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The long-range ordered surface alloy Bi=Ag�111� is found to exhibit a giant spin splitting of its surface

electronic structure due to spin-orbit coupling, as is determined by angle-resolved photoelectron

spectroscopy. First-principles electronic structure calculations fully confirm the experimental findings.

The effect is brought about by a strong in-plane gradient of the crystal potential in the surface layer, in

interplay with the structural asymmetry due to the surface-potential barrier. As a result, the spin

polarization of the surface states is considerably rotated out of the surface plane.
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In nonmagnetic solids, electronic states of opposite spin

orientation are often implicitly taken to be degenerate

(Kramers’ degeneracy). However, spin degeneracy is a

consequence of both time-reversal and inversion symme-

try. If one of the latter is broken, the degeneracy can be

lifted by, e.g., the spin-orbit (SO) interaction. This is, for

example, the case in crystals that lack a center of inversion

in the bulk (Dresselhaus effect) [1,2]. But also a structural

inversion asymmetry, as it shows up at surfaces or inter-

faces, can lead to spin-split electronic states [Rashba-

Bychkov (RB) effect] [3]. In particular, clean surfaces of

noble metals show spin-split surface states, where the split-

ting increases with the strength of the atomic SO coupling

(cf. Ag and Au in Table I). The splitting can be further

enhanced by adsorption of adatoms [9–12]. Hence, using

morphology and chemistry to tune the spin splitting of two-

dimensional electronic states is a promising path to create a

new class of nanoscale structures suitable for spintronic

devices. Doping GaAs by only a few percent with Bi atoms

has been shown to strongly increase the spin-orbit splitting

energy �0 [13]. However, a value for the Rashba-Bychkov

type spin splitting has not been reported.

The Au(111) L-gap surface state is the paradigm of a

Rashba-Bychkov system with a spin splitting of a few tens

of meV, that was investigated in detail by means of spin-

and angle-resolved photoelectron spectroscopy (ARPES)

[14]. The nonrelativistic Hamilton operator of the spin-

orbit interaction,

 Ĥ SO / @
2

2m2c2
� � �rV � p̂�; (1)

can be expressed for a two-dimensional gas of free elec-

trons (in the xy plane) as

 Ĥ SO � �R� � �kk � ez�; (2)

in which the Rashba parameter �R is essentially deter-

mined by the gradient of the potential V in z direction,

�R / @V=@z. @kk � @�kx; ky� is the in-plane momentum,

and � is the vector of Pauli matrices. This model repro-

duces remarkably well the very characteristic dispersion of

the spin-split surface-state bands of Au(111). The spin

polarizations P of the split and completely polarized

(jPj � 100%) electronic states lie axially symmetric

within the surface plane (P?kk?ez). Time-reversal sym-

metry requires P�kk� � �P��kk� and E�kk� � E��kk�.
The two main contributions to the spin splitting are a

strong atomic SO interaction and a potential gradient along

the surface normal (z direction). By adsorption of noble

gases and oxygen, the spin splitting was successfully en-

hanced by increasing the surface-potential gradient [9,12].

However, changing the in-plane potential gradient has not

been reported so far. Surface alloying, in particular, pro-

vides interesting opportunities as the adatoms replace

atoms of the clean surface layer. This would alter the

hybridization of electronic states within that layer and

thereby create a new two-dimensional (2D) electronic

structure. Prerequisites for a sizable effect are (i) a long-

range ordered surface alloy to maintain 2D electronic

states and (ii) comparably light atoms surrounding heavy

atoms. From such a configuration we would expect a large

in-plane potential gradient and consequently a giant split-

ting accompanied by a large Pz component [see Eq. (1)].

In this Letter we report on a new class of materials that

exhibits a giant spin splitting in the surface electronic

TABLE I. Selected materials and parameters characterizing

the spin splitting: Rashba energy of split states ER, wave number

offset k0, and Rashba parameter �R.

Material

ER

(meV)

k0
( �A�1)

�R

(eV �A) Reference

InGaAs=InAlAs heterostructure <1 0.028 0.07 [4]

Ag(111) surface state <0:2 0.004 0.03 [5,6]

Au(111) surface state 2.1 0.012 0.33 [6,7]

Bi(111) surface state �14 �0:05 �0:56 [8]

Bi=Ag�111� surface alloy 200 0.13 3.05 This work
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structure. Using the concept of surface alloying, the

Ag(111) (Z � 47) surface layer was doped with the heavy

element Bi (Z � 83). The 2D band structure of the

Bi=Ag�111� surface alloy was investigated by ARPES [at

the EPFL in Lausanne, Switzerland, as well as at the Syn-

chrotron Radiation Center (SRC) in Wisconsin, U.S.A.]

and exhibits a spin splitting of unprecedented magnitude.

We have shown elsewhere [15] that the large spin-orbit

splitting opens up new opportunities for STM investigation

of SO split states. Here we focus on the electronic structure

of the surface alloy, and provide a theoretical explanation

for the effect by means of first-principles electronic struc-

ture calculations. The sizable spin splitting is explained by

the in-plane potential gradient.

The Ag(111) surface was cleaned in ultrahigh vacuum

using successive sputtering and annealing cycles. The dep-

osition of 1=3 of a monolayer of Bi atoms results in a long-

range ordered �
���

3
p

�
���

3
p

�R30� substitutional surface alloy

[see Fig. 1(a)]. The Bi atoms protrude slightly out of the

surface due to size mismatch [Fig. 1(b)] [15]. A similar

scenario is observed for the Sb=Ag�111� surface alloy [16].

The experimental electronic structure of Bi=Ag�111�
[Fig. 1(c)] consists of one pair of bands that shows

strong photoemission intensity (dark) at the maxima

(�0:135 eV), which becomes weaker (lighter) with in-

creasing binding energy [17]. The maxima are symmetri-

cally shifted from the �� point by 0:13 �A�1; the effective

mass m? is �0:35me. A second pair with much less

intensity crosses the Fermi level at positions indicated by

the four arrows in Fig. 1(c). The separation between these

bands is 0:12 �A�1.

The above findings—a symmetric offset of band ex-

trema [Bi=Ag�111�: maxima; Au(111): minima] in con-

junction with a crossing at ��—clearly indicate a spin-split

surface band structure due to spin-orbit interaction, as in

the RB model and for Au(111). However, the splitting is

considerably larger than those reported for other systems

[9–12,18]. Different splittings can be compared on a wave

number scale, where k0 describes the shift of the band ex-

tremum away from �� as well as on an energy scale, where

ER � @
2k20=2m

? is called Rashba energy [see Fig. 1(c)]. If

there were no spin splitting the dispersion would reduce to

a spin-degenerate band with the maximum at the high

symmetry point. The Rashba parameter �R � @
2k0=m

? is

the coupling constant in the spin-orbit Hamiltonian

[Eq. (2)]. A selection of systems is given in Table I, where

the Rashba parameter has been computed from the experi-

mentally accessible quantities k0 and m?.

In the following we argue that the RB model, as given by

Eq. (2), cannot explain our findings for a surface alloy. It

was shown that the Rashba parameter �R of the L-gap

surface state of a AgxAu1�x alloy depends linearly on the

concentration x, as in the virtual crystal approximation [6].

Hence, one is tempted to conclude that �R is essentially

determined by the number of heavy atoms (here Au, Z �
79) probed by the surface state. If one were to apply the

same idea to Bi=Ag�111�, with Bi being the heavy element

(Z � 83), one would expect �R to be about an order of

magnitude smaller (0.3 to 0:4 eV �A) than what was found

experimentally (see Table I). The potential gradient along

the z direction is expected almost independent of the

specific surface, and a strong atomic SO interaction alone

cannot account for our findings. Hence, there must be an

additional mechanism responsible for the observed giant

splitting.

The electronic structure of the Bi=Ag�111� surface alloy

was calculated from first principles within the framework

of the local spin-density approximation to density-

functional theory (DFT). A relativistic multiple-scattering

approach (layer Korringa-Kohn-Rostoker method), in

which spin-orbit coupling is fully accounted for (Dirac

equation), was used to compute spin-, layer-, and atom-

resolved Bloch spectral densities, hence allowing one to

characterize the electronic structure in much detail. Its

suitability for investigating RB systems was already

proven for the L-gap surface state of Au(111) [19].

Calculations for the clean Ag(111) surface agree well

with experiment. In the theory, the SO interaction can be

scaled between the fully relativistic (Dirac equation) and

the scalar-relativistic case [20,21]. In the latter case (not

shown), the spin splitting vanishes. This clearly proves that

SO coupling is the base of the observed effect.

A first comparison of experiment and theory is done by

considering I�E; kx; ky� slices, where I is either the experi-

mental photoemission intensity or the theoretical Bloch

spectral density of the surface layer (cf. Ref. [15]). I is

shown in Fig. 2 as gray scale for fixed ky (along ��- �K) and

varying both energy E and kx (along �M- ��- �M). For ky � 0

[Fig. 2(a)], both experiment (left-hand panels) and theory

(right-hand panels) exhibit the characteristic dispersion of

 

FIG. 1 (color online). (a) Schematic top view of the �
���

3
p

�
���

3
p

�R30� Bi=Ag�111� surface alloy [Bi, light gray (orange); Ag,

dark gray (blue)]. (b) Side view of the schematic, illustrating the

outward relaxation of Bi in the surface layer. (c) Experimental

band structure obtained by ARPES. The abscissa is the wave

vector kx along the �M- ��- �M line in the vicinity of the center of the

surface alloy Brillouin zone ( ��, i.e., kk � 0). The ordinate gives

the energy below the Fermi level (0 eV).
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the first and second pair of RB-split bands. The ex-

perimental splitting of k0 � 0:13 �A�1 in the first set of

bands is well reproduced by the calculations. The effec-

tive mass of the first band pair is somewhat higher in theory

(�0:63me) than in experiment. Furthermore, the crossing

at �� is lower in energy than in experiment by about 0.1 eV,

possibly due to an underestimation of the outward Bi

relaxation [�z � 0:35 �A, Fig. 1(b)].

Figure 2(a) (right-hand panel) shows that the first band

pair (mainly of spz character) hybridizes with the second

pair (pxpy states). This is evident from the weak Bloch

spectral density around (E � �0:4 eV, kx � 	0:2 �A�1).

The crossing area shows up at larger jkxj than in experi-

ment. The electronic states of both band pairs are strongly

localized within the surface layer, in contrast to Au(111),

for which the L-gap surface state is transversally extended

over several layers [22,23]. For increasing ky [Figs. 2(b)

and 2(c)] the agreement of experiment (left-hand panels)

and theory (right-hand panels) is maintained.

A hint on the new mechanism for the giant splitting is

provided by momentum distributions (MD), i.e., for

I�E; kx; ky� slices for fixed energy E. The experimental

momentum distribution for E � �0:17 eV, shown as

gray scale in Fig. 3(d), displays four contours (C1 to C4),

which are indicated by arrows. The intensity scale is

logarithmic to enhance the weaker features in the image.

The contours C1
 C2 and C3
 C4 correspond to the first

and second set of bands, respectively. Note that the con-

tours C2 and C3 are the overlapping bands in Fig. 1(c). The

contours C1 and C3 at small jkkj are circular, while the

contours C2 and C4 at larger jkkj have hexagonal shape.

Hence, we find a significant deviation of the MD from the

circular shape in the RB model [cf. Refs. [7,19,24] for

Au(111)]. A hexagonal MD is characteristic for the asso-

ciated electrons being subject to the crystal potential [with

point group 3m for Bi=Ag�111�].
The crystal potential V directly influences the spin po-

larization of the electrons, as is evident from the expression

for the SO interaction, Eq. (1). The potential gradient in the

z direction results in an in-plane spin polarization, as in the

RB model, Eq. (2). An in-plane gradient, however, leads to

a nonzero Pz. Conversely, a sizable Pz indicates a signifi-

cant in-plane gradient of V. A closer analysis within a 2D

nearly free electron (NFE) model shows further that the

effect on Pz increases with jkkj [25].

The computed spin polarization at the momentum dis-

tributions with (almost) circular shape [black lines in

Figs. 3(a)–3(c)] lies mainly within the surface plane and

shows the typical behavior of the RB model. Close to ��, Pz

 

FIG. 2. Band structure measurements by ARPES (left-hand

panels) and calculations (right-hand panels) in the vicinity of

the �� point. Note the different horizontal scales.

 

FIG. 3 (color). (a)–(c) Constant energy contour of the spin

polarization P in x, y, and z direction, respectively, at an energy

of �0:55 eV. The projection in x, y, and z direction is shown in

(a)–(c), respectively. The intensity scale is linear with red and

blue coloring corresponding to positive and negative values,

respectively. White areas indicate sign changes, where the pro-

jection is zero. The constant energy contours of the band

dispersion are shown as black lines, where the two inner con-

tours correspond to the first set of bands in Fig. 1(c), while the

two outer contours correspond to the second set of bands.

(d) Constant energy map by ARPES at an energy of �0:17 eV.
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is close to zero [Fig. 3(c)], establishing P ? kk ? ez in

very good approximation. With increasing jkkj the con-

tours deviate from the circular shape and Pz becomes as

large as 10% (in absolute value), indicating a substantial

out-of-plane rotation of P. Correspondingly, the in-plane P

components (Pk) are less than 80%. For the RB paradigm

Au(111), 1.4% and 97% for Pz and jPkj, respectively, were

found [19].

The first-principles calculations do not allow one to

separate directly the different contributions to the spin

splitting, in contrast to a NFE model for a 2D electron

gas [25]. The NFE calculations fully confirm the findings

of the ab initio calculations and show further that the in-

plane potential gradient contributes considerably to the

strength of the spin splitting. We conclude that the giant

spin splitting in the Bi=Ag�111� surface alloy is the result

of a strong in-plane potential gradient.

The Bi=Ag�111� surface alloy is the first system for

which a giant spin splitting is observed. It goes beyond

the giant spin-orbit bowing effect seen in the doped

GaAs1�xBix system [13], since here the spin splitting is

manipulated directly through the in-plane gradient. This

gradient has its origin in the concept of surface alloy-

ing itself: each Bi atom is surrounded by six Ag atoms,

which results in a strong in-plane gradient of the poten-

tial, possibly enhanced further by the outward relaxation of

the Bi atom. The threefold rotational symmetry of the

surface destroys the inversion symmetry within the surface

plane. The DFT calculations show that the electronic sur-

face states are strongly localized within the topmost sur-

face layer, exposing them substantially to the in-plane

gradient.

In conclusion, we have identified the Bi=Ag�111� sur-

face alloy as a member of a new class of materials for

which a strong spin splitting is observed. The spin split-

ting results from a sizable in-plane gradient of the potential

that contributes to the splitting strength. The in-plane

gradient manifests itself in the out-of-plane rotation of

the spin polarization, as obtained from first-principles cal-

culations, as well as in a hexagonal shape of the outer

branches in the constant energy contours. Spin-resolved

photoemission measurements are in preparation to experi-

mentally confirm the out-of-plane rotation of the spin. This

mechanism opens up a new degree of freedom for manipu-

lating the spin-orbit splitting of two-dimensional electronic

states.
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