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We report on low-temperature scanning tunneling spectroscopy investigations of the (
ffiffiffi

3
p � ffiffiffi

3
p

)

Bi=Agð111ÞR30� surface alloy which provides a giant Rashba-type spin splitting. We observed spectro-

scopic features that are assigned to two Rashba-split bands. Quantum interference mapping shows that

backscattering is not only allowed below but also above the Rashba energy. We argue that the observed

behavior can be understood within the Bloch picture where k refers to the crystal momentum and the

velocity of an electronic state is defined as vnðEÞ ¼ 1
@
rkEnðkÞ. The analysis of the energy dispersion of

scattering channels reveals a conventional Rashba splitting for the unoccupied Rashba bands, while

hybridization is observed in the occupied states.
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It is well known that the degeneracy of electronic states
can be lifted by breaking the inversion symmetry of crystal
lattices intrinsically (Dresselhaus effect) [1] or by introd-
ucing surfaces or interfaces (Rashba-Bychkov effect) [2].
While originally observed at interfaces of semiconductor
heterostructures, the Rashba-Bychkov effect of metallic
surfaces consisting of high-Z elements has recently attr-
acted considerable interest. While the first successful
observation of a Rashba-split surface state was reported for
Au(111) by La Shell et al. [3], lately giant splittings have

been found for (
ffiffiffi

3
p � ffiffiffi

3
p

) surface alloys of heavy post-
transitionmetals with noblemetal fcc(111) surfaces [4–11].

In particular, the electronic structure of the (
ffiffiffi

3
p � ffiffiffi

3
p

)
Bi=Agð111ÞR30� surface has been the subject of numerous
investigations [12–15]. This surface alloy features twodown-
wards dispersing (effective electron mass m� < 0) surface
states within the L-projected bulk band gap, an occupied
spz-like band and a (mostly) unoccupied px; py-derived

band [12]. For both surface states significant Rashba split-
tings have been reported. While general consensus on the
dispersion of the electronic bands has been reached, their
spin polarization is still under discussion. The conventional
Rashba model would lead to the spin structure schematically
sketched in Fig. 1(a). In contrast, density-functional theory
(DFT) calculations have predicted a more complicated
spin topology [12], indicating that the spin polarization of
the upper (empty) Rashba bands changes sign at the band
maximum[Fig. 1(b)]. Furthermore, it has been predicted [12]
and experimentally verified [14] that the upper and the lower
Rashba band avoid hybridization due to spin-orbit–induced
interband spin mixing. DFT calculations have predicted
that both bands switch polarization at this point [Fig. 1(b)].
As has been pointed out in Ref. [5], peaks are observed at
the respective band onsets [Fig. 1(c)].

Recently, Hirayama et al. [16] investigated the spin

polarization of the (
ffiffiffi

3
p � ffiffiffi

3
p

) Bi=Agð111ÞR30� surface

alloy experimentally by studying the energy dependence
of standing electron wave patterns with scanning tunneling
spectroscopy (STS). This so-called quantum interference
mapping technique observes spatial oscillations of the
energy-resolved density of states which originate from
elastic scattering between two momentum eigenstates
of the sample, ki;f. The resulting oscillation exhibits a

wave vector which corresponds to the scattering vector
qðEÞ ¼ kfðEÞ � kiðEÞ.
Since electronic states with opposite spin polarization

are orthogonal and cannot interfere, quantum interference
patterns can only be observed if the spin polarization of
the involved states is nonorthogonal [17,18] [see illustra-
tion in Fig. 1(d)]. While we cannot draw any conclusion on
whether or not spin-flip processes exist [19], the existence
of an interference pattern clearly shows that the eigenstates
of the involved electronic states are nonorthogonal. As ind-
icated qualitatively by black arrows in Figs. 1(a) and 1(b),
the two cases sketched above are expected to yield in
different evolutions of the energy-dependent scattering
vector which can be distinguished by their qualitatively
different quantum interference patterns.
Indeed, Hirayama et al. [16] observed pronounced oscil-

lations which clearly showed an energy dispersion for the
upper (empty) Rashba bands between the Rashba energy
ER1

and EF [16], thereby indicating a conventional Rashba

splitting as shown in Fig. 1(a). In contrast, no quantum
interferences were observed above the Rashba energy, i.e.,
between ER1

and E1 [16]. This observation was interpreted

to be a direct consequence of the spin structure shown in
Fig. 1(a), which—according to Ref. [16]—leads to forbid-
den backscattering between E1 and the Rashba energy ER1

.

Here we revisit the (
ffiffiffi

3
p � ffiffiffi

3
p

) Bi=Agð111ÞR30� surface
alloy in a quantum interference study performed by scan-
ning tunneling spectroscopy. In contrast to Hirayama et al.
[16] who deposited the Bi on a thin Ag film epitaxially
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grown on a Si(111) substrate, our study was performed
on a Ag(111) single crystal. This minimizes the number
of dislocations and is of particular advantage for the obser-
vation of short scattering vectors q which lead to relatively
long-wavelength interference patterns in real space. For the
upper Rashba band we observe quantum interferences
below and above the Rashba energy ER1

, indicating

that backscattering is allowed within the Bloch picture.
At energies corresponding to the position of the lower
Rashba band the coexistence of two interference patterns
with a large and a small scattering vector q is observed.
The energy dispersion of these scattering vectors is
explained by spin-orbit-induced spin mixing which leads
to the opening of a hybridization gap and changes the spin
polarization of the involved bands.

The experiments have been performed in a two-chamber
UHV system equipped with a low-temperature STM
working at 5 K. The system consists of separate chambers
for sample preparation and surface analysis (base pressure
p�1�10�10mbar). The Ag(111) single-crystalline
substrate was cleaned by cycles of Arþ sputtering (E ¼
500 eV) and subsequent annealing (T � 700 K). For

preparation of the (
ffiffiffi

3
p � ffiffiffi

3
p

) Bi=Agð111ÞR30� surface
alloy a third of a Bi monolayer was evaporated onto
the Ag(111) substrate held at T � 470 K. STS and
dI=dU maps have been performed by means of standard
lock-in technique (� ¼ 1:333 kHz).

Figure 2 shows an averaged STS spectrum of the

(
ffiffiffi

3
p � ffiffiffi

3
p

) Bi=Agð111ÞR30� surface alloy. We can recog-
nize two asymmetric peaks, that can clearly be assigned to
the spz- derived (left side, occupied states) and the px,
py-derived (right side, empty states) Rashba states [12,14].

We would like to emphasize that the edge singularity

caused by the empty Rashba band appears about one order
of magnitude more intense than in a previous publication
[16]. The shape of both peaks closely resembles the singu-
larities described in Ref. [6]. At the moment we can only
speculate that the different measurement temperature (5 K
vs 77 K), a lower modulation amplitude, and/or the better
surface quality might lead to this improvement. Following
the procedures given in Ref. [6] the peaks in the dI=dU
spectrum were fitted by the blue lines in Fig. 2. Agreement
with the experimental data is particularly good for the
upper (empty) band for which we obtain E1 ¼ 725 meV
and �ER1

¼ 150 meV. The overall agreement is also rea-

sonable for the lower (occupied) Rashba band. Here the fit

FIG. 1 (color online). Schematic representation of the EðkxÞ dispersion of Rashba-type spin-split bands and the resulting DOS in the
case of two downwards dispersing surface states. Electrons in the red (blue) parabola exhibit spin polarization along �ŷ. (a) Within a
conventional Rashba model the two parabolas are shifted along kx by �k0. (b) Density-functional theory (DFT) calculations have
predicted a more complicated spin topology for the ð ffiffiffi

3
p � ffiffiffi

3
p Þ Bi=Agð111ÞR30� surface alloy [12]. (c) The theoretical DOS with

singularities at the onset of the surface state bands. The opening of a hybridization gap leads to an enhanced DOS resulting in a
shoulder at the asymmetric peak [hatched line]. (d) Illustration of the spin-dependence of quantum interference. Eigenstates of
electrons with opposite spin polarization are orthogonal and cannot interfere (top). An interference pattern is expected for electrons
with parallel spins (bottom).

∆ ∆

FIG. 2 (color online). Tunneling spectrum (red dots) of the
ð ffiffiffi

3
p � ffiffiffi

3
p Þ Bi=Agð111ÞR30� surface alloy showing peaks at

E1 ¼ 725 meV and E2 ¼ �110 meV (set point: Iset ¼ 1 nA).
The blue lines represent fits to the peaks (see text for details).
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results in E2 ¼ �110 meV and �ER2
¼ 220 meV, which

is consistent with earlier angular-resolved photoemission
spectroscopy (ARPES) and STS data [6].

However, the fitting procedure cannot reproduce the
shoulder which appears at the left flank of the peak. We
believe that this shoulder is the spectroscopic evidence for
the gap opening at the hybridization point of the twoRashba
bands which occurs at an energy of about 200 meV below
EF (see Fig. 1). Without spin-orbit coupling the pure
spin states of both bands were orthogonal and the bands
could cross. Since the spin-orbit coupling in the Bi=Ag
alloy is indeed strong, considerable spin-mixing occurs,
resulting in the opening of a hybridization gap [12,14].
This leads to a reduced band velocity and thereby enhances
the DOS [20].

To obtain the energy dispersion we measured a series

of dI/dU maps in the bias range between �400 meV up

to þ800 meV (increment 50 meV). Figure 3(a) shows

the topography of the investigated sample area. We can

recognize atomically flat terraces which are separated by

three step edges with different crystallographic directions.

The inset shows an atomically resolved image of the Bi

alloy. Arrows show crystallographic directions relative to
the Bi overlayer, which is rotated by 30� with respect to the
Ag(111) substrate, i.e., �KBi k �MAg and �MBi k �KAg.

Figures 3(b) and 3(c) show the interference patterns
measured at U ¼ þ137 meV and U ¼ þ587 meV, i.e.,
below and above the Rashba energyER1

of the upper Rashba

band, respectively. Although the pattern aboveER1
is far less

structured than the one below in both cases standing waves
parallel to step edges are clearly visible [21]. This observa-
tion is in contrast to Ref. [16], where the absence of an
interference pattern above ER1

was interpreted in terms of

forbidden backscattering of a Rashba-split surface state. We
have analyzed our data quantitatively by two-dimensional
Fourier transformation (2D-FFT). Figure 3(d) shows the
2D-FFT of the data presented in (b). One can recognize
straight lines which fan out from the center and a

FIG. 3 (color online). (a) Constant-current image of the ð ffiffiffi

3
p � ffiffiffi

3
p Þ Bi/Ag(111)R30� surface alloy. Inset: Atomic scale image.

(b) dI=dU map measured at U ¼ 137 meV and (c) at U ¼ 587 meV. (d) Corresponding two-dimensional Fourier transform of (b).
The hexagonal shape depicts an anisotropic dispersion for �K and �M directions.

PRL 110, 176803 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

26 APRIL 2013

176803-3



hexagonally shaped frame with intensity maxima at the

edges and at the middle of the side, i.e., along the �M

and the �K direction, respectively. The fanning-out lines,
which are rotated by �

2 relative to the real space image due to

the FFT processing, originate from the step edges.
Correspondingly, the maxima at the edges and sides of
the hexagon on the 2D-FFT are caused by the quantum
interference pattern formed by the scattering vector q
which connects two nonorthogonal electron eigenstates.

The extracted qðEÞ values are displayed in Fig. 4.
Clearly, we observe an energy dispersion for both Rashba
bands. Scattering within the px, py-derived band (labeled

D1 in Fig. 4) starts at about þ700 meV. In the energy
range between the Rashba energy ER1

of the px, py-derived

band and EF our data are fully consistent with the data
presented in Ref. [16], thereby confirming a conventional
Rashba state in this energy range. Indeed, our data clearly
show the existence of an interference pattern and a disper-
sion of the scattering vector even above the Rashba energy
ER1

, i.e., within the energy range where—according to

Ref. [16]—backscattering is forbidden.
At this point it is important to note that the involved

electrons occupy Bloch states. Therefore, k refers to the
crystal momentum rather than the electron momentum and
k itself is no longer suitable to determine if backscattering
is allowed. Instead, the band velocity for Bloch states is
defined as vnðEÞ ¼ 1

@
rkEnðkÞ and one would expect that

spin-conserved backscattering can occur between sections
with positive and negative slope rk, i.e., positive and

negative band velocity. In contrast to the observations
reported in Ref. [16] this is indeed possible below and
above the Rashba energy.
Fitting our data to a parabolic dispersion yields E1 ¼

ð737� 20Þ meV for the px, py-derived state. This value

is in agreement with our STS data presented in Fig. 2. For
the effective mass we obtain m�

�M
¼ ð�0:40� 0:09Þme

and m�
�K

¼ ð�0:34� 0:08Þme.

Because of the hybridization between spz- and px,
py-derived states, the interpretation of the interference

patterns observed for energies below �100 meV is more
complex. For some energies we even observe the coexis-
tence of two interferences, indicating the presence of
two different spin-conserving scattering channels (see D2

andD3 at energies E� EF <�100 meV in Fig. 4). Fitting
the inner dispersion D2 by a parabola would lead to
m�

�K
¼ ð�0:09� 0:01Þme and m�

�M
¼ ð�0:13� 0:02Þme

which is far below values determined by ARPES measure-
ments (m� ¼ �0:35me) [5,9].
Instead, as schematically shown in Fig. 5, we assign our

data to scattering vectors between the two Rashba bands
which change spin polarization as they hybridize. This
result is qualitatively consistent with earlier DFT calcula-
tions [12]. Following the representation chosen in a spin-
ARPES experiment performed by Meier et al. [13], the
inner branches of the contributing px, py- and spz-derived

branches were labeled l1 through r3 (see bottom of Fig. 5).
Rather than scattering between branches l3 and r1 or l1 and
r3, the inverted polarization now allows for scattering
between l2 and r1 (upper black arrow in Fig. 5) or l3 and
r2 (lower arrow), which exhibit the same spin polarization.
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FIG. 4 (color online). Dispersion of scattering vector q as
extracted from a series of dI/dU maps. Data measured along
the �K and �M directions are plotted in light blue and dark blue
color, respectively. Red lines are guides for the eye only.

FIG. 5 (color online). Proposed spin topology of the ð ffiffiffi

3
p �

ffiffiffi

3
p Þ Bi=Agð111ÞR30� surface alloy. Above the Fermi level EF

the upper band exhibits a conventional Rashba splitting. The spin
topology of the lower band is more complicated as it hybridizes
with the inner branch of the upper Rashba band. Arrows indicate
the two scattering channels observed in the occupied states.
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Indeed, the spin-ARPES experiments show that the respec-
tive branches are essentially polarized along the y axis
(see Table I in Ref. [13]). As a result the scattering vector
between l2 and r1 becomes very short and the resulting
dispersion suggests an effective electron mass which is no
longer representative for electrons in the spz-derived
bands. Correspondingly, we can assign the larger scattering
vector to an interference between the branches l1 and r2
(lower black arrow in Fig. 5) or l2 and r3. Although spin-
and angle-resolved photoemission spectroscopy experi-
ments have shown a considerable out-of-plane component
for spz–derived branches l1 and r3, the in-plane component
of these branches is essentially aligned with those of r2
and l2 [13], respectively, thereby enabling scattering and a
relative high intensity in the quantum interference pattern.
We speculate that the change of spin orientation occurs
around the hybridization energy, as this is where the scat-
tering vectors associated with a conventional Rashba bands
(labeled D1 in Fig. 4) are vanishing and scattering vectors
D3 are appearing.

In summary we have revisited the quantum interference

patterns formed by Rashba-split surface states in (
ffiffiffi

3
p � ffiffiffi

3
p

)
Bi=Agð111ÞR30� surface alloy. For the empty states the
observed energy dispersion between the Rashba energy and
the Fermi level is in agreement with an earlier study [16]
and confirms conventional Rashba behavior. In addition
we also observe quantum interferences above the Rashba
energy indicating that backscattering is allowed within
the Bloch picture. Careful analysis of scattering patterns
below the Fermi level reveals the coexistence of two scat-
tering vectors. The energy dispersion is explained by the
opening of a hybridization gap due to spin-orbit–induced
spin mixing.
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