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Enhanced Rashba spin-orbit splitting in Bi/Ag(111) and Pb/Ag(111) surface alloys
from first principles
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We present first-principles calculations of a (V3% 3)R30° Bi/Ag(111)-ordered surface alloy, which has
recently been investigated experimentally using angle-resolved photoemission spectroscopy. The surface states
in the L-projected bulk band gap show a Rashba-type spin-orbit splitting which is three times larger than what
has been observed on a clean Bi(111) surface. This large enhancement can be explained by the strong distortion
of the surface-state wave function which is caused by the substantial outward buckling of the Bi atom. Also, in
a similar surface alloy, Pb/Ag(111), a strong Rashba-type splitting was found by our calculations. The com-
parison to the experimental data is more difficult due to the presence of a second, close-by surface state. We
discuss the dependence of the two-dimensional band structure on the surface corrugation and compare to the

experimental findings.
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I. INTRODUCTION

Surface states, which can be regarded to form a two-
dimensional electron gas in the surface (x,y) plane, are fre-
quently described in terms of the kinetic energy of electron
with an effective mass m". Due to the relativistic effects, an
electric field E (e.g., the potential gradient normal to the
surface) is seen by the moving electrons as a magnetic field
that couples to the spin of the electron. This effect, known as
the Rashba effect or Rashba spin-orbit coupling,' is de-
scribed by the Bychkov-Rashba Hamiltonian,??

HR:a/R(|E|)O-'(kH X éz)s (1)

where k= (k,,k,,0) characterizes the crystal momentum of a
surface electron, o are the Pauli matrices, and €,=(0,0,1).
ay is called the Rashba parameter. Thus, the spin degeneracy
of the two-dimensional electron gas provided by the surface
states is lifted and the energy dispersion has the form

ﬁZ
Erso= Z_m*(kH + Ak)* - Eso. (2

Here, Egq is the energy associated with the k-independent,
atomic spin-orbit coupling. Equation (2) describes two pa-
rabolas that are shifted +Ak around the origin. In semicon-
ductor heterostructures, the Rashba effect has gained consid-
erable attention, e.g., as a concept to realize a spin transistor
for spintronics applications.*

Surface states can show a Rashba-type spin-orbit splitting
which is much larger than what is known from semiconduc-
tor heterostructures. In retrospect, the first observation of this
kind of splitting was made ten years ago on the Au(111)
surface® using angle-resolved photoemission spectroscopy
(ARPES). Since then, this effect was observed on several
surfaces of heavy elements,~'® most noticeably Bi(111),'4-16
Bi(100),'® and Bi(110).!3 On the Bi surfaces, the splitting is
much larger than on Au(111) so that it was not a priori clear
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which of the observed features were spin-split partners of the
same state or two different surface states. Later, calculations
based on density-functional theory (DFT) provided the nec-
essary information.”” Recently, ARPES measurements of a
(V3 X \3)R30° Bi/Ag(111) surface alloy have shown an oc-
cupied surface state in the L-projected bulk band gap of
Ag(111), which has a Rashba-type splitting three times larger
than the Bi(111) surface state.!®

There are some aspects which make this result quite sur-
prising. First, spin-orbit splitting on the Ag(111) surface is
small: in photoemission measurements, this splitting has not
been detected.?’ Of the three atoms per surface unit cell in
the topmost layer of the surface alloy only one is Bi, all
others (including deeper layers) are Ag. Second, the most
significant contributions to the spin-orbit splitting result from
all regions with strong variation of the one-electron potential,
namely, from small areas centered at surface and subsurface
layer atom positions and from the surface charge-density
variation in this region.”!?> These charge and/or potential
gradients have to be perpendicular to the propagation direc-
tions of the surface electrons, i.e., in the direction of the
surface normal. There is no reason to expect that these gra-
dients are much larger in the Bi/ Ag surface alloy than on the
clean Bi(111) surface, which are both close packed in struc-
ture. Also, as we will show, the work functions of Bi(111)
and the Bi/Ag(111) surface alloy are rather similar. There-
fore, one can in total expect a smaller spin-orbit splitting on
the (V3 X 3)R30° Bi/Ag(111) surface compared to that on
Bi surfaces.'>!323 The aim of this work is to unravel the
origin of this large enhancement of the spin splitting.

Very recently, ARPES measurements have also been per-
formed on an ordered (\@X V3)R30° Pb/Ag(111) surface
alloy. A similar surface state was observed but surprisingly
the Rashba-type splitting seems to be significantly smaller
compared to the Bi case.?* This is rather unexpected, since
the nuclear numbers of lead and bismuth are very similar (82
and 83, respectively). Although lead has a smaller atomic
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spin-orbit splitting than bismuth, this effect is too small to
explain the origin of the difference between these two sur-
face alloys. Since the Pb/Ag(111) surface state is unoccu-

pied at the I point, ARPES experiments cannot directly com-
pare the band dispersions in the Bi and Pb cases. Our
calculations show that, in fact, the Rashba-type spin-orbit
splitting is similar in both cases, but other partially occupied
surface states can complicate the interpretation of the spectra
of the lead alloy.

II. METHOD

For the calculations we employed DFT in the generalized
gradient approximation (GGA) of Perdew et al.?> We use the
full-potential linearized augmented plane-wave method?®?’
as realized in the FLEUR code.?® We set the muffin-tin radii to
Ryr=2.4 au. (Ag) and 2.5 a.u. (Pb, Bi). The plane wave
cutoff for the basis functions was K,,,,=3.8 a.u.”' and the
irreducible wedge of the Brillouin zone was sampled with 19
k points for the scalar relativistic calculations. Spin-orbit
coupling (SOC) was included in the self-consistent calcula-
tions, as described in Ref. 29.

A ten-layer film embedded in vacuum was used to simu-
late the surface. We assumed a (V’EX V3)R30° unit cell with
two Ag and one Pb or Bi atom on the surface. We optimized
the positions of the atoms in the outermost four layers and
observed a considerable outward relaxation of the Bi and Pb
atoms. The bucklings of the surface layer were 0.85 and
0.97 A, for Bi and Pb, respectively. The structural optimiza-
tion was performed both without and with SOC included, but
spin-orbit coupling affects only the position of the Bi and Pb
atoms by about 0.05 A, which is small compared to the ac-
tual relaxations. In the surface band structures, we consid-
ered states which have more than 12% charge in the surface
Bi and 6% charge in the surface Ag atoms as surface states.

III. RESULTS
A. Bi/Ag(111)

_Recent experiments have shown that a commensurate
(V3% \E)R30° Bi/Ag surface alloy can be grown on a
Ag(111) substrate.' Topographic maps recorded with scan-
ning tunneling microscopy show a long-range-ordered sub-
stitutional alloy with a Bi content of 33% and ARPES mea-
surements revealed a Bi-related surface state in the
L-projected  bulk-band gap of Ag(l11). 1In the
(vV3 X y3)R30° unit cell, this projected band gap is actually a
superposition of two projected band gaps, one around T, the

other around K, of the Ag(111) surface.’® (A schematic illus-
tration of the unfolded and backfolded Brillouin zones can be
found in Ref. 24.) This backfolding leaves the width of the
band gap at the Fermi level unchanged (+0.25 A~! around

the T point), but confines it at higher energies to about

2.5 eV with respect to the Fermi level at . As can be seen in
Fig. 1, four surface states can be found in this region. Con-
sidering only the band structure generated without inclusion

of SOC (left of Fig. 1), we can identify at I' at the Fermi
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FIG. 1. (Color online) Band structure of (\gx \fg)R30°
Bi/Ag(111) without (left) and with spin-orbit coupling included
(right). States which are localized mainly in the surface layer are
marked with filled circles. The labels in the left figure refer to the
orbital character [with increasing energy: (s,p,), py. py. p.] of the
surface states. The labels in the right figure indicate the effect of
spin-orbit coupling on the p, and p, states. The distance between r

and M corresponds to 0.72 AL

level a downward dispersing Bi (s, p,)-like surface state and
at around 1 eV above E the degenerate p,- and p,-type sur-
face states. In I'M direction, the orbital that points in the
direction of the nearest-neighbor Bi atom (p,) remains local-
ized in the surface layer and disperses down to —1.2 eV,
while the other p orbital shows little dispersion and hybrid-
izes with the Ag states at the edge of the projected band gap.
In the 'K direction this (p,) orbital shows an upward disper-
sion, while the p, state disperses to lower energies. At about
1.8 eV, a p_-like surface state can be seen. At this energy, the
surface-state wave function penetrates so deep into the Ag
bulk that the energy levels split due to the interaction be-
tween the upper and the lower surface of the symmetric ten-
layer film that is used to simulate the surface of the semiin-
finite crystal.

In the ARPES experiment, two downward dispersing
parabolic states are seen, which are shifted by +0.16 Al
away from the I point. This is the typical signature of a
Rashba-type splitting of the surface state, which cannot be
reproduced in a calculation without spin-orbit coupling.
Therefore, we repeat the surface band-structure calculation
with the inclusion of SOC (right panel of Fig. 1). The (s,p,)
state can be seen to split symmetrically around the zone cen-
ter by +0.13 A~!, in good agreement with experimental data.
The calculated energy position of this state at T is slightly
higher (=0.2 eV) than the measured one (-0.3 eV). We no-
tice that SOC removes the degeneracy of the p,- and p,-type
states at the T point and forms orbital moment carrying Plxy)
states that can be classified as m j:% (at 0.6 eV) and m j:% (at
1.3 eV).

At about the k; position of the maximum of the (s,p.)
surface state (i.e., *0.13 A~'), a band crossing with the
mj:% surface state can be seen. Also, in the experimental
data, an indication of this state could be present, although it
is difficult to see since its intensity is weaker and it is located
at the edge of the observation window in Ref. 19. These two
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FIG. 2. (Color online) Band structure of (V3 X y3)R30°
Pb/Ag(111) without (left) and with spin-orbit coupling included
(right). States which are localized mainly in the surface layer are
marked with filled circles.

surface states can be seen to hybridize more strongly when
the outward relaxation of the Bi atom is artificially reduced.
In this case, a gap opens at the band crossing and the Rashba
splitting of the (s,p,) surface state seems to decrease, as will
be discussed below. From Fig. 1, we can also see that the
size of the splitting of the two surface states, (s,p,) and m;

2, is considerably different. This is not unexpected, since
spin-orbit coupling affects p(.,) states differently from
D derived states.3! This is even more evident in the case of
the m~—§ state, which shows a spin-orbit-induced splitting
which is proportional to k> (best seen in T'K direction), while
the splitting of the other surface states is dominated by a
term linear in k.

At small binding energies, e.g., 0.18 eV, the (s,p.) and
m; :% surface states form four distinctive features in the K
plane two circular cuts with radii of 0.04 and 0.17 A~! and
two hexagonal cuts with side lengths of about 0.25 and
0.32 A~ It might be interesting to note that these hexagons
are rotated by 30° with respect to the surface Brillouin zone
and also with respect to the projected bulk band gap of the
Ag states in this energy region.

B. Pb/Ag(111)

Let us now turn to the second system, Pb/Ag(111) (\6
X \E)RSO", where a spin-orbit split surface state has also
been observed experimentally.?* In this surface alloy, a sur-
face band structure similar to the Bi alloy is obtained, but—
since lead is to the left of bismuth in the Periodic Table and
has one p electron less than in Bi—the (s, p,) surface state is

unoccupied at the T point (see Fig. 2). The band structure of
the Pb/Ag(111) surface alloy has been calculated before, but
without the inclusion of spin-orbit coupling.24 We, therefore,
just notice the similarity of the observed states with the Bi
case, and directly discuss the band structure calculated with
SOC (right of Fig. 2). For the (s, p.) surface state, we find the
maxima of the dispersion curves at +Ak=+0.11 A~'. This is
slightly smaller than in the Bi alloy, but still much larger than
in the clean Bi(111) surface. We also notice that the separa-
tion between the (s,p,) and mj:% states is now smaller than
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FIG. 3. (Color online) Left: Variation of the energy position at T’
of the (s,p,)-type surface state (E) as a function of relaxation of the
Bi/Pb atom normal to the surface. dy is the distance from the atom
X to the plane of the topmost Ag atoms. Right: Dispersion of
Pb/Ag(111) surface states for two different relaxations dpy: 0.67 A
(filled circles) and 0.97 A (open circles).

in the Bi/Ag(111) surface alloy. Therefore, these two states
cross at 0.08 A~! and get as close as 0.07 A" at larger k
vectors. Again, this crossing is sensitive to the relaxation of
the Pb atom and a smaller Pb-Ag distance leads to an open-
ing of a gap between these two branches (see right of Fig. 3).

Experimentally, near the I point, two surface-state
branches have been observed, which seem to originate from
a Rashba spin-orbit split state which disperses downward

from 0.6 eV at T' and crosses the Fermi level at 0.13 and
0.18 A~! in T'K direction.* Compared to our calculation, the
Fermi level Er seems to be shifted by about 0.3 eV. The
positions of surface states in ARPES and DFT calculations
normally differ by not more than 50—100 meV for these type
of systems, so the discrepancy is unusually large in the case
of Pb/Ag(111). From Fig. 3, it can be seen that for a relax-
ation of 0.67 A (ie., 0.3 A smaller than what would be ex-
pected from the calculation) not only the binding energy of

the surface state at I' has shifted by 300 meV but also the
so-called Rashba energy (the energy difference between the
extremum of the dispersion curves and their crossing point)
is a factor of 3 smaller. This would indicate a Rashba split-
ting that is a factor of 3 smaller, as it is observed experimen-
tally.

Experimentally, also a Pb-derived surface state at the M
point was observed: originating at about —1.1 eV, this state
disperses upward in MI" direction and downward in MK.
This state can be identified as a mixture of the (s,p,) and
m j=% states that are shifted further away from the T' point.
They can be observed in the calculation at about —0.8 eV at
M, i.e., again 0.3 eV higher than in the experiment.

IV. DISCUSSION

Let us now go back to the question stated in the Introduc-
tion: Why is the Rashba-type splitting in the Bi/Ag alloy so
much larger than in Bi(111)? As we have already noted
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above, surface states of different characters show different
splittings, not only quantitatively but also qualitatively (lin-
ear vs. cubic in k). The Bi(111) surface state is not localized
solely in the surface layer but rather forms a bond between
surface and subsurface atoms. It is of p, ) character in the
subsurface layer, while in the surface more p, character can
be found, but not exclusively. In a (hypothetical) flat
Bi/Ag(111) surface alloy, the occupied surface state is of
(s,p.) type with an s:p. ratio of 4:1. The Rashba-type split-
ting in this case is about 0.05 A‘l, thus in the range of clean
Bi(111). A small outward relaxation of the Bi atom (0.1 A)
changes this ratio to 2:1, thus increasing the splitting to about
0.07 A~'. Further relaxation (0.87 A) adds also some Pley)
character at the expense of s character to the surface state
and increases the splitting even more to Ak=0.13 A", It is
not unusual that a change in the character of the surface state
is reflected in a strong change of the value of Ak: for Bi(110)
even Ak=0.17 A" was found."

From our calculations, we found that both the Bi and the
Pb surface alloy (s,p,) surface states have very strong
Rashba splittings of Ak=0.13 and Ak=0.11 A~', respec-
tively. Experimentally, for the bismuth alloy Ak
=0.13-0.16 A" was found, depending on the temperature
and experimental method used to determine the splittings.'”
For the lead alloy, however, a fit to the measured spectra
indicated Ak=0.03 A", i.e., the two branches visible at the
Fermi level are separated by 0.06 A~'. As compared to our

calculation, the position of the surface state at I" seems to be
0.3 eV too high. At an energy of 0.3 eV above E, we also
observe two dispersion curves, related to the (s, pz) and m;
:% states, separated by 0.07 A~'. This could be interpreted
as originating from a single, Rashba-split state with Ak
=0.035 A~!. As noted above, depending on the relaxation,
the (s,p,) and mj=% states can hybridize more or less
strongly, so that it is not strictly possible to say whether the
two observed branches originate from two surface states with
strong Rashba splitting or from a single state with a smaller
splitting. Since the spectral intensities of the two states are
quite different in the experiment (Ref. 24), one might be
inclined in favor of the former interpretation.

There are, however, also considerable uncertainties as far
as the comparison of theory and experiment is concerned.
For example, the position and the Rashba splitting of the
surface state depend sensitively on the relaxation of the Pb or
Bi atom in the alloy. As can be seen in the left of Fig. 3, with
decreasing relaxation the energetical position of the state de-
creases continuously. Experimentally, the structure of the
Pb/Ag(111) (V’EX V3)R30° surface alloy has been investi-
gated by surface x-ray diffraction and scanning tunneling
microscopy.’> While the latter method indicated a corruga-
tion of dp,=0.8 A, the former experiment yields a much
smaller value of 0.45 A. Moreover, the two Ag atoms in the
surface layer were found to have a slightly different inward
relaxation, a finding that cannot be supported by our calcu-
lations. This reference also includes calculations based on a
simplified tight-binding scheme, where a value of dpy,
=0.68 A was obtained. In Ref. 24, also a structural optimi-
zation was performed, but no results are given. Our DFT
calculation using GGA leads to a large relaxation of 0.97 A,
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FIG. 4. (Co_lor online) Band structure of an asymmetric film
with a (V3 X3)R30° Bi/Ag(111) (left) and Pb/Ag(111) (right)
surface alloy on one side and a clean Ag(111) surface on the oppo-
site side. The Ag(111) surface state is marked in blue, and the Bi
and Pb states are marked with red and black circles. The size of the
circles indicates the degree of spin polarization of the states, and the
color distinguishes the different spin directions; the spin-
quantization axis was chosen perpendicular to the surface normal
and to the propagation direction (k).

and therefore, according to Fig. 3, also to a large (negative)
binding energy of the surface state. Why the calculated data
for Bi/Ag(111) fit the experiment nicely, while in the case of
Pb/Ag(111) some differences between theory and experi-
ment remain unresolved, is not clear at the moment.

We checked the reliability of our results with respect to
the different computational parameters, e.g., the determina-
tion of the Fermi level or the thickness of the film. To ex-
clude an eventual interaction between the two surface states
of a symmetric film setup, we calculated the ba_nd structure
of an asymmetric ten-layer film with a (V3 X \6)R30°
Bi/Ag(111) and Pb/Ag(111) surface alloy on one side and a
clean Ag(111) surface on the opposite side. As can be seen in
Fig. 4, the position of the surface states is not significantly
changed; we also find the Ag surface state of the clean
Ag(111) surface at a position which is in good agreement
with the experimental value. We also verified that this picture
does not depend on the employed exchange-correlation po-
tential, i.e., GGA and the local density approximation give
qualitatively similar results. In summary, we find that the
experimental data are nicely reproduced for the bismuth al-
loy, while for the lead alloy the experimental observation
seems to refer to a different Fermi level, indicated by the
shaded region in Fig. 4.

Finally, we want to discuss the spin polarization of the
surface states observed in Fig. 4. It might be interesting to

note that around the T point, the (s,p.) and p, surface states
(at 1.8 eV in the Bi alloy) show the usual, Rashba-type spin
splitting, i.e., the two parabolas shifted by Ak from the center
of the Brillouin zone are populated by electrons of opposite
spins. The situation gets a bit more involved at larger wave
vectors [e.g., at k=0.15 A~ around the Fermi level in the
Bi/Ag(111) alloy], where hybridization occurs and the spin
polarization decreases and finally even changes its sign.
Even more involved is the situation for the p(.,) states,
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which are coupled by (atomiclike) spin-orbit coupling to

m;= +5 and m;= % states. This is clearly seen at the I'
point, where these states are split by 0.8 eV. (In semiconduc-
tors, a similar lifting of degeneracy in a fourfold degenerate
band is termed light-hole heavy-hole splitting, see, e.g., Ref.
31.) The (lower) mj=_% state shows at small k; a Rashba-
type (linear k) splitting, while the higher lying state is split
by terms of higher order in k.3' At larger values of k;, both
branches of the m; —i% state are populated by electrons of
the same spin. A 51m11ar situation is found for the m~—+5
state, but at k”—O 15 A~!, the spin polarization of the lower
branch changes sign, i.e., at the same wave vector where the
change in polarization was observed in the (s,p.) state. This
change of the spin orientation is a phenomenon that can ap-
pear in j= 2 > electron systems>? and will not occur in Rashba-
split (s, pz) bands. That it can nevertheless be observed near
the crossing point of the mj:% and (s,p,) band indicates a
partial hybridization between these two bands. This hybrid-
ization creates the impression that the change of spin orien-
tation occurs in the (s,p,) band, not in the mj:% where it
would be expected. In summary, we observe that the situa-
tion is far more complex than in similar systems where only
a single p,_ surface state is present [e.g., in Au(111)].

V. SUMMARY

We have investigated the surface electronic structure of
the ordered surface alloys of Bi/Ag(111) and Pb/Ag(111).

PHYSICAL REVIEW B 75, 195414 (2007)

These alloys provide model systems to study the Rashba-
type spin-orbit splitting of surface states of different charac-
ters in the same environment. Comparison with recent ex-
perimental data of the occupied part of the band structure
shows good agreement in the case of Bi/Ag(111), while for
Pb/Ag(111) some differences remain. The unoccupied part
of the spectrum was also studied using scanning tunneling
spectroscopy,”* and also here the Bi/Ag(111) spectrum
seems to be nicely reproduced, while for the lead alloy the
surface-state position is too high in the calculations as com-
pared to the experiment. Since the surface-state position and
the corrugation of the surface are intimately connected, a
smaller corrugation could account for the experimental data.
More experimental work on the surface structure is, there-
fore, desirable. Our calculations also suggest that an experi-
mental investigation of the spin polarization of these surface
states could be quite interesting, since the polarization can be
quite different for different branches and can even change its
sign within a single branch.
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