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Rotating Spin and Giant Splitting: Unoccupied Surface Electronic Structure of T1/Si(111)
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We present a combined experimental and theoretical study on the unoccupied surface electronic
structure of the T1/Si(111) surface. Spin- and angle-resolved inverse-photoemission measurements with
sensitivity to both the in-plane and the out-of-plane polarization direction detect a spin-orbit-split surface
state, which is well described by theoretical calculations. We demonstrate that the spin polarization vector
rotates from the classical in-plane Rashba polarization direction around I to the direction perpendicular to
the surface at the K(K’) points—a direct consequence of the symmetry of the 2D hexagonal system. A
giant splitting in energy of about 0.6 eV is observed and attributed to the strong localization of the
unoccupied surface state close to the heavy T1 atoms. This leads to completely out-of-plane spin-polarized
valleys in the vicinity of the Fermi level. As the valley polarization is oppositely oriented at the K and K’

points, backscattering should be strongly suppressed in this system.
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The development of spintronics, i.e., the use of the
electron spin as information carrier in electronics, hinges
on the generation and manipulation of spin-polarized cur-
rents. Here, the Rashba-Bychkov effect [1], i.e., the lifting
of the spin degeneracy due to spin-orbit interaction and
space inversion asymmetry, opens the way for promising
applications [2]. In recent years, it has been demonstrated
for several metal surfaces that the Rashba-Bychkov effect
leads to a spin-dependent splitting of surface states [3—8].
In some cases, such as Bi/Ag(111) [9] and Bi/Si(111)
[10], giant splittings of about 0.2 eV, orders of magnitude
larger than those found in semiconductor heterostructures,
could be observed—a key factor for an implementation of
the surface Rashba-Bychkov effect in spintronics. Briefly,
this demands for (i) a metallic surface state with (ii) strong
spin-orbit coupling on (iii) a semiconductor surface [11].
As a result, thin films of heavy metals on semiconducting
substrates lie in the focus of recent research [10-20].

In this context, the thallium (1 X 1) overlayer on Si(111)
poses an excellent candidate and promotes understanding
basic mechanisms of spin-orbit interaction at surfaces.
Band structure calculations of the T1/Si(111)-(1 X 1) sur-
face reveal an occupied and an unoccupied spin-orbit-split
surface state within the fundamental projected bulk-band
gap [21]. The symmetry of the 2D honeycomb layered
structure in combination with the strong spin-orbit cou-
pling of the adlayer leads to a unique spin pattern in
momentum space. Along the I' K(I'K’) direction the polar-
ization vector of the surface states rotates from the polar-
ization direction parallel to the surface and perpendicular
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to k| (classical Rashba polarization direction) to the di-
rection perpendicular to the surface. This is accompanied
by a spin-dependent splitting in energy with its maximum
at the K(K') points. Spin- and angle-resolved photoemis-
sion experiments demonstrate these characteristic features
for the occupied surface state [13]. At K(K’) a splitting in
energy of about 0.25 eV is observed. However, here the
state is located far below the Fermi level and is therefore
hardly relevant for spin-dependent transport phenomena.
For the unoccupied electronic structure, theory predicts a
surface state with exceptionally large splitting in the vicin-
ity of Ep [21].

In this Letter, we use angle- and spin-resolved inverse-
photoemission experiments to unveil the unoccupied
spin-orbit-split surface state. We show that, similar to the
occupied state, the unoccupied surface state exhibits a
rotating polarization vector along I' K(I'K’). Remarkably,
at K(K') the two spin components show an energy splitting
of about 0.6 eV. According to our calculation, this excep-
tionally large splitting is a consequence of the strong local-
ization of the unoccupied surface state close to the Tl atoms.
At K(K'), the lower lying surface-state component closely
approaches E and creates almost completely out-of-plane
polarized electron pockets, also referred to as valleys. We
will demonstrate that the out-of-plane spin polarization
orientation between valleys at K and K’ is reversed.
Consequently, backscattering is strongly suppressed [22].

Our T1/Si(111)-(1 X 1) films, schematically shown in
Figs. 1(a) and 1(b), were prepared by evaporating one
monolayer of T1 from a Ta crucible onto a clean n-doped
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FIG. 1 (color online). (a) Top view and (b) side view of the
structural model of the T1/Si(111)-(1 X 1) surface formed by the
adsorption of one monolayer of TI. (c¢) Corresponding low-
energy electron diffraction image and (d) surface Brillouin
zone. (e) Quasiparticle band structures including spin-orbit
coupling illustrating the in-plane (left-hand side) and out-of-
plane (right-hand side) polarization components. The diameter
of the circles is proportional to the spin polarization with a
maximum degree of 100%, e.g., for S, at K. The energy scale
refers to the valence-band maximum Ev,. The gray shaded area
illustrates the projected bulk bands.

(10'3/cm?) Si(111) substrate at a temperature of 570 K,
similar to the recipe given in Ref. [13]. The sharp diffrac-
tion pattern and low background intensity of the low-
energy electron diffraction image in Fig. 1(c) reflect a
well-ordered (1 X 1) structure.

Spin- and angle-resolved inverse-photoemission experi-
ments have been performed using our recently developed
homebuilt rotatable spin-polarized electron source [23]. It
produces a transversally spin-polarized electron beam with
a spin polarization of 29%, whose polarization direction
can be chosen freely. This allows measurements of the
unoccupied electronic structure with sensitivity to the
classical in-plane Rashba and, in addition, for nonnormal
electron incidence, to the out-of-plane polarization direc-
tion. Spectra have been normalized to 100% spin polariza-
tion of the electron beam. The total energy resolution is
approximately 350 meV, while the angular resolution of
the electron source is =1.5°. A detailed description of the
inverse-photoemission experiment is given in Ref. [24].
Measurements have been conducted at room temperature
and were taken along I'K and TK’ as indicated by the
dotted lines in the surface Brillouin zone in Fig. 1(d).

We start with a discussion of the calculated T1/Si(111)-
(1 X 1) surface electronic structure. The ground-state
properties are obtained by using density-functional theory

within the local-density approximation. A basis of
Gaussian orbitals is employed together with pseudopoten-
tials that include scalar relativistic corrections and spin-
orbit coupling [25]. The TI/Si(111) surface is treated
within a supercell approach using slabs with 18 Si substrate
layers and a TI adlayer. Relaxations of the topmost eight
layers have been taken into account. Adsorption of TI
atoms in T, positions turns out to be energetically most
favorable in agreement with former calculations [26]. For
determining the quasiparticle band structure, we construct
the self-energy operator within the GW approximation
[27,28]. Figure 1(e) presents our calculations along
'K M. Open circles illustrate the in-plane polarization
perpendicular to Kk (left panel) and the out-of-plane com-
ponents of the polarization vector (right panel) as defined
in Fig. 1(d). No in-plane polarization parallel to k| occurs.
The size of the circles corresponds to the magnitude of the
respective polarization. In accordance with recent band
structure calculations [21], one occupied (S; and S,) and
one unoccupied (S5 and S,) spin-orbit-split surface state is
found within the projected bulk-band gap of the silicon
substrate. The 2D symmetry of the hexagonal system,
belonging to the p3m1 space group, leads to K and K’
points with C3 symmetry. This forces the spin polarization
vector to the out-of-plane direction [13,21,29]. Ultimately,
the polarization vectors of all four surface-state compo-
nents rotate from the classical in-plane Rashba direction
around I to the out-of-plane direction at K(K'). At this
point, an exceptionally large energy splitting of the two
unoccupied surface-state components is expected. Our
spin- and angle-resolved inverse-photoemission experi-
ments put these predictions to the test.

Figure 2 presents spin- and angle-resolved inverse-
photoemission spectra taken at various angles of incidence
6 along the I' K and 'K’ high symmetry lines. Red up- and
blue down-pointing triangles represent spin states parallel
to the surface and perpendicular to K, i.e., the classical in-
plane Rashba polarization direction. Purple up- and orange
down-pointing triangles denote states with out-of-plane
spin polarization, i.e., pointing parallel or antiparallel to
the surface normal.

AtT (6 = 0°), the two spin states are degenerate. Along
'K, i.e., with increasing angles up to 6 = 50°, spin-split
bands with in-plane spin polarization emerge. Around K
(6 = 60° to 65°) the in-plane polarization vanishes, as
demanded by symmetry considerations. In this region,
due to the intrinsic and experimental energy broadening,
a splitting of the states is not resolved.

Additional spectra in Fig. 2(b) confirm that the observed
spin polarization is in accordance with time-reversal sym-
metry and the classical Rashba model. Spectra taken at
68 = 30° along LK’ [lower spectrum in Fig. 2(b)], realized
by rotating the azimuth of the sample by 180°, show the
same features with similar polarization, whereas measure-
ments at negative angles of incidence [upper spectrum in
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Fig. 2(b)], i.e., negative k||, exhibit a reversed polarization.
Note that the sign of the spin polarization is referred to the
spin direction of the incoming electron beam.

Figures 2(c) and 2(d) show equivalent measurements
with sensitivity to the out-of-plane polarization direction.
Importantly, for corresponding angles, the spin-integrated
spectra of the in-plane and out-of-plane experiments are
almost identical. This verifies the same sample condition
and position in k space. Note that experimental informa-
tion on the out-of-plane polarization is only accessible
for angles 6 unequal zero, whereas the effective spin
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FIG. 2 (color online). Spin- and angle-resolved inverse-
photoemission spectra along T'K and TK’ sensitive to the (a),
(b) in-plane and (c), (d) out-of-plane spin components. # and ¢
denote the angle of incidence and the sample azimuth, respec-
tively. (e) Out-of-plane spin asymmetry at an angle of incidence
6 = 60° around K and K'.

polarization increases with higher 8. Therefore, the spectra
at # = 0° and 5° have not been normalized to a 100%
polarized electron beam. Towards K, for 6 > 20°, several
out-of-plane polarized features are detected. Around K’,
the same features appear with opposite polarization [see
Fig. 2(d)]. The spin-asymmetry data [A = (I; — 1)) /(I; + I))]
in Fig. 2(e) around K and K’ underline this reversal. The
obtained spin-asymmetry values of more than 60% (without
background subtraction) strongly indicate almost com-
pletely out-of-plane but oppositely polarized states in the
vicinity of E at K and K.

Spectral features in the in-plane and out-of-plane sensi-
tive inverse-photoemission data are translated into E(k))
plots in Figs. 3(a) and 3(b), respectively. The energetic
positions of the spectral features were derived by a fitting
routine as described in Ref. [30]. For comparison, we show
the calculated band dispersion of S; and S, as solid lines
with respect to the Fermi level. Ef lies about 0.25 eV above
the highest occupied state S, at I, independently measured
with a photoemission setup in the same apparatus [24], and
about 0.2 eV below the lowest unoccupied state S5 at K.
AE between S, at I and S5 at K amounts to 0.45 eV, which
agrees well with 0.36 eV found in our calculation.

A total of four states S5 to Sg are measured. S5 and S¢ are
interpreted as surface-resonant states and will not be dis-
cussed further. Most prominent are the two strongly down-
ward dispersing features S3 and S, with minimum energy
at K (k= 1.1 A™Y. In comparison with our band struc-
ture calculations, S; and S, are easily identified as the two
components of the unoccupied spin-orbit-split surface
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FIG. 3 (color online). E vs Kk plot derived from spectra taken
along I' K with sensitivity to (a) the in-plane and (b) the out-of-
plane polarization. Solid lines show the calculated surface-state
bands.
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FIG. 4 (color online). Charge distribution plots of the occupied
and unoccupied surface-state component S; and S3 at two points
in k space K/2 and K.

state. In the following we will discuss (i) the spin splitting
and (ii) the polarization of the unoccupied surface state.

(i) At K, the lower lying surface-state component S
closely approaches Erp. Here, S5 and S, exhibit a giant
spin-dependent splitting in energy of about 0.6 eV. This
splitting is almost two-thirds of the atomic spin-orbit split-
ting of a thallium p state [AE = (2] + 1)A = 0.9 for
=1, A=0.3 eV], larger by more than a factor of 2
than observed in the occupied surface-state components
S; and S, [13]. Charge distribution plots in Fig. 4 of the
occupied and unoccupied surface-state components S; and
S5 provide an explanation. At K and K’, the unoccupied
state is mainly localized at the Tl atoms, whereas the
occupied surface state is localized at the Si atoms.
Charge distribution plots without considering spin-orbit
interaction indicate similar results [26]. The nature of the
giant splitting is, therefore, assigned to the proximity of the
unoccupied surface state to the heavy nuclei [31].

(ii) Figures 2 and 3 give an overall picture of the polariza-
tion of the unoccupied surface-state components. Around
the I' point, S5 and S, exhibit only in-plane polarization.
This in-plane polarization is retained up to kj = 0.85 Al
(6 = 45°). For higher k), values it decreases and ultimately
vanishes at K. Out-of-plane polarization first appears at
k= 0.6 A~ (§ =25°). Here, S; is up-polarized. At
ky = 0.7 A~! S5 exhibits no out-of-plane polarization. For
increasing k| values S5 is down-polarized. At the K point S,
and S, are almost completely out-of-plane polarized. In total,
a rotation of the polarization vector is observed. This coin-
cides with the theoretical findings.

In principle, the rotation of the polarization vector can
already be understood by applying a simple tight binding
model, taking into account the Si dangling bond and the Tl
Px» Py» P orbitals. Interaction of the Tl p, orbital with the
Si substrate induces a potential gradient along the surface
normal, resulting in a classical in-plane Rashba polariza-
tion. Interaction of the p,, p, orbitals with the substrate

induces an in-plane inversion asymmetry resulting in an
out-of-plane polarization. As the surface states S; and S,
are predominantly of p, character around I" and purely of
Px» Py character at K, a transition from in-plane to out-of-
plane polarization takes place. At K these states are
completely polarized since spin-orbit coupling does not
intermix spin-up with spin-down components of p, and
p, orbitals. The charge distribution plots in Fig. 4 of the
unoccupied surface-state component S5 at two points in k
space comply with this model. Halfway between I' and K
(marked by vertical lines in Fig. 1) the charge distribution
is predominately asymmetric along the surface normal,
which is related to an in-plane spin polarization. On the
other hand, at K in-plane asymmetry is dominant, which
relates to an out-of-plane polarization.

In conclusion, our experimental study of the unoccupied
electronic structure of T1/Si(111) with sensitivity to the
in-plane and out-of-plane polarization components dem-
onstrates the unique properties of the unoccupied surface
state. We have unambiguously shown that the polarization
vector of the unoccupied T1/Si(111) surface state rotates
from the classical in-plane Rashba direction to the direc-
tion perpendicular to the surface. Furthermore, at K the
unoccupied surface state shows a giant splitting in energy
of about 0.6 eV. The extraordinary large splitting is traced
back to the strong localization close to the T1 atoms. As a
result, almost completely out-of-plane polarized valleys
are formed in the vicinity of E at K and K’. This out-of-
plane polarization direction is opposite at K and K'. All
findings are in excellent agreement with theory. We note a
resemblance to MoS,, a system which has attracted
immense attention in the field of valleytronics [32-35].
In both systems, the valleys at K and K’ carry opposite
Berry curvature. This allows for transverse currents where
electrons with antipodal spin flow to opposite sides of the
sample when an electrical field is applied in the surface
plane. Further spin- and angle-resolved photoemission
experiments on doped TI1/Si(111) surfaces reveal a shift
of the unoccupied surface state. The lower lying valley
becomes metallic and creates a peculiar Fermi surface,
where backscattering is strongly suppressed [22].
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