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We discuss two different approaches for tuning the giant spin–orbit splitting of a BiAg2 surface alloy. The
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first approach consists of electron doping by alkaline metal deposition in order to shift the energy position
of the spin-split surface states, while the second is based on the novel Si(1 1 1)–Ag–BiAg2 trilayer system.
In both cases the spin-polarized structure near the Fermi level can be controlled by an external parameter,
while the second approach permits coupling the concept of giant spin-splitting with a semiconducting
substrate.

© 2010 Elsevier B.V. All rights reserved.

uantum-well states
lectron doping

. Introduction

The spin degeneracy of electronic states is a consequence of both
ime reversal and inversion symmetry. The latter is, however, bro-
en for two-dimensional electron gases at surfaces and interfaces.
he degeneracy can be then lifted by the effect of the spin–orbit (SO)
nteraction which results in a modified dispersion of the surface
tates [1]. This so-called Rashba–Bychkov (RB) effect is the surface
nalog of the Dresselhaus effect observed in bulk materials which
ack an inversion center [2]. An additional term in the otherwise
pin-independent Hamiltonian operator captures the coupling of
he electron’s spin to the magnetic field which appears in the rest
rame of the electron. This relativistic Hamiltonian term splits the
ree-electron parabola into two branches with dispersion:

±(k//) =
h̄2k2

//

2m∗ ± ˛Rk// (1)

R, known as the Rashba parameter, is proportional to the out-of-
lane surface potential gradient and can be used as a measure of the

B effect magnitude. SO split states were first directly observed by
ngle-resolved photoemission (ARPES) on the Au(1 1 1) surface [3].
xperimentally, the splitting of the Au(1 1 1) Shockley surface state
as found to be several orders of magnitude larger than estimates

ased on equation (1). This is due to the limitations of the simple

∗ Corresponding author. Tel.: +41 021 693 4404; fax: +41 021 693 3604.
E-mail address: emmanouil.frantzeskakis@epfl.ch (E. Frantzeskakis).

368-2048/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.elspec.2010.05.018
free-electron approach which ignores the effect of the strong poten-
tial gradient near the ion cores. A more realistic tight-binding model
revealed that the size of the splitting depends on the combined
effect of the surface potential gradient and the atomic SO coupling
[4]. ARPES is an excellent tool for surface states investigation [5]
and, up to this date, several metal surfaces which exhibit the RB
effect have been studied, confirming qualitatively the theoretical
predictions [6–9].

Quantitative discrepancies with the predictions of (1) are sur-
prisingly large for a well-ordered BiAg2 surface alloy, which was
found to exhibit a very large Rashba parameter [10]. Based on the
results of relativistic first-principle calculations, an additional in-
plane potential gradient has been proposed, which can enhance the
RB effect [10]. A nearly free-electron (NFE) model generalized the
above conclusions for any anisotropic two-dimensional electron
gas (2DEG) subject to the SO interaction [11]. An independent theo-
retical study proposed that the large enhancement can be explained
by the distortion of the surface state wavefunction due to the out-
ward buckling of Bi atoms [12]. Similar metallic surface alloys might
prove very promising candidates for spintronics applications since
they could decrease the spin precession time in a spin transistor and
allow distinguishing between the intrinsic and extrinsic Hall effects
[13]. One of the main challenges is to control the magnitude and
direction of the spin polarization near the Fermi level. This would

be possible if one could tune the RB effect at will.

Our research group has demonstrated that a controlled change
of stoichiometry in the BixPb1−x/Ag(1 1 1) surface alloy permits to
control the SO parameters [14]. Although, a continuous tuning of
the surface state position is achieved, the main disadvantage of

dx.doi.org/10.1016/j.elspec.2010.05.018
http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
mailto:emmanouil.frantzeskakis@epfl.ch
dx.doi.org/10.1016/j.elspec.2010.05.018
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Fig. 1. (a) A schematic illustration of the BiAg2–Ag(1 1 1) structure. (b) Surface
Brillouin zones of the BiAg2 surface alloy (black) and the substrate (red). Primed
E. Frantzeskakis et al. / Journal of Electron Spec

his approach is that the structural disorder of the mixed alloy is
eflected into the electronic structure. It should be, however, noted,
hat the spin structure is not changed by the disorder in the mixed
lloy system, as has been shown by Meier et al. [15]. In the present
aper we explore two alternative ways to custom tailor the spin-
ependent electronic structure of the BiAg2 alloy. The first approach

s by means of electron doping along the lines of a similar recent
tudy on the BiCu2 surface alloy [16]. For the second approach, we
resent new experimental data on the novel Si(1 1 1)–Ag–BiAg2 tri-

ayer system where the buffer layer thickness is the crucial external
arameter.

. Experimental details

The samples were prepared in ultra high vacuum using a
ultichamber setup with a base pressure of 1 × 10−10 mbar. The
g(1 1 1) surface was cleaned by successive cycles of sputtering
nd annealing at 800 K. During the last part of the annealing
he temperature was reduced to 500 K, and 1/3 ML of Bi was
eposited on a warm substrate. This procedure produces better
urface ordering with respect to the one with Bi deposition at
oom temperature (RT) followed by a mild annealing at 500 K. The
tructural quality of the BiAg2–Ag(1 1 1) surface alloy was veri-
ed by means of low energy electron diffraction (LEED) which
howed a homogeneous

√
3 ×

√
3R30◦ reconstruction. The alkali

etal (Na) deposition was performed using commercial thermal
vaporation dispensers from SAES Getters. The dispensers were
reviously outgassed and evaporation was achieved with a current
qual to 6.5 A. Na evaporation was done on a cold sample (100 K)
nd the exposure time was limited to 30 s in order to avoid heating
he interface.

The Si(1 1 1) substrate (n-type, � = 0.009–0.011 � cm) was
leaned by repeated flashes at 1400 K using direct current injection.
fter the surface was slowly cooled to RT, a sharp 7 × 7 LEED signa-

ure revealed its atomic order. Ag was deposited by a home-made
nudsen cell while the sample was kept at 80 K. The Ag thin film
rows in the [1 1 1] direction and LEED reveals a 1 × 1 symmetry
imilar to that of the clean Ag(1 1 1) surface. After the deposition of
/3 ML of Bi followed by a mild annealing, the LEED pattern changed
o

√
3 ×

√
3R30◦ which is the signature of the BiAg2 alloy formation.

ARPES experiments were carried out at RT and 70 K using a
hoibos 150 SPECS Analyzer with an energy resolution better than
meV. The base pressure was in the low 10−10 mbar range. The

ample was illuminated with a monochromatized and partially
olarized UV light of 21.2 eV from a Gammadata source. During
he measurement the pressure in the ARPES chamber was equal to
× 10−9 mbar (mainly He gas). The wide acceptance angle (±12◦)
f the spectrometer allowed a large part of the surface Brillouin
one (SBZ) to be covered within a single measurement.

. Results

.1. BiAg2–Ag(1 1 1)

A schematic representation of the BiAg2–Ag(1 1 1) surface alloy
tructure is depicted in Fig. 1a. Each Bi atom is surrounded by six
g atoms giving rise to a

√
3 ×

√
3R30◦ periodicity. The latter is

eflected in the SBZ of the system (Fig. 1b), where the primed letters
epresent the high-symmetry points of the reconstruction.

Fig. 2a follows the surface state dispersion of the BiAg2 alloy

long the �M direction of the reconstruction (i.e. �M′): in good
greement with previous studies [10,17], it is possible to observe
he crossing of two alloy-derived spin-split states of an spz

haracter at a binding energy (EB) of 350 meV. Another pair of
eaker spin-split bands is pointed out by arrows. The latter have
(unprimed) letters refer to the high-symmetry points of the reconstruction (sub-
strate). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

mainly a pxy character [10,12] and cross the Fermi level with
kF1 = ±0.095 Å−1 for the internal branches and kF2 = ±0.29 Å−1 for
the external ones.

Fig. 2b–f shows the modified surface state dispersion after each
successive Na evaporation. Each evaporation time was fixed at 30 s
and the measurement was performed when the sample attained a
temperature of 70 K. The total amount of Na is continuously increas-
ing from Fig. 2b to Fig. 2f. After the first Na evaporation, the whole
band structure shifts to higher EB: the spz crossing shifts by 45 meV
and the pxy states straddle the Fermi level at kF1 = ±0.08 Å−1 and
kF2 = 0.275 Å−1.

After each successive Na deposition, one can observe a continu-
ous and uniform energy shift of all the surface-derived bands, while
kF1 and kF2 continue approaching each other. By fitting the spin-
split branches using successive momentum distribution curves, we
obtained a total energy shift of about 230 meV after five evapora-
tion cycles. This corresponds to saturation coverage, since further
Na deposition does not shift the bands but only increases the struc-
tural disorder. The latter is reflected in the visibility of the bands
which is strongly diminished. In analogy with a similar study of
the Na-doped BiCu2 alloy, saturation is achieved for 0.25 ML of Na
[16]. Using this value as a reference, we can conclude that each
successive evaporation cycle adds 0.05 ML of Na to our system.

We modelled the experimental results of Fig. 2 by using a simple
model which takes into account the RB effect and the momen-
tum distribution anisotropy induced by the in-plane asymmetry
of the potential [11]. Working in the momentum representation
and considering one electron state from each pxy and spz manifolds

our basis vectors are |spz↑〉, |spz↓〉, |pxy↓〉 and |pxy↑〉. The resulting
4 × 4 Hamiltonian matrix consists of two 2 × 2 HSO building blocks
(one for spz and one for pxy bands) and off-diagonal hybridization
elements. A group theoretical analysis shows that the real wave-
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ig. 2. ARPES intensity (70 K) around �̄ for a pure BiAg2–Ag(1 1 1) surface alloy (a)
o f). There is a rigid shift of the whole bandstructure to higher binding energies ma
F values of the weak pxy spin-split branches.

unctions should be represented as appropriate k-dependent linear
ombinations of the above states [18]. Notice also that, due to the
O interaction, spin is not a good quantum number. As a result
he outer spz band can hybridize with the inner pxy state since
hey belong to the same representation. This consequence has been
aken into account in the structure of our Hamiltonian matrix.
In order to consider the in-plane anisotropy of the potential we
sed the Hamiltonian proposed by Fu [19]. This is the conventional
B Hamiltonian for a 2DEG with a third-order correction term.
he resulting constant-energy (CE) contours (Fig. 3g) are in full
greement with the predictions of an anisotropic 2DEG model
fter electron doping with increasing Na coverage (b–f) (coverage increases from b
he formerly unoccupied states experimentally accessible. The arrows point out the

with RB splitting [11]. Keeping in mind that each HSO term is
given by the sum of the free-electron and the modified Rashba
Hamiltonians (i.e. HSO = H0 + HR) and that the matrix elements
of the 2 × 2 hybridization blocks (VSS) refer to the hybridization
potentials between states of a mixed character, the Hamiltonian
matrix can be written in this compact form:
(

HSO(spz) VSS

V∗
SS HSO(pxy)

)

Fig. 3 summarizes the resulting energy dispersion determined
by diagonalizing this matrix. Parameters were chosen to fit the suc-
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Fig. 3. Surface state dispersion around �̄ according to a simple hybridization
model: (a) pure BiAg2–Ag(1 1 1) surface alloy, (b–f) BiAg2–Ag(1 1 1) surface alloy
with increasing Na coverage in correspondence with the experimental results of
Fig. 2. (g) Represents the calculated constant-energy contours for a binding energy
of 650 meV. The anisotropic momentum distributions are well reproduced by the
model. The horizontal full line shows the Fermi level position, while the horizontal
dashed line corresponds to the pxy spin degeneracy point for the pure alloy. The cir-
cles point out the hybridization of the surface states. The vertical dashed line follows
the direction of the calculated band dispersions.
Fig. 4. (a) A schematic illustration of the BiAg2–Ag–Si(1 1 1) structure. (b) Surface
Brillouin zones of the BiAg2 surface alloy (black), the Ag buffer layer (red) and the
Si(1 1 1) substrate (blue). Primed (unprimed) letters refer to the high-symmetry
points of the reconstruction (substrate). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)

cessive images of Fig. 2 and a rigid energy shift was introduced from
Fig. 3a to Fig. 3f as discussed earlier. The unoccupied part of the
image was fitted using the calculated dispersion by Bihlmayer et
al. [12]. Even for the highest Na coverage, the pxy spin degeneracy
point remains about 350 meV away from the Fermi level. Therefore,
it is hard to attain the exotic EF < E0 regime [20] due to saturation
and the structural disorder. Spin-resolved measurements would
be necessary in order to verify that the induced disorder does not
modify the spin structure [15].

Even with these limitations, Fig. 2 proves that it is possible to
tailor the spin-polarized electronic structure near EF by alkali metal
doping. A similar shift of the Bi-derived states was accomplished
in the BixPb1−x/Ag(1 1 1) system but the surface states were shifted
to lower EB and their parameters were continuously changing from
those of BiAg2 to the ones of PbAg2 [14]. The present study, on
the other hand, represents a rigid shift of the alloy-derived bands
and reveals the interesting possibility of obtaining new informa-
tion about the band dispersion in the former unoccupied region by
simple electron doping.

3.2. BiAg2–Ag–Si(1 1 1)

Tunability of the spin polarization vector of a BiAg2 surface alloy
can be also achieved by growing the trilayer system depicted in
Fig. 4a. Instead of forming the BiAg2 alloy on a clean Ag(1 1 1) sin-
gle crystal, we used a silver buffer layer which is itself deposited
on a clean Si(1 1 1) 7 × 7 substrate. The present approach reports
on two different interesting aspects of the SO-induced splitting. On

one hand, it combines the giant RB effect with a semiconducting
substrate, as it has been recently achieved for similar Bi-based sys-
tems [21,22]. On the other hand it offers the possibility to tune the
spin structure near EF by modifying the thickness of the Ag buffer
layer.



92 E. Frantzeskakis et al. / Journal of Electron Spectroscopy and Related Phenomena 181 (2010) 88–95

F ate. Th
i end o

7
i
fl
d
t
b
t
A
a
s
t

w
a
t
f
l
e
a
w
o
t
i
t

a
m

ig. 5. ARPES intensity (70 K) around �̄ for a thin Ag film grown on a Si(1 1 1) substr
n QWS with parabolic dispersion. The number and energy position of the QWS dep

The self-organization of Ag atoms deposited on a cold Si(1 1 1)
× 7 substrate yields a close-packed structure after a mild anneal-

ng. Ag/Si(1 1 1) is an incommensurate interface but atomically
at silver surfaces with a (1 1 1) termination plane grow if the
eposited material exceeds the amount of 6 ML [23]. When the
hickness of the Ag thin film is large (i.e. d > 40 ML), the latter
ehaves exactly as a Ag(1 1 1) single crystal. ARPES results on
he clean film exhibit the well-studied Ag Shockley surface state.
fter the deposition of 1/3 ML Bi and the formation of the BiAg2
lloy, the experimental data is identical to the surface electronic
tructure of the pure BiAg2–Ag(1 1 1) system already described in
he previous section (Fig. 2a).

An interesting situation arises for thinner Ag buffer layers,
here d is of the order of a few MLs. Before the deposition of Bi

nd the formation of the alloy, the Ag 5s states are confined within
he Ag film by the potential barrier on the vacuum side and by the
undamental bandgap of Si on the substrate side. This confinement
eads to quantized wave vectors along z and to discrete energy lev-
ls in a “particle in a box” fashion. On the other hand, the electrons
re nearly free in the x–y plane and this yields a parabolic dispersion
hich is only perturbed when the energy approaches the maximum

f the Si valence band [24]. The bulk continuum of the Ag 5s states is
herefore replaced by these quantum-well states (QWS) as shown

n Fig. 5. Their number and energy position are directly related to
he thickness of the buffer layer and can be tuned at one’s will.

When the BiAg2 surface alloy is grown at the interface with
thin buffer layer, its surface electronic structure is significantly
odified (Fig. 6) [25,26]. The spectral features are sharper than the
e quantum confinement of the bulk sp bands in the perpendicular direction results
n the thin film thickness.

thick-layer case because the alloy-derived states do not hybridize
with the 5s bulk continuum but only at the intersections with the Ag
QWS. As evidenced by the experimental results, hybridization with
the confined states is strong enough to significantly alter the dis-
persion of the surface states. Hybridization gaps are clearly seen in
the dispersion of the branches of both the inner (spz) and the outer
(pxy) bands. They form at the intersection of the spin-split alloy
states with the nearly spin-degenerate Ag QWS. As a result, large
and opposite values of the spin polarization are achieved at oppo-
site sides of each mini-gap [25]. Interestingly, the number, energy
and width of the hybridization gaps can be modified by varying the
value of an external parameter (i.e. the buffer layer thickness).

In order to model the interaction between the QWS and the
SS, and explain our experimental results, we extended the Hamil-
tonian matrix of the previous section. In Fig. 7 we considered
the effect of two spin-degenerate QWS. The basis vectors are
now |spz↑〉, |spz↓〉, |pxy↓〉, |pxy↑〉, |spz↑〉, |QW1↑〉, |QW1↓〉, |QW2↑〉,
|QW2↓〉, and our Hamiltonian matrix can be written as:⎛
⎜⎜⎜⎜⎝

HSO(spz) VSS V(spz−QW1) V(spz−QW2)

V∗
SS HSO(pxy) V(pxy−QW1) V(pxy−QW2)

V∗
(spz−QW1) V∗

(pxy−QW1) H0(QW1) 0

⎞
⎟⎟⎟⎟⎠
V∗
(spz−QW2) V∗

(pxy−QW2) 0 H0(QW2)

This Hamiltonian matrix consists of sixteen 2 × 2 building blocks,
each one referring to states of two different spins. H0 denotes the
free-electron-like dispersion of the QWS and the V building blocks
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Fig. 6. ARPES intensity (70 K) around �̄ for a BiAg2–Ag–Si(1 1 1) surface alloy grown on a buffer layer of four different thicknesses. Intensity modulations along the dispersion
of both the pxy and the spz spin-split branches reveal the presence of hybridization gaps. A weak signature of the Ag QWS is also visible. The gap parameters can be tuned by
varying the buffer layer thickness. The 2nd derivative of the photoemission intensity is shown in order to enhance the experimental data.

Fig. 7. Surface state and QWS dispersion around �̄ for a BiAg2–Ag–Si(1 1 1) surface alloy according to a simple hybridization model. (a) Only the calculated surface states
dispersion is presented. (b) Two parabolic QWS are included but their interaction with the surface states is neglected. The QWS parameters mimic the 20 ML case. (c) As in
(b) but the QWS interact with surface states of the same spin. The predicted discontinuities in the dispersion of the spin-split branches are pointed out by horizontal arrows.
The weak hybridization of surface states has been neglected. (d) Experimental surface state and QWS dispersion for a BiAg2 surface alloy grown on a 20 ML buffer layer. The
energy positions of the gaps correspond well to the model’s predictions. The 2nd derivative of the photoemission intensity is shown in order to enhance the experimental
data.
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efer to the hybridization between the two SS or between one
WS and one SS. The zero’s point out that there is no hybridization
etween the two QWS. The hybridization between the QWS and
he two spin-split pairs is parametrized by the corresponding
otentials. These potentials are set to zero for states of opposite
pins [27]. In general, the hybridization parameters may depend
n the quantum number (n) of the QWS. This is because the
S do not have a fixed spz or pxy character, but these relative
omponents depend on their k-distance from the center of the
BZ [12]. Therefore, QWS of different n may interact with SS of
slightly modified character. The QWS have been considered

s spin-degenerate before their interaction with the spin-split
S because their negligible splitting is beyond our experimental
esolution and has not been observed by other high-resolution
tudies (e.g. [24]). On the other hand, a very small spin-splitting of
b QWS has been recently found by Dil et al. for ultrathin Pb films
n Si(1 1 1) [28]. Nevertheless, Ag, due to its smaller SO coupling
onstant, is expected to exhibit an even weaker splitting which can
e safely approximated by zero. This is confirmed by our simple
imulation (data not shown). An equivalent approach has been
erformed by He et al. [26] but without considering the effect of the

n-plane potential into the shape of the momentum distributions.
Fig. 7c summarizes our qualitative results. In agreement with

he experiment, the model predicts modulations in the dispersion
f the spin-split branches, which are pointed out by horizontal
rrows. However, these modulations do not correspond to real elec-
ronic gaps because our model assumes that the SS are always 100%
pin polarized. The spin-polarized SS interact only with the QWS
omponent of the same spin, leaving the opposite spin component
nchanged. Nevertheless, inside such mini-gaps, the photoemis-
ion intensity should be dramatically decreased due to the weak
ignature of the QWS and the deviation from 100% spin-polarized
S. For reasons of clarity, Fig. 7b considers the same QWS and SS but
ithout any interaction between them. The energy positions of the
WS mimic the 20 ML case (see Fig. 7d). Interestingly, as evidenced

n Fig. 7c, hybridization effects can lift the spin degeneracy of the
WS resulting into a small but finite splitting. This is in agreement
ith the predictions of recent relativistic calculations [25].

The experimental data and our simple model agree that the
nteraction between confined QWS and SS with giant RB splitting
esults in the formation of spin-dependent gaps whose parameters
epend on the buffer layer thickness. This opens up the interesting
ossibility to custom tailor the electronic structure and spin struc-
ure near EF, thereby controlling the spin-polarized conduction.

. Conclusions

We reported on two different experimental ways for tuning the
ashba-split states on the BiAg2 surface alloy. Our approaches pro-
ide a means to modify the spin polarization near the Fermi level
y tuning external parameters. Thereby, this opens the possibil-

ty to alter the spin transport in a future spintronic device. To this
nd, we have successfully transferred the concept of giant RB split-
ing on a semiconducting substrate. A simple hybridization model
eproduces the main features of the experimental results.
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ppendix A.

The visualization of the hybridization model was performed
ith the software Mathematica 7.0 by Wolfram Research. The

[

[
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[
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model’s parameters are purely phenomenological and are summa-
rized in the following tables.

See Tables A1–A4.

Table A1
Effective mass value as entered in the HSO Hamiltonian [18].

Effective mass (as entered in the HSO Hamiltonian)

spz −0.029
pxy −0.025
QW1 0.04
QW2 0.04

Table A2
Anisotropy parameter value as entered in the HSO Hamiltonian [18].

Anisotropy parameter (in eV Å3)

spz 23
pxy 21
QW1 0
QW2 0

Table A3
Spin–orbit parameter value as entered in the HSO Hamiltonian [18].

SO parameter (in eV Å)

spz 4.1
pxy 3.3
QW1 0
QW2 0

Table A4
Hybridization potential between different electronic states.

Hybridization potential (1st Fourier coefficient in eV)

spz–pxy −0.02
QW–spz −0.02
QW–pxy −0.05
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