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A totally anisotropic peculiar Rashba-Bychkov (RB) splitting of electronic bands was found on the
Tl=Sið110Þ-ð1 × 1Þ surface with C1h symmetry by angle- and spin-resolved photoelectron spectroscopy
and first-principles theoretical calculation. The constant energy contour of the upper branch of the RB split
band has a warped elliptical shape centered at a k point located between Γ̄ and the edge of the surface
Brillouin zone, i.e., at a point without time-reversal symmetry. The spin-polarization vector of this state is
in-plane and points almost the same direction along the whole elliptic contour. This novel nonvortical RB
spin structure is confirmed as a general phenomenon originating from the C1h symmetry of the surface.
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The determination and control of the spin structure of
low-dimensional systems with high precision in both the
energy and momentum space represent important goals of
current solid state physics, and may imply a great
possibility in technological innovations [1,2]. The spin-
polarization of two-dimensional (2D) electron gas arises
due to spin-orbit coupling concomitant with the breaking of
spatial symmetry along the surface normal direction, and
was observed on metal surfaces [3–12], transition-metal
oxide surfaces [13], at interfaces between heavy element
monolayer films and solid surfaces [14–19], and in a
noncentrosymmetric bulk system [20]. For ideal 2D elec-
tron gases, the electronic band splits with the spin ori-
entation locked in-plane and perpendicular to the electron
momentum (k) in a vortical structure around the center of
the surface Brillouin zone (SBZ) and other time-reversal
invariant momenta (TRIMs) [21] as described within the
simple Rashba-Bychkov (RB) model [22]. [TRIM is a k
point with time-reversal symmetry (TRS)].
The variety of electron bands and spin structures finds a

comprehensive description in the generalized RB
Hamiltonian within the k · p approximation, where the
correlation between the symmetry of a k point and the
structure is made (the symmetry of a k point results from
the surface group symmetry) [23,24]. For example, a
surface belonging to the plane group p31m manifests
the RB effect at k points of C3v symmetry [17,25]. The

focus in this work is on k points with C1h symmetry, a
symmetry with one mirror plane and without any rotational
axis, which holds the potential to yield a novel spin
structure [23]. In particular, the occurrence of C1h sym-
metry at the Γ̄ point, which is not realized yet, is expected to
give rise to peculiar spin structure that is insensitive to
backscattering and therefore along with long spin coher-
ence [26,27]. To obtain a system whose Γ̄ point has
a C1h symmetry and shows a RB splitting, both a substrate
with a proper symmetry and an appropriate adsorbate are
indispensable.
In this Letter, we report a novel spin structure of a

Sið110Þ-ð1 × 1Þ surface adsorbed with the heavy element
Tl. As shown in Fig. 1(c), the presence of a mirror plane, a
glide plane, and a rotation center leads the Sið110Þ-ð1 × 1Þ
ideal surface to belongs to the plane group p2mg, which
has possibility to form a system holding a Γ̄ point with C1h
symmetry in the k space. Tl is one of the three heaviest
nonradioactive elements, and the adsorption of a heavy
element with strong spin-orbit coupling induces a large RB
spin splitting. Note that the two other elements Pb and Bi
do not show well-ordered (1 × 1) periodic structure on
Si(110) [28–31]. Of the observed Tl induced surfaces
states, the uppermost one shows completely anisotropic
dispersion with a large RB spin split along a particular
direction only, and presents a constant energy contour with
warped elliptical shapes centered at a nonsymmetrical k
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point. The spin polarization vector (P) of this state is in-
plane, and points nearly one direction in one contour
indicating the formation of a nonvortical spin structure.
This novel spin structure that results from the C1h sym-
metry of this surface is established both experimentally by
photoelectron spectroscopy (PES) and theoretically by
first-principles electronic structure calculations.
Angle-resolved PES (ARPES) measurements have been

performed at beam line I4 of MAX-lab, Lund, Sweden,
using a photon energy of 40 eV with energy and momen-
tum resolutions of below 20 meV and below 1% of
the SBZ, respectively. Spin- and angle-resolved PES
(SARPES) measurements have been done at BL-19A of
KEK-PF using a photon energy of 21.2 eV and a hemi-
spherical electron analyzer equipped with a high-yield spin
polarimeter based on spin-dependent very low energy
electron diffraction (VLEED) [32]. One monolayer (ML)
of Tl was deposited on a Sið110Þ-ð16 × 2Þ clean surface at
450 K, prepared by annealing at 1520 K, from a Knudsen
cell. All the measurements were done at 100 K.
Density functional theory (DFT) calculations were

carried out by using the generalized gradient approximation
(GGA) [33] in the Kohn-Sham theory [34]. The energy
cutoffs of 25 and 300 Ry were used for wave functions and
charge densities [35], and a repeated slab model was used
for the surface calculation. The slab contains a Tl ML, 16 Si
ML, and 1 HML. The atomic positions, except those of the
H atoms and the Si atoms bonded to H, were fully relaxed
to an assumed criterion of atomic forces (less than
0.01 eV=Å). Each slab was separated by a vacuum space
of 11.7 Å.
The atomic structure is an indispensable piece of

information for discussing the electronic structure of the
sample. To obtain the atomic structure of the
Tl=Sið110Þ-ð1 × 1Þ surface, we have performed low-
energy electron diffraction (LEED) and scanning tunneling

microscopy (STM) measurements. Figure 1(a) shows the
LEED pattern obtained at a primary electron energy of
118 eV together with the SBZ, and Fig. 1(b) displays a
10 × 2.5 nm2 STM image of Tl=Sið110Þ-ð1 × 1Þ. A differ-
ence in intensity at different LEED spots is clearly observed
in Fig. 1(a), and one bright protrusion per unit cell is
observed in Fig. 1(b). In order to acquire more detailed
information about the atomic structure, we have performed
LEED intensity vs voltage (I-V) measurements, and full
dynamical calculations using a Barbieri–Van Hove sym-
metrized automated tensor LEED package [36]. (The
experimentally obtained and calculated LEED I-V curves
are shown in Fig. SM1 of Ref. [37].) The Pendry R factor
(RP) [38] was used to direct the automated search algo-
rithm, and the best agreement of experimental and calcu-
lated I-V curves involved minimizing RP.
The experimentally obtained structural model in Fig. 1(d)

shows the best fit with an RP value of 0.17, and is consistent
with the optimized structural model obtained by DFT
calculation as shown in Table I, where the relative positions
of the two Tl atoms labeled T1 and T2 and the eight Si atoms
labeled S1 − S8 in Fig. 1(d) are summarized. The Tl atoms
organize on the Si(110) surface in two sites with different
height from the outermost Si atom in accord with the
observation of one bright protrusion per unit cell in STM.
Further, the atomic positions of Tl atoms lead the surface
structure to break the p2mg symmetry of an ideal
Sið110Þ-ð1 × 1Þ surface, and to have a plane group p1m1
symmetry, which corresponds to a C1h symmetry at the Γ̄
point in k space. The loss of glide symmetry is in agreement
with the observation of all LEED spots along the [11̄0]
direction.
Figures 2(a) and 2(b) shows results of spin-integrated

ARPES measurement along the X̄0-Γ̄-X̄0 and X̄-Γ̄ direc-
tions. Five Tl-induced states denoted as S1, S10, S2, S3, and
S4, which are absent on the clean Si(110) surface [39], are

FIG. 1. (a) LEED pattern of Tl=Sið110Þ-ð1 × 1Þ; the solid rectangle indicates the SBZ, and Γ̄, X̄, and X̄0 are the symmetry points of the
SBZ. (b) A 10 × 2.5 nm2 STM image of Tl=Sið110Þ-ð1 × 1Þ obtained at a sample bias of −500 mV. The rectangle corresponds to the
size of Sið110Þ-ð1 × 1Þ. Top- and side-view atomic structures of (c) the ideal Si(110)-(11) surface and (d) the Tl=Sið110Þ-ð11Þ surface.
The large and small circles indicate Tl and Si atoms, and the rectangles in the top view models show the (1 × 1) unit cell. The horizontal
and vertical dashed lines in (c) and (d) indicate the mirror plane and the glide plane, respectively. The black circle in (c) shows the
rotation center.
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clearly observed in the bulk band gap (the edges of the bulk
band projection taken from Ref. [40] are indicated by dotted
lines in the figures). The lines superimposed on the band
dispersion in Fig. 2(a) are the two uppermost Tl-induced
occupied bands obtained theoretically along the Γ̄-X̄0
direction. The calculation indicates that S1 and S10 origi-
nates from a unique surface state band that is split due to the
RB effect, and that both bands are mainly composed of the
orbitals of the lower Tl atom [T2 in Fig. 1(d)]. Both S1 and
S10 are symmetric with respect to Γ̄ and show a wave
vector (k) dependent binding energy (EB) separation with a
maximum value of ΔEB ¼ 150 meV at kx ¼ −0.28 Å−1
along X̄0-Γ̄-X̄0. Since no obvious RB split was observed
experimentally for the S2–S4 bands, below we concentrate
on the electronic and spin structure of S1 and S10.
As can be seen from Figs. 2(a) and 2(b), the dispersion of

S1 and S10 is totally anisotropic; i.e., these surface states
disperse first upward and then downward from Γ̄ to X̄0

while they continuously disperse downward along Γ̄-X̄
(Fig. SM2 of Ref. [37]). In order to obtain further
information about the electronic structure of these aniso-
tropic states, we have measured the constant energy
contours of the uppermost state S1 at EB ¼ 50, 100, and
200 meV [the dotted lines in Fig. 2(c)]. The characteristic
constant energy contours of the S1 state are the peanut
shape at EB ¼ 50 meV, and warped elliptical shapes
centered at ðkx; kyÞ ¼ ð∼� 0.27 Å−1; 0Þ at EB ¼ 100
and 200 meVas illustrated in Figs. 2(d)–2(f). These shapes
are totally different from the constant energy contours of an
ideal RB effect that show two concentric circles with their
center at a TRIM such as the Γ̄ point. The absence of a
closed constant energy contour around Γ̄ arises from the
lack of rotational symmetry at this point, i.e., from the C1h
symmetry.
The P of the RB bands were revealed by DFT

calculation, and verified by SARPES measurements.
Figure 3(a) shows the constant energy contour at a
binding energy of 0.1 eV with superimposed theoretically
obtained spin orientation. Unlike the ordinary RB effect,
two ellipses of opposite P, which are symmetric with
respect to the Γ̄ point, are found in the present system.
P points toward the −y direction at kx < 0 and toward the
þy direction at kx > 0 within an angle deviation of less
than 16° to the x (−x) direction, and less than 5° to the
surface normal direction (z, −z). This means that each
elliptical constant energy contour has P along nearly one
direction, and thus the spin structure to be nonvortical.
Taking the TRS of the Γ̄ point into account, the exchange
of P at �kx indicates the RB split to be like an ordinary
one along the Γ̄-X̄0 direction. On the other hand, the
presence of nonvortical spin structures is what is not
expected in the ordinary RB effect.

TABLE I. The atom positions of Tl=Sið110Þ-ð1 × 1Þ related to
S1 of Fig. 1. x, y, and z correspond to the [001̄], [1̄10], and [110]
directions, and LEED and DFT indicate the experimental and
theoretical results. All values are given in Å.

Atom xLEED yLEED zLEED xDFT yDFT zDFT

T1 0.68 1.92 2.82 0.57 1.92 2.80
T2 3.23 0 1.87 3.09 0 1.88
S1 0 0 0 0 0 0
S2 1.41 1.92 0.02 1.34 1.92 0.00
S3 2.74 1.92 −1.93 2.67 1.92 −1.95
S4 4.08 0 −1.92 3.97 1.92 −1.95
S5 0.01 0 −3.87 −0.07 0 −3.84
S6 1.38 1.92 −3.85 1.34 1.92 −3.84
S7 2.73 1.92 −5.79 2.68 1.92 −5.74
S8 4.13 0 −5.78 4.01 0 −5.76

FIG. 2. Spin-integrated photoemission band from Tl=Sið110Þ-ð1 × 1Þ measured at hν ¼ 40 eV. (a) and (b) are band structures along
the X̄0-Γ̄-X̄0 and Γ̄-X̄ directions, respectively. The two upper Tl induced bands on Si(110)surface obtained theoretically along Γ̄-X̄0 are
superimposed in (a). The edges of the bulk valence band projection are indicated by dotted lines in (a) and (b). (c) Spin-integrated band
structure along Γ̄-X̄0, enlargement of (a). (d)–(f) are characteristic energy contours, i.e., kx-ky band mapping, at EB ¼ 50, 100, and
200 meV, whose energies correspond to the dotted lined in (c).
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SARPES spectra measured along ky at kx ¼ 0.27 Å−1
and along kx at ky ¼ 0, at the selected points marked with
filled circles in Fig. 3(b), are shown in Figs. 3(c) and 3(d).
Here, the spectra were obtained with an experimental setup
that is sensitive to spins with P parallel to the [1̄10]
direction of Tl=Sið110Þ-ð1 × 1Þ, i.e., the y direction in
Fig. 3. Thus Figs. 3(c) and 3(d) experimentally reveal that
the two upper bands are spin polarized and that P
principally points toward the −y (þy) direction at kx <
0 (kx > 0). The spin polarization for the y component (py),
extracted from the SARPES spectrum at ðkx;kyÞ¼
ð−0.27Å−1;0Þ using py¼½ðIup−IdownÞ=ðIupþIdownÞ�=Seff ,

was more than 65% [Fig. 3(d)]. (Iup and Idown are the
intensity of the photoelectron with opposite P, and Seff ¼
0.35 is the effective Sherman function).
Taking into account that the Γ̄-X̄0 direction is on the

mirror plane, not only the two TRIMs but all k points on
this line have C1h symmetry. In the case of k points with
C1h symmetry, the spin components parallel to the mirror
plane become zero and only the component normal to the
mirror plane survives [23]. This indicates that P is Py ≠ 0
and Px ¼ Pz ¼ 0 between Γ̄ and X̄0 in the present case, and
that the sign of Py at the two ky ¼ 0 points of each constant
energy contour is the same because a TRIM is necessary to
reverse the P of a RB band to the opposite direction. Since
the presence of these two k points having the same
P direction prevents the formation of a vortical spin
structure, and because the peculiar constant energy contour
with its center at a non-TRIM results from the lack of
rotational symmetry, we conclude that the novel RB non-
vortical spin structure is a consequence of the C1h sym-
metry of this surface. Further, this symmetry argument and
the experimental results shown in Figs. 3(c) and 3(d)
confirm that P points along one direction in each elliptical
constant energy contour.
So far, the P of RB spins was discussed based on the

contribution from only one TRIM, mainly the Γ̄ point.
However, the effect from more than two TRIMs ought to
contribute to the P, and the P would be described by the
vectorial superposition of P imposed from these TRIMs. In
the present case, both the Γ̄ and X̄0 points should contribute
to the P. Taking the P at ky ¼ 0 into account and by
considering that P is perpendicular to kwithin a simple RB
model, the effects from Γ̄ and X̄0 give (−Px, −Py) and
(þPx, −Py) contributions, respectively, to P at (kxh0; kyi0).
Thus the spin structure shown in Fig. 3(a) indicates that the
contribution from X̄0 is larger than that from Γ̄. This means
that the RB effect from X̄0 is stronger than Γ̄ on
Tl=Sið110Þ-ð1 × 1Þ. This simple picture can be applied to
understand the magnitude of RB effects from different
TRIMs in other systems [41] as well (Fig. SM5 of Ref. [37]).
To summarize, we achieved the formation of a surface

with C1h symmetry that may favor the occurrence of
distinct EðkÞ spin split with a topology that is qualitatively
different from the classical RB picture, by the adsorption of
1 ML of Tl on a Si(110) surface. The two upper surface
states observed in ARPES, which show completely aniso-
tropic dispersion, originate from a unique surface state
band that spin split due to the RB effect along a particular
direction only, and the constant energy contour of the
uppermost one shows warped elliptical shapes centered at
ðkx; kyÞ ¼ ð∼� 0.27 Å−1; 0Þ. P is in-plane and points
almost the same direction along the whole elliptic contour,
such as −y (þy) for the ellipse at kx < 0 (kx > 0). This
characteristic nonvortical spin structure is concluded to
result from the C1h symmetry of the surface. The topology
of the spin structure affects the spin transport efficiency
[26,27], and the peculiar opposite spin band structure

FIG. 3. (a) Constant energy contour at EB ¼ 0.1 eV super-
imposed with the spin structure obtained theoretically. The
arrows in (a) indicate the spin orientation. (b) Filled circles
showing the k points measured using SARPES. (c) and (d) are the
SARPES spectra along ky at kx ¼ −0.27 Å−1 and those along kx
at ky ¼ 0. The lowest spectrum in (d) shows the extracted spin
polarization at ðkx; kyÞ ¼ ð−0.27 Å−1; 0Þ.

PRL 117, 016803 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
1 JULY 2016

016803-4



observed on Tl=Sið110Þ-ð1 × 1Þ would lead to the presence
of long spin coherence along the [001] direction due to the
suppression of scattering between states with opposite spin
orientation.
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