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Large Rashba spin splitting of surface resonance bands on semiconductor surface
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We have found a large spin splitting due to the Rashba spin-orbit interaction on the Bi/Ge(111)-
(\5§>< \E)RSO" surface by using angle-resolved photoelectron spectroscopy and first-principles electronic struc-
ture calculation. A surface resonance band derived from Bi exhibits the Rashba spin splitting with a large
Rashba parameter (ag) of 1.8 eV A. The spin-split states have a considerable 6s-6p, hybridized character,
which leads to a strong perpendicular asymmetry of the charge density in close proximity of Bi nuclei. The
result suggests that the magnitude of the Rashba splitting on Bi-adsorbed surfaces should depend crucially on

the local-bonding geometry of Bi.
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The spin splitting of two-dimensional electronic states
due to the spin-orbit (SO) interaction arising from structural
inversion asymmetry, called Bychkov-Rashba or Rashba
effect,! is currently a subject of intensive research investiga-
tions. The Rashba effect is described by the Rashba Hamil-
tonian

HR= CYR(ZA X kH) - g,

for an electron moving in xy plane with a momentum 7%k
under an electric field along z direction E,=dV/dz, which
leads to the quantization of spin o perpendicular to k; in xy
plane with energy splitting Ap=2ayk;. The Rashba parameter
ap serves as a measure of the magnitude of the SO interac-
tion.

The magnitude of the Rashba splitting is governed by
intra-atomic SO interaction.”* In particular, the surfaces of
heavy elements such as ,,Au,>~ ;,W (Refs. 8-10), and gBi
(Refs. 11-13) exhibit Rashba splitting up to several hundreds
of meV. On the other hand, recent observation of even larger
Rashba splitting on ,;Ag surfaces covered with submono-
layer Bi'*!3 suggests that a large Rashba splitting may be
“transplanted” to the surfaces of lighter elements, such as
1491 and 4,Ge, by the adsorption of heavy elements, suggest-
ing a possibility of a application to spintronic semiconductor
devices.!-18

The Rashba parameter is expressed intuitively as

P J dr(aV/az)|y(r)[?

for a surface state with a wave function #(r).!” This expres-
sion directly implies that the major contribution to ap comes
from the close proximity of atomic nuclei, where the bare
Coulombic potential due to the nuclei dominates, and that,
since the potential gradient is mostly antisymmetric, the
asymmetry of |¢(r)|* along z direction in the closest proxim-
ity of the nuclei governs the magnitude of ay. Note that any
asymmetry of |¢(r)|> in xy plane contribute little to ay, as
dV/dz is negligible.
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PACS number(s): 73.20.At, 71.70.Ej

In this Brief Report, we report a large Rashba splitting
of a Bi-induced surface electronic band on the
Bi/Ge(111)-(v3 X y3)R30° surface [called (V3% \3) hereaf-
ter]. Angle-resolved photoelectron spectroscopy (ARPES)
shows that a pair of surface-resonance bands are degenerated
at M but are split at kj points away from M. A first-principles
full-potential calculation reveals that the splitting is due to
the Rashba SO interaction. The Rashba parameter is experi-
mentally determined to be 1.8 A eV, which is larger than
that for a surface band on Bi(111). The calculated wave func-
tion close to the Bi nucleus indicates that the bonding among
Bi and Ge atoms on this surface induces considerable distor-
tion of the wave function, thus, yielding a giant Rashba
splitting. _

The valence-band ARPES of the ( V3% \3) surface was
studied by an ARPUSI0 electron spectrometer (VG Micro-
tech) with unpolarized He I and Ne I radiation from a rare-
gas discharge lamp. All the spectra shown here were ob-
tained from the sample at 110-120 K. The total-energy
resolution was 80-100 meV. The work function of the
(V3 % V"S) surface was determined to be 4.51 eV. The
Ge(111) substrate (n-type, 0.1—1 ) cm) was cleaned by re-
peated cycles of Ar ion sputtering at ~700 eV and annealing
up to ~950 K. Bi was deposited from an alumina or Ta
crucible onto the room temperature Ge(111) sample so that
coverage slightly exceeds 1 ML, where 1 ML (monolayer) is
defined as the atomic density of Ge(111). The subsequent
annealing at ~700 K for ~1 min yielded a sharp and well-
contrasted low-energy electron diffraction (LEED) pattern of
(V3 X3) as shown in Fig. 1.

The energy bands mapped by ARPES around the second
M point (M,) of the (\Ex \3) surface Brillouin zone (SBZ)
along I'=M are shown in Fig. 2(a). The band map is com-
posed of the greyscale representation of the second deriva-
tives of energy distribution curves (EDCs). It is found that, a

pair of bands crosses with each other at M, at binding energy
of ~0.85 eV. The upper band disperses upward at k; points

away from M,, passes a maximum at k,=0.09 A~! from M,
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(a)

FIG. 1. (Color online) (a) The LEED pattern Bi/Ge(111)-
(\EX V3)R30° with 154 eV at 110 K. (b) The top and side views of
a milkstool structure. Filled and open circles represent Bi and Ge
atoms, respectively.

and disperses downward at larger k;. On the other hand, the
lower band disperses monotonously downward from M,.
Note that these bands lie in the projected bulk-band region,
for which the upper edge is shown by the solid line. The
peak positions determined in EDCs measured with He I and
Ne I are summarized in Fig. 2(b). The pair of split bands is
observed at the same binding energies for two different pho-
ton energies, indicating that the bands are surface reso-
nances.
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FIG. 2. (Color online) (a) The band structure of the

Bi/Ge(11 1)-(\“‘§>< V’E)RSO" surface around M along TM measured
with hv=21.22 eV. The solid curves represent the edge of the pro-
jected bulk-band region. The inset indicates SBZs and the k; region
probed. (b) Peak positions in energy and k; in EDCs measured with
hv=21.22 eV (circles) and hv=16.85 eV (crosses). (c) Energy

splitting plotted as a function of k; from M, toward Ty.
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We carried out the structure determination of the
(V3 X \3) surface by means of the dynamical LEED analysis.
We measured diffraction intensity of seven inequivalent
beams for a total energy range of 2296 eV. The automated
tensor LEED package?® was used to examine eleven models
with the p31m symmetry and Bi coverages of 1/3 or 1 ML.
We found that the so-called “milkstool” structure with 1 ML
Bi,?! as shown in Fig. 1(b), best reproduces the experimental
data. The Pendry R factor, Rp, for this model was 0.22. The
other models yielded Rp > 0.4 and were excluded. The center
of the Bi trimer resides at the T site (above second-layer Ge)
and the lateral positions of three Bi atoms are displaced by
0.55 A from the neighboring 7| sites (above first-layer Ge)
toward the center. Based on the structure obtained by LEED,
we performed the all-electron band calculation with the full-
potential linearized augmented plane wave plus local orbitals
(APW +10) method?? and the PBE96 generalized gradient ap-
proximation (GGA).?> The asymmetric slabs of 10 or 23
Ge(111) layers were used with one side covered with the
milkstool (\@X \r@)-Bi structure and the other side termi-
nated by hydrogen atoms. The vacuum region between
neighboring slabs was 20 a.u. thick. The energy cutoff for the
plane-wave basis was set at 11.5 Ry and seven k points in the
irreducible wedge were sampled. The convergence with re-
spect to the computational parameters was carefully tested.
The energetically optimized structural parameters show a
quantitative agreement with those optimized by LEED.

Figure 3(a) shows the calculated band structure of the

(V3 X \3) structure along T-M-T". The broken lines represent
the edge of the projected bulk bands. No occupied surface
state is found in the band gap near the Fermi level (Ep).
States with significant Bi 6p character are found in the pro-
jected bulk-band region, as shown by open and gray circles.
These Bi 6p-derived states compose a pair of bands, §, and

SI’,, degenerated at M. The radii of open and filled circles
represent the contribution of Bi 6p with the spin parallel and
antiparallel, respectively, with the [211] direction. The bind-
ing energies of the bands §, and S [’, are in good agreement
with the surface resonance bands observed by ARPES, tak-
ing into account the fact that the experimental valence-band
maximum (VBM) is located ~0.2 eV below Ep. The theo-
retically predicted spin polarization of these states agrees

with the Rashba spin splitting. The degeneracy at M and

their inverted spin polarization with respect to M result from
the coupling of the time-reversal symmetry and the transla-
tional symmetry: E(Gy/2+k,1)=E(G/2-k, ).

We therefore conclude that the experimentally observed
Bi-induced states near M are split by the Rashba SO inter-
action. We plot in Fig. 2(c) the experimental spin splitting as
a function of k; from M. The splitting increases linearly with
ky up to ~0.08 A-!, above which the splitting remains at
around ~270 meV. The Rashba parameter aj is evaluated
to be 1.8 eV A, which is to be compared with the value of
~0.75 eV A for the surface bands on Bi(111),!! 3.6 eV A
on Bi/Ag(001)," and 3.1 eV A on Bi/Ag(111).1

Figure 3 also shows the charge-density plot of S, at M in
surface-parallel (111) and surface-normal (110) planes, re-
spectively. Mirror planes are along [112] and the equivalent
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FIG. 3. (Color online) (a) Calculated band structure of the
Bi/ Ge(lll)-(\«"?x V’E)R3O° surface at T-M-T'. The radii of open
(filled) circles are proportional to the contribution of the Bi 6p or-
bitals with the spin parallel (antiparallel) with the quantization axis
[211]. Electronic charge-density plots of the S, state at M (b) in a
(111) plane and (c) in a (110) plane intersecting the Bi nucleus.

directions. The surface-parallel plot clearly indicates that the
state has a character of 7r-like Bi-Bi bonding orbital derived
from 6p, and 6p,. The analysis shows that the state also has
a contribution of 6p, (~18% of the contribution of the Bi
orbitals) and 6s (~7%), which is evident in the surface-
normal plot. The relatively small contribution of 6s is due to
the extra stability of the 6s electrons, known as the inert-pair
effect of the heavier elements. In our calculation, a surface-
state band S; mainly derived from Bi 6s is found at 12-12.5
eV below VBM. The surface-normal plot for S, shows that
the wave function is mostly localized at Bi atoms but pen-
etrates into the Ge layers, indicating the surface resonance
character.

The wave function asymmetry along the surface normal
with respect to the high-Z Bi nucleus is expected to play an
essential role in the giant Rashba spin splitting. Figure 4(a)
shows the close-up view of the charge-density plot of S, at

M. A slightly asymmetric p-like orbital is tilted by ~35°
from the surface normal. The tilt is due to the hybridization
of 6p, with 6p,. The asymmetry of charge density, clearly
seen within ~0.1 a.u. around the nucleus, indicates that the
state has a s character hybridized with the predominant p
characters (s:p,:p,=1:1.4:2.6). The profile of |#|*> along the
vertical line through the nucleus is shown in Fig. 4(b). The
dip is slightly displaced from z=0 toward the vacuum, which
is due to the contribution of s character. The tilt of the orbital
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FIG. 4. (Color online) The charge-density plots just around the

Bi nucleus of (a) S, and (c) S, at M, with the Bi nucleus being at the
center and the profiles along the vertical line intersecting the Bi

nucleus for (b) S, and (d) S, at M.

results in a large, steep peak close to the nucleus due to the
bulk-side lobe and a less prominent peak at 0.03 a.u. from
the nucleus due to the vacuum-side lobe in the perpendicular
line profile. Since the magnitude of the nuclear potential gra-
dient is proportional to 1/7%, r being the distance from the
nucleus, the asymmetry at the closest proximity of the
nucleus, a dip on the vacuum side and a peak on the bulk
side, governs the large aj value for this state.

The Rashba splitting is also found in the calculated band
structure for the surface-state band S, with the dominant 6s
character with a small 6p (mostly in-plane p, and p,) contri-
bution of ~3%. The spin splitting is at most 5 meV and ay

is evaluated to be 0.02 eV A around M. Figure 4(c) shows

the charge-density plot of S, at M. While the weak 6p, char-
acter is seen, The charge distribution is mostly centrosym-
metric. The perpendicular profile shown in Fig. 4(d) indi-
cates that the main peaks within 0.1 a.u. from the nucleus are
symmetric, which, when multiplied with antisymmetric
dV/dz, gives rise to a negligible contribution to .

The charge density map shown in Fig. 4(a) implies that
the perpendicular asymmetry of the wave function should
strongly depend on the tilt angle, suggesting the close rela-
tion between the local adsorption geometry of Bi and the
magnitude of the giant Rashba spin splitting. This may ex-
plain the fact that variously sized Rashba spin splitting can
appear in different structures with the same pair of the ad-
sorbate and substrate,!+13-24-26

In summary, the large Rashba spin splitting of ay
=1.8 eV A is found for the surface-resonance band around
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the M point on Bi/Ge(11 1)-(v3 % 3)R30°. 1t is shown that
the strong potential gradient just around the Bi nucleus con-
tributes to the spin splitting through the vertical asymmetry
of the surface-resonance wave function with the hybridized
6s and 6p, character. These findings clearly demonstrate that
semiconductor surfaces covered with heavy elements are
promising as a new field to explore the giant Rashba spin
splitting. The study along this line will enable us to study
physics such as inequilibrium spin transport at semiconduc-
tor surfaces?’ and highly efficient spin injection into bulk
semiconductors.

PHYSICAL REVIEW B 80, 113309 (2009)

Recently, a closely related paper on Bi/Si(111)-
(V3X3)R30° appeared.”® The experimental result by
ARPES on the Rashba spin splitting at M is very similar to
the result presented in this Brief Report.
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ing discussion and his showing them unpublished results.
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