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Complex manifold of Rashba and image-potential states on Bi/Ag(111)
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Angle-resolved, mono- and bichromatic two-photon photoemission was used to study the electronic structure
at the surface of the giant Rashba system Bi/Ag(111). The photoemission intensity maps are exceptionally rich
in structure due to a large manifold of initial and intermediate states that allow for various resonant interband
transitions. Using different photon energies, we succeeded in disentangling the complex experimental data. Close
to the Fermi level the unoccupied, Rashba-split pxpy (mj = 1/2) surface state can be identified with a Rashba
parameter of 3.0 ± 0.2 eV Å and a lifetime of 26 ± 5 fs. At higher energies the spin-split pxpy (mj = 3/2) and
pz bands as well as the first three members of a series of image-potential resonances were observed. Circular
dichroism was used to gain information on the spin structure of both the initial and intermediate states and to
corroborate the assignment to Rashba bands.
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I. INTRODUCTION

The coupling between electron momentum and the orien-
tation of electron spin has received considerable attention in
recent years because it opens the field for practical application
of spintronic devices [1]. In topological insulators the locking
of momentum and spin is guaranteed by topology [2]. The
broken symmetry at interfaces of materials with large spin-
orbit coupling also couples momentum and spin, resulting
in a spin-split electronic structure. This well-known Rashba
effect [3,4] is particularly pronounced for systems with a
large potential gradient at the interface [5–7]. The prototypical
system with a giant Rashba-type spin splitting is Bi/Ag(111)
[5], which has been studied extensively with various techniques
[8–13].

One third of a monolayer of bismuth on Ag(111) forms
a BiAg2 substitutional surface alloy with a (

√
3 × √

3)R30◦
periodicity in the top layer [9]. Its surface electronic structure
is plotted schematically in Fig. 1(a). The occupied spz bands
are split into two branches shifted away from � in parallel
momentum by kR. From the energy difference ER between
the crossing point and the band extrema the Rashba parameter
αR = 2ER/kR can be obtained, which has a value of 3.05 eV Å
for Bi/Ag(111) [5]. The pxpy (mj = 1/2) bands also show
Rashba-type spin splitting. They have been observed by spin-
polarized inverse photoemission [12] and scanning tunneling
spectroscopy [10] above the Fermi level EF and by angle-
resolved photoemission below the Fermi level [13,14]. Inverse
photoemission has a limited resolution, and no value for the
Rashba parameter was given in Ref. [12]. The unoccupied
electronic structure offers further bands, pxpy (mj = 3/2) and
pz, in the band gap of the projected bulk band structure, as
well as a series of image-potential states (IPSs) [15,16] just
below the vacuum level Evac. The pxpy (mj = 3/2) and pz

bands were found in calculations and identified in inverse
photoemission [8,12]. Note that while the two-dimensional
spz, pxpy , and pz surface bands are all intrinsic to the
BiAg2 surface alloy, the Shockley surface state of Ag(111)
is quenched [17]. However, surface alloying does not affect

the bulk bands of the underlying Ag substrate, which have
to be clearly delimited from the alloy-induced surface states
discussed above.

Two-photon photoemission (2PPE) [15] is the method
of choice to study unoccupied electronic surface states. In
addition to a superior resolution compared to inverse photoe-
mission it may provide information on the lifetimes of the
observed states. The polarization may be changed easily, and
information about the spin structure can be obtained using
circular dichroism [7]. In this work we study the unoccupied
electronic states of Bi/Ag(111) using angle-resolved two-
photon photoemission. All bands sketched in Fig. 1(a) are
observed and agree well with the available calculations [8,12].
The large manifold of occupied and unoccupied states allows
for many resonant interband transitions, as indicated by the
arrows in Fig. 1(a). The associated complexity of the two-
photon photoemission results and their analysis is a significant
step beyond previous studies. Circular dichroism is used to
obtain information on the spin structure of the observed states
and to confirm the assignment to Rashba bands.

II. EXPERIMENT

All experiments were performed in ultrahigh vacuum at a
base pressure and temperature of 3 × 10−10 mbar and 90 K,
respectively. Angle-resolved photoelectron spectroscopy was
carried out using either the second harmonic (monochromatic
two-photon photoemission, 2hν = 3.02–3.26 eV), the fun-
damental and third harmonics (bichromatic two-photon pho-
toemission, 1hν = 1.51–1.63 eV and 3hν = 4.54–4.89 eV),
or the fourth harmonic [one-photon photoemission (1PPE),
4hν = 6.20 eV] of a Ti:sapphire oscillator with a repetition
rate of 90 MHz. The second harmonic 2hν is generated by
frequency doubling of the fundamental 1hν in a lithium tribo-
rate crystal, while β-barium borate crystals provide the third,
3hν = 1hν + 2hν, and fourth, 4hν = 1hν + 3hν, harmonics
via sum-frequency generation. The light was p polarized and
incident in the �K mirror plane (for normal photoelectron
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FIG. 1. (a) Schematic band structure of Bi/Ag(111) with relevant
one- and two-photon photoemission transitions. (b) Experimental
geometry of light incidence and electron detection. (c) Surface
Brillouin zones of the Ag(111) substrate (gray dashed lines) and the
(
√

3 × √
3)R30◦ reconstructed Bi/Ag(111) surface (orange lines).

emission), at an angle of 45◦ with respect to the surface normal
[see Figs. 1(b) and 1(c)]. The emission angle � was controlled
by rotating the sample around its vertical axis. Spectra were
recorded in the �M direction with a hemispherical analyzer
(Omicron EA300HR with seven channeltrons) at a constant en-
ergy resolution of 34 meV and an angular resolution of ±0.8◦.

For the circular dichroism (CD) measurements, spectra
were taken for right- and left-circularly polarized light. The
difference of these spectra normalized to the sum directly
gives the dichroism signal. Note that the sum of the spectra
might differ from the corresponding spectra obtained with
p-polarized light due to the s-polarized components in the
circularly polarized light.

The Ag(111) single crystal was cleaned by multiple succes-
sive sputtering-annealing cycles. The quality of the substrate
was assessed by monitoring the low-energy electron diffraction
pattern as well as the Shockley surface state and image-
potential states in one- and two-photon photoemission, respec-
tively. The long-range ordered (

√
3 × √

3)R30◦ Bi/Ag(111)
substitutional surface alloy was reliably prepared by evaporat-
ing 1/3 of a monolayer of Bi from a home-built Knudsen-cell-
type evaporator (at a rate of 0.13 monolayer/min) onto the Ag
substrate (held at room temperature) followed by annealing to
220 ◦C for 2 min.

The work function of Bi/Ag(111) is determined from the
low-energy cutoff of monochromatic two-photon photoemis-
sion spectra at normal emission to 4.49 ± 0.01 eV. This value
is smaller than the lowest accessible photon energy 3hν =
4.54 eV of the frequency-tripled laser pulses. Therefore,
bichromatic measurements were performed at a bias voltage
of −0.5 V between the sample and the analyzer such that

the difference in work function of the analyzer lens system
(around 5.2 eV) and the sample is not fully compensated
for and the corresponding retarding electric field effectively
suppresses the 3hν-associated, direct photoemission intensity.
To allow for a better comparison with bichromatic two-photon
photoemission data, the one-photon photoemission patterns
shown in this paper were recorded at the same bias voltage
of −0.5 V. For the monochromatic two-photon photoemission
measurements, a bias voltage of −4.5 V corresponding to an
accelerating electric field between the sample and the analyzer
was applied, and the angular distributions were corrected
following Ref. [18].

III. RESULTS

The large manifold of occupied and unoccupied bands
shown in Fig. 1(a) with many resonant interband transitions
poses a challenge to the analysis of the two-photon photoe-
mission data. The presentation of the results therefore starts
with the initial states seen in the one-photon photoemission
spectra. The pxpy (mj = 1/2) bands extend above the Fermi
level where they are picked up by bichromatic two-photon
photoemission pumped by the first harmonic. The higher mj =
3/2 bands are reached as intermediate states by monochromatic
two-photon photoemission using the second harmonic and
bichromatic two-photon photoemission probed by the third
harmonic. Strong signals for the image-potential resonances
are obtained in bichromatic two-photon photoemission probed
by the first harmonic. The section closes with the presentation
of the circular dichroism data that are discussed in view of the
various spin-split and image-potential bands.

A. m j = 1/2 bands near EF

The bottom part of Fig. 2 shows photoemission data of the
occupied band structure taken with 6.20 eV photon energy.
The bright emission close to the lower edge of the data range
marked by the dashed gray guide to the eye is assigned to
a bulk transition and is observed also on the clean Ag(111)
surface. It is attributed to direct optical transitions between
free-electron-like bulk bands [19,20]. The two downward-
dispersing, parabolic bands crossing at −0.36 ± 0.02 eV
(indicated by the dashed orange guides to the eye) agree well
with previous measurements and are assigned to the occupied,
spin-split spz bands [8]. From the spectra in our studies the
Rashba parameter is obtained as 3.04 ± 0.08 eV Å, in perfect
agreement with previous work [5,13].

Several weaker, downward-dispersing branches are also
observed and are marked by the linear, dashed green guides
to the eye. They are assigned to the pxpy (mj = 1/2) bands.
All these bands show higher intensity inside the band gap of
the projected bulk band structure [13], where they have proper
surface-state character. The dispersion of the occupied pxpy

bands below EF is difficult to extract from the data because
of the low intensity and the overlap with the spz bands.
However, the Fermi level crossings are obtained reliably from
the corresponding momentum distribution curve [5] and are
marked by green circles in Fig. 2. The pxpy bands above EF

can be found by bichromatic two-photon photoemission using
the fundamental as pump and the third harmonic as probe
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FIG. 2. Photoemission data of the occupied band structure taken
with 6.20 eV photon energy complemented by two-photon photoe-
mission data for the unoccupied states pumped by 1.51 eV and probed
by 4.54 eV photon energy. Dashed orange and green curves indicate
the spz and pxpy bands derived from the experimental data (see text
for details). The gray dashed guide to the eye marks the dispersion of
a direct transition between bulk bands.

photons. The corresponding data are shown in the top part of
Fig. 2. The crossing of the two Rashba bands at 0.53 ± 0.02 eV
above the Fermi level and their inner, downward-dispersing
branches are clearly seen. Note that the energetic shift of
these spectral features corresponds exactly to the change
in photon energy of the third harmonic (see Fig. 6 below),
which corroborates their energetic position close to EF. The
high intensity above the Rashba bands at parallel momentum
k‖ = ±0.08 Å−1 is due to initial states and will be discussed

in Sec. III B. The energy of the branch crossing at k‖ = 0
and the Fermi level crossings are used to obtain the Rashba
parameter of the pxpy bands to 3.0 ± 0.2 eV Å, assuming
a parabolic dispersion in the energy range above the Fermi
level. The dashed green curves represent the corresponding fit
of the Rashba model. This assumption, as well as the resulting
value for the Rashba parameter, is well supported by the band
structure calculations [8,12].

From the corresponding time-resolved two-photon photoe-
mission measurements, the lifetime of the spin-split pxpy

(mj = 1/2) state is extracted as 26 ± 5 fs based on a simplified
model that allows for an analytical solution to the optical
Bloch equations [21,22]. This value is notably high for such a
steeply downward-dispersing metallic surface state on a metal
substrate which has a large phase space for inelastic decay [23].
Topological surface states with a dispersion and spin structure
similar to those of Rashba-split bands also show relatively long
lifetimes [24], which is attributed to the reduction of phase
space for decay due to spin conservation.

B. m j = 3/2 bands above EF

The higher-lying pxpy (mj = 3/2) surface bands shown
schematically in Fig. 1(a) are excited by photon energies
around 3.1 eV, generated by frequency doubling of the fun-
damental laser frequency. The results are shown in Fig. 3
on an energy scale for intermediate states [22]. The strongly
dispersing features with the highest intensity shift upward with
increasing photon energy. They are attributed to the initial
states discussed in Sec. III A, as indicated by the dashed orange
and green guides to the eye in Fig. 3 (taken from Fig. 2 and
shifted by the pump photon energy). Deviations of these dashed
curves from the experimental dispersion are due to the different
bias voltages used in one- and monochromatic two-photon
photoemission as described in Sec. II. The light-gray dashed
curves mark the edges of the projected bulk band structure [see
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FIG. 3. Monochromatic two-photon photoemission data for three photon energies plotted on an intermediate-state energy scale. The dashed
curves represent the edge of the projected bulk band structure (light gray, calculated based on Ref. [25]), the spin-split spz and pxpy initial states
(orange and green, taken from Fig. 2 and shifted by the pump photon energy), and the unoccupied pz bands (black, extrapolated calculation of
Ref. [8]). In (c) at the highest photon energy, the unoccupied pxpy (mj = 3/2) band rises above the photoemission horizon, as indicated by the
dashed purple curve (calculation of Ref. [8]).
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FIG. 4. Bichromatic two-photon photoemission data for three photon energies plotted on an energy scale for intermediate states pumped
by the first harmonic. The dashed curves represent the spin-split spz and pxpy initial states (orange and green, taken from Fig. 2 and shifted by
the pump photon energy) as well as the unoccupied pxpy (mj = 3/2) bands (purple, calculation of Ref. [8]).

Fig. 1(a)] as calculated using the band structure parameters
of Ref. [25]. Within the band gap, high intensity is observed
around 1.3 eV at the highest accessible photon energy of
3.26 eV, as indicated by the dashed purple curve in Fig. 3(c).
For lower photon energies these intermediate-state electrons
cannot overcome the vacuum barrier in the second excitation
step. This intensity is assigned to the pxpy (mj = 3/2) bands
shown in Fig. 1(a).

The intensity maps shown in Fig. 3 change considerably
with photon energy within the limited range from 3.02 to
3.26 eV. In addition to the initial states discussed before, a
feature around 2.6 eV intermediate-state energy and parallel
momentum of ±0.3 Å−1 can be identified. It is assigned to
the unoccupied pz bands shown in Fig. 1(a). The dashed black
curves represent the calculated dispersion of Ref. [8] (linearly
extrapolated for |k‖| > 0.15 Å−1 and shifted in energy to match
the experimental data). Note that this state also appears with
weaker intensity around zero parallel momentum for the lower
photon energies, while it appears with high intensity when it is
resonantly excited from the occupied spz or pxpy (mj = 1/2)
bands. For p-polarized light spz to pz transitions are allowed
from dipole selection rules [26] and usually have higher
intensity than the excitation from px (or py) initial states by the
component of the electric field vector parallel to the surface.
Note that the above-discussed pxpy (mj = 3/2) and pz bands
are also spin split, albeit not with a Rashba-type dispersion [8].

Resonant transitions between initial and intermediate states
are also observed in the bichromatic two-photon photoemis-
sion maps in Fig. 4 [22]. The data are plotted on an energy scale
applicable for intermediate states pumped by the fundamental
of the laser. The dashed rectangle in Fig. 4(a) marks the region
of the pxpy (mj = 1/2) bands discussed in Sec. III A. The
lower pump and higher probe photon energy should allow us
to map the dispersion of the pxpy (mj = 3/2) band whose
maximum appeared in Fig. 3(c). The dashed purple curves
in Fig. 4 represent the calculated dispersion of Ref. [8]. They
match the experiment near zero parallel momentum, consistent
with the monochromatic data of Fig. 3(c). The agreement is

also fair for the lower branch, which steeply disperses between
0.9 and 1.3 eV and ±0.2 Å−1. However, a full dispersion
cannot be readily extracted from the experimental data due to
the strongly changing intensities even over the limited range
of pump photon energies from 1.51 to 1.63 eV. We note that
the dispersions of the initial states represented by the dashed
orange and green guides to the eye (taken from Fig. 2 and
shifted by the pump photon energy) coincide rather well with
the various intensity enhancements observed at finite parallel
momenta. The latter point towards resonant transitions into
intermediate states other than the pxpy (mj = 3/2) band.
However, no other unoccupied surface states are present in the
energy window pumped by the first harmonic [see Fig. 1(a)].
The highly complex bichromatic two-photon photoemission
patterns in Fig. 4 will be further disentangled in Sec. III C.

C. Image-potential states

The preceding section showed that the bichromatic two-
photon photoemission data cannot be explained exclusively
by the initial states or intermediate states pumped by the
fundamental of the laser. This leads to the conclusion that
some of the observed transitions correspond to intermediate
states pumped by the third harmonic of the laser. Figure 5
shows the data on the appropriate energy scale. The intensity
maps for the two lower photon energies [see Figs. 4(a) and
4(b)] are overlaid in red and green in Fig. 5(a). In this way
the parabolic dispersion of the multiple resonances between
3.8 and 4.2 eV intermediate-state energy becomes evident.
Note in particular that the intensity strongly changes with
photon energy, and the individual resonances occur at slightly
different energies and momenta due to resonant transitions
from the steep initial bands. The dashed yellow fit curve
indicates the corresponding parabolic band with the energy
minimum at 3.8 eV. The effective mass of the parabolic band
is 1.09 ± 0.06 times the free-electron mass me, and the binding
energy relative to the vacuum level Evac is around 0.7 eV. Such
values are characteristic for image-potential states [15,16], and
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to data) and gray (calculated based on Ref. [25]) curves represent the image-potential states and direct bulk transitions, respectively.

we therefore identify the above feature as the first (n = 1)
member of the corresponding Rydberg-type series. Indeed, the
next two members, n = 2, 3, of the series of image-potential
states can be identified at higher energies via parabolic fits to
the data of Figs. 5(a) and 5(b). Note that, strictly speaking, all
of these bands are image-potential resonances as the bulk band
gap closes at around 3 eV above EF [8] [see Figs. 1(a) and 3].

The Rydberg series can be fitted well by the quantum defect
model Eext

vac − En = 0.85 eV/(n + a)2 [27] with a quantum
defect of a = 0.128 ± 0.005 and an extrapolated vacuum level
Eext

vac = 4.464 ± 0.004 eV. With respect to Eext
vac the binding

energies of the three resonances are obtained as 0.66, 0.19,
and 0.08 eV, as shown in Fig. 5(c). The extrapolated vacuum
level represents the local work function of Bi/Ag(111) and
therefore is a more appropriate binding-energy reference than
the previously determined work function of 4.49 eV (see
Sec. II). Since the determination via the low-energy spectral
cutoff in monochromatic two-photon photoemission averages
over the sample surface [28], the higher value compared to Eext

vac
may be attributed to remaining regions of pristine Ag(111),
which has a higher work function than Bi/Ag(111) [17]. An
inverse photoemission study for Bi/Ag(111) reported a binding
energy for the first image-potential state of 0.74 eV using a
work function of 4.57 eV [29]. Referring to our vacuum level
as extracted from the Rydberg series, the binding energy would
be 0.63 eV, which is very close to our value of 0.66 eV. For
image-potential states near the upper band edge of the projected
bulk band structure a quantum defect a = 0 is expected
[16,27]. This holds for a bulk-terminated crystal surface, but
the BiAg2 layer adds an additional phase shift to the wave
function [30]. Following the model of Ref. [31], we obtain
a phase shift for the n = 1 image-potential state of 0.86π ,
which is considerably larger than for monolayer graphene on
noble-metal surfaces [31]. More interesting is the fact that for
the n = 1 image-potential state on Bi/Ag(111) the total phase
shift amounts to 4π compared to 2π for graphene monolayers.
This agrees with the existence of two totally symmetric surface

states (spz and pz) below the first image-potential state for
Bi/Ag(111), in contrast to one Shockley-type surface state for
noble-metal surfaces (with or without graphene on top).

The complex patterns obtained in bichromatic two-photon
photoemission involve occupied and unoccupied Rashba bands
as well as image-potential states and resonant transitions
between them. Further contributions might come from direct
optical transitions between free-electron-like bulk bands in-
duced by the third harmonic at photon energies between 4.5
and 4.9 eV. The excited electrons are then emitted by the
second photon from the fundamental laser radiation. Such
transitions can also be observed on the clean Ag(111) surface,
where they appear with intensities comparable to those of the
image-potential bands [32]. They can be distinguished from
the latter due to the stronger dispersion corresponding to a
smaller effective mass. The gray dashed curves in Figs. 5(a)
and 5(b) represent these transitions as calculated using the band
structure parameters of Ref. [25] and taking into account the
different photon energies. They might well add to the observed
intensity in the respective regions. In this context we note that
the direct transition between bulk bands and the occupied spz

and pxpy Rashba bands have comparable intensities in the
photoemission data of the bottom part of Fig. 2.

D. Circular dichroism

In Rashba bands states with opposite parallel momentum
have opposite spin orientation. In the presence of spin-orbit
coupling the relative spin orientation may be accessed in
photoemission using circularly polarized light [33,34]. In our
experiments at low photon energies the final states are in
an energy range where only one free-electron-like band of
predominantly s character exists in the silver band structure
[35] which couples to one outgoing plane wave in vacuum.
Therefore, the final-state bands have negligible spin-orbit
coupling, and complications with sign reversals of the circular
dichroism known for higher photon energies can be excluded
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[14,36]. The bottom part of Fig. 6 shows circular dichroism
data taken with 6.20 eV photon energy for the spz Rashba
bands. The direct transition between the nearly-free-electron-
like bulk bands (see Fig. 2) also shows a strong dichroism of
up to ±45%. This is explained by the fact that the electrons
are not emitted in the mirror plane. In this situation electronic
states of opposite parallel momenta are not equivalent in the
bulk. Electrons still have opposite spin but also have opposite

group velocities [37]. The dichroism stems from the initial
states, which are free-electron-like bands of predominantly pz

character [35].
The occupied spz bands show a dichroism of up to 20% and

opposite signs for the two branches, as well as sign reversals at
the band maxima. This is in agreement with the calculated spin
structure [8]. However, the sign reversal at the band maxima is
not observed in photoemission results for Bi on a 20-monolayer
Ag film [34]. This study used 22 eV photons in an energy range
where rapid sign changes of the spin polarization with photon
energy and parallel momentum have been reported [14].

The unoccupied pxpy (mj = 1/2) bands in the top part of
Fig. 6 display a weak circular dichroism of ±10%. The sign
is opposite to that of the occupied spz bands. Near the band
maxima, apparently, no sign reversal is observed. However,
the dichroism signal of ±25% in this region should not be
attributed to the unoccupied pxpy bands (see Fig. 2 and
Sec. III A) and is most likely from near-resonant transitions
from the occupied spz bands, as indicated in Fig. 1(a). If we
follow the outer branches of the pxpy bands below EF, we
observe the opposite sign of the dichroism compared to that of
the inner branches above EF, in agreement with the calculated
spin structure [8] and the occupied spz bands. A spin-polarized
inverse photoemission study complemented by calculations
within a one-step model [12] found no sign reversal at the
band maxima of the unoccupied pxpy bands, in contrast to
our findings. This might be attributed to the influence of the
orbital symmetry of the respective states in combination with
the experimental geometry.

For the monochromatic two-photon photoemission data of
Fig. 3 no circular dichroism measurements were performed
because the polarization of pump and probe photons of the
same energy could not be controlled independently. Since
the data are dominated by initial-state effects, the obtainable
information is expected to be similar to that in Fig. 6 (bottom).
In the region where resonant transitions from the occupied
states via the unoccupied pz band take place, some interesting
effects might occur.
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Such resonant transitions have been observed in the bichro-
matic measurements in Figs. 4 and 5. The corresponding
circular dichroism data are shown in Fig. 7 and exhibit drastic
differences depending on which photon is circularly polarized.
Figure 7(a) shows the case when the third harmonic is circularly
polarized, and Fig. 7(b) shows the case for the circularly
polarized fundamental. The data are plotted on an energy
scale corresponding to the intermediate states pumped by
the circularly polarized light. The p-polarized probe then
samples the asymmetry in the population of the intermediate
states induced by the circularly polarized pump photons of
opposite helicity. The asymmetry might arise from the initial
or intermediate states or both.

In Fig. 7(a) the intermediate states pumped by the circularly
polarized third harmonic are image-potential states. They are
unpolarized or, more precisely, have a Rashba splitting [38]
not resolvable with our energy and momentum resolution. The
circular dichroism should then be dominated by the initial
states. The main dichroism asymmetry of up to ±60% indeed
follows the occupied spz bands (with opposite sign), similar
to the bottom part of Fig. 6. We note that the dichroism in
Fig. 7(a) is largely dominated by a right/left asymmetry. This
most likely stems from the asymmetry of the bulk bands which
contribute initial states outside the band gap of the projected
bulk band structure. The occupied pxpy bands seem to provide
no strong dichroism contrast in spite of the fact that resonant
transitions via image-potential states are observed (see Fig. 4).

In Fig. 7(b) the circularly polarized fundamental pumps
intermediate states from the spin-split Rashba manifold, in
particular the pxpy bands. The unoccupied part of the lower
mj = 1/2 bands is located in the area of the dashed rectangle
and was already presented and discussed in the context of
Fig. 6. The unoccupied mj = 3/2 bands overlap with the initial
states, and the dichroism patterns appear rich in structure.
Note that a clear circular dichroism contrast of up to ±25% is
observed where the mj = 3/2 bands cross the initial states in
spite of the fact that no strong resonances between these bands
were seen in the intensity maps in Fig. 4. On the other hand,
pronounced resonant transitions occur via the image-potential
states which have negligible Rashba splitting. However, the
image-potential states show up in the dichroism pattern with
asymmetries of up to ±30%, as can be seen for the n = 2 and
3 bands in the top part of Fig. 7(b). The sign of the dichroism
follows the right/left asymmetry from Fig. 7(a) and the outer
parts of Fig. 7(b). We therefore attribute this dichroism to the

TABLE I. Energies at k‖ = 0, effective masses m∗ (±0.06me)
and Rashba parameters αR of the observed states. Energies are given
relative to EF for the spin-split bands and as binding energies relative
to Eext

vac for the image-potential states n.

State mj Energy (eV) Literature m∗ (units of me) αR (eV Å)

spz − 0.36 ± 0.02 − 0.33 [10] − 0.33 3.04 ± 0.08

pxpy 1/2 0.53 ± 0.02 0.55 [10] − 0.16 3.0 ± 0.2
pxpy 3/2 1.30 ± 0.02 1.2 [12]
pz 2.60 ± 0.06 2.6 [12]
n = 1 0.66 ± 0.02 0.74 [29] 1.09
n = 2 0.19 ± 0.02 1.14
n = 3 0.08 ± 0.04 1.12

bulk bands serving as initial states in these regions. Finally,
we would like to point out that the circular dichroism in some
cases provides a clearer picture of the bands than the intensity
distributions dominated by resonant transitions.

IV. SUMMARY AND CONCLUSIONS

The data for the observed states at the center of the surface
Brillouin zone (parallel momentum k‖ = 0) are compiled in
Table I. The agreement with results from scanning tunneling
spectroscopy [10] and inverse photoemission [12,29] is excel-
lent. Note that calculations give similar values for the pxpy

bands and slightly varying values for the pz bands [8,12],
presumably because the latter are more sensitive to the outward
relaxation of the bismuth atoms within the top BiAg2 layer.

The analysis of the two-photon photoemission spectra
is complicated by resonant transitions between the various
Rashba and image-potential bands. Using different photon
energies, we succeeded in disentangling the highly complex
two-photon photoemission maps recorded in the �M direction.
Circular dichroism proved the expected Rashba-type spin
structure of the lower spz and pxpy (mj = 1/2) bands, in
agreement with theoretical predictions [8]. For the higher pxpy

(mj = 3/2) and image-potential bands the circular dichroism
patterns become quite rich in structure. However, they reveal
additional information beyond the intensity maps dominated
by resonant transitions. It would be desirable to extend the
studies to the �K direction to avoid the circular dichroism
asymmetry originating from the bulk bands.
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