetime.
For example, the two features at EFinal − EF = 5.7 eV and
EFinal − EF = 6.2 eV, respectively, exhibit a strongly reduced
intensity in the spectrum in which the UV pulse arrives after
the visible pulse. This is different when the visible pulses
are delayed with respect to the UV by 100 fs (not shown
here). Considering the energetic position of the peaks, we thus
conclude that these two features arise from the two lowest
IPS. In the same manner we can identify the other peaks as
being probed with the UV pulses. Another prominent feature
is peak D’ at EFinal − EF = 5.2 eV. This state arises from
the unoccupied p band 6. Note that here the intermediate
state is not pumped from band 3 but from band 4 (see
Fig. 5), therefore the contributions from what was labeled
peak D above are not present in this spectrum. This is the
reason why D’ seems slightly shifted to higher energies
compared to the 1C-2PPE spectra. At lower energies, two
additional features labeled R and S are observed at binding
energies of ER = 0.44 ± 0.02 eV and ES = 0.11 ± 0.03 eV,
respectively, with respect to the Fermi level. The energetic
positions are marked in Fig. 5 near the T point, where the pump
excitation with the visible photons is possible from bands 3
and 4. Feature R coincides nicely with the calculated position
of the lowest-lying p band 6 at the T point. Note that band
6 occurs twice in the 2C-2PPE spectrum, but it is probed in
different points in reciprocal space. Feature S lies even closer
to the Fermi level, where the hole pocket of the occupied bulk
band 5 is located.6,24 Another unoccupied state so close to
the Fermi level is the unoccupied part of the spin-split surface
¯ 7 Angle-resolved
state which however is occupied directly at .
2PPE measurements yield further information on these states
R and S (see inset of Fig. 7). Due to the small kinetic
energy, the momentum parallel to the surface which can be
probed is relatively low but in the observed range, neither
state exhibits a dispersion. While this nondispersive behavior
matches the expectations on band 6 (to which we have assigned
state R) based on band structure calculations,23,24,26 a stronger
dispersion would be expected for S because the Fermi surface
−1
of the bulk hole pocket only extends to less than k = 0.1 Å ,
6,8
at least along the ¯ M̄ line of the SBZ, and the spin-split
surface state is only unoccupied for wave vectors larger than
−1
0.05 Å along the ¯ K̄ line.8

IV. CONCLUSIONS

Δt = 100 fs

4.5

5.0

5.5
EFinal-EF [eV]

6.0

6.5

FIG. 7. (Color online) Two-color 2PPE spectra without pumpprobe delay (black) and with the probe pulse (UV, hν = 4.18 eV)
delayed by 100 fs (red). Unlike the other features, the IPS are pumped
with the UV light and therefore their intensity is strongly reduced in
the delayed measurement. Peaks R and S on the other hand gain
intensity at higher pump-probe delays. The inset shows the results of
an angle-resolved 2PPE measurement at a delay of 300 fs.

Using angle-resolved UPS and 2PPE we have investigated
both the occupied and unoccupied electronic structure of
Bi along the ¯ K̄ line of the SBZ. In UPS, we observe
a surface resonance at −0.31 eV which has a peculiar
(generally holelike) dispersion with two distinct maxima at
−1
±0.08 Å . We also find two additional features in the UPS
spectra which are associated with the occupied p bands or
possibly another surface resonance. 2PPE allows us to induce
transitions between the occupied and unoccupied p bands and
to directly probe the band structure above the Fermi level.
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We found spectral features from all three unoccupied p bands
and were able to probe their dispersion in the ¯ K̄ direction.
The measured energetic positions are in good agreement with
calculations by Timrov et al.23 Additionally we observe a
final state above the vacuum level of the sample as well as
signatures from two resonant excitations between occupied
and unoccupied p bands (from band 4 to 7 and from 5 to
8, respectively). Close to the Fermi level, at 0.11 eV, we
observe a state which is attributed to the hole pocket formed
by the highest occupied p band. Our experimental study of the
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C. R. Ast and H. Höchst, Phys. Rev. Lett. 87, 177602 (2001).
7
Y. M. Koroteev, G. Bihlmayer, J. E. Gayone, E. V. Chulkov,
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