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1Dipartimento di Fisica, Università degli Studi di Trieste, 34127 Trieste, Italy
2Elettra - Sincrotrone Trieste S.C.p.A., Strada Statale 14, km 163.5, 34149 Trieste, Italy

3Department Chemie, Ludwig-Maximilians-University München, Butenandtstr. 5-11, 81377 München, Germany
4Elettra - Sincrotrone Trieste S.C.p.A., Strada Statale 14, km 163.5, Trieste, Italy

5International Faculty, University of Cologne, Albertus-Magnus-Platz, 50923 Cologne, Germany

Spin-orbit interaction affects the band structure of topological insulators beyond the opening of
an inverted gap in the bulk bands, and the understanding of its effects on the surface states is of
primary importance to access the underlying physics of these exotic states. Here, we propose an
ab initio approach benchmarked by pump-probe angle-resolved photoelectron spectroscopy data to
model the effect of spin-orbit coupling on the surface states of a topological insulator. The critical
novelty of our approach lies in the possibility of accounting for a partial transfer of the spin-orbit
coupling to the surface states, mediated by the hybridization with the surface resonance states. In
topological insulators, the fraction of transferred spin-orbit coupling influences the strength of the
hexagonal warping of the surface states, which we use as a telltale of the capability of our model to
reproduce the experimental dispersion. The comparison between calculations and measurements, of
both the unoccupied and part of the occupied Dirac cone, indicates that the fraction of spin-orbit
coupling transferred to the surface states by hybridization with the resonance states is between 70%
and 85% of its full atomic value. This offers a valuable insight to improve the modeling of surface
state properties in topological insulators for both scientific purposes and technological applications.

INTRODUCTION

Spin-orbit coupling (SOC) in topological insulators
(TIs) is responsible for the opening of an inverted
bandgap between the valence and the conduction band
that endows the band structure with non trivial topology
[1–5]. In the surface regime separating the nontrivial in-
sulator and the vacuum, topology arguments dictate the
existence of Dirac-like states inside the gap, which are
known as topological surface states (TSSs, schematized
with brown lines in Fig. 1(a)) [6–8]. Since the majority
of the technological applications of TIs is based on the
electronic properties of the TSS [9–14], a detailed un-
derstanding of the influence of SOC on these states is
vital, as it can provide pathways to tailor the proper-
ties of the TSS and, therefore, the optical and transport
properties of the system. As a recent experimental de-
termination of the e-ph coupling strength in BiSe and
BiTe has shown [15], a quantitative understanding of the
mechanisms that affect the physical properties of TSS in
TIs can unlock the gate to control the transport degree
of freedom at the surface of these materials.

In addition to the TSS, the bandstructure of model
TIs in the vicinity of the Fermi level comprises several
features, summarized in Fig. 1(a): unoccupied surface
resonance states (SRSs, in dark brown) [16–18], a two-
dimensional electron gas arising from surface defects (in
orange) [19] and the bottom of the conduction band (in
shaded yellow), which is typically populated due to unin-
tentional electron doping of the surface [20]. A deviation
of the TSSs dispersion from linearity has been found to
lead to the so-called hexagonal warping of the constant-

energy surfaces (CESs) in the kx − ky plane (Fig. 1(b))
[21–24]. The hexagonal warping has attracted great at-
tention due to the consequences on the out-of-plane spin
polarization of the TSS [25, 26] and the modification of
the scattering properties due to a larger nesting of the
Fermi surface [27]. The phenomenon is most often ex-
plained by means of effective models like the k ·p Hamil-
tonian [27, 28]. However, an ab initio characterization
of the mechanism through which the SOC acts on the
surface state dispersion is still lacking.

On the other hand, this approach was applied to the
Rashba surface state of Au(111) in order to investigate
the effect of SOC on topologically-trivial surface states
from an ab initio perspective [29]. The comparison with
photoemission experiments has shown that the correct
value for the Rashba splitting of these states is recovered
assuming that only the 50% of the full SOC of atomic
Au is acting on the surface states.

The evidence of a partial SOC transfer in surface states
of simple metals raises the question of whether this mech-
anism is common also to the surface states of TIs. The
two cases are rather different, since topological surface
states retain a marked bulk character via the hybridiza-
tion with the SRSs. Hence, at variance with the case
of Au(111) Rashba states, the SOC is mediated to the
surface states via hybridization with the SRSs.

Our study indicates that it is possible to model the
hybridization-mediated transfer of SOC from the bulk to
the surface states in the framework of an ab initio the-
ory. This coupling allows the transfer to surface states
of a fraction of the atomic SOC, similarly to the case of
Au(111) Rashba states. Along with other changes in the
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dispersion, the fraction of transferred SOC influences the
strength of the TSS warping, in agreement with the pre-
diction of the k ·p Hamiltonian. On these bases, we per-
formed one-step photoemission calculations for the pro-
totypical topological insulator Bi2Se3 (Fig. 1(c)) vary-
ing the fraction of SOC transferred to surface states
from its full atomic value down to 50%. To prove the
validity of this model, we benchmark our results with
pump-probe Angle-Resolved Photoelectron Spectroscopy
(ARPES) measurements on Bi2Se3 single crystals. The
Dirac point in as-grown Bi2Se3 crystals falls below the
Fermi level, for an extent that depends on the amount
of substitutional defects in the bulk [20] and additional
aging of the surface [19]. Thanks to this effect, equilib-
rium ARPES can be capable of detecting evidences of
the hexagonal warping [23]. However, since the warping
increases with the distance from the Dirac point, pump-
probe ARPES is advantageous since it allows access to
the unoccupied part of the spectrum, where the changes
in the TSS dispersion due to warping are more severe
[24]. A match of the calculations with the spectroscopic
data, both above and below the Fermi level, is recovered
when assuming that the fraction of the SOC transferred
to the surface is less than 85%, but in excess of about
70%, hence giving physical consistency to the model we
employed to describe the hybridization-mediated partial
transfer of SOC to surface states.

MODELING THE SPIN-ORBIT COUPLING
MECHANISM AT A SOLID SURFACE

In topologically trivial systems, the emergence of sur-
face states is related to the symmetry breaking intro-
duced by the surface itself. The surface properties are
best accounted for by a realistic potential barrier, in our
case of Rundgren-Malmström type [33], which includes
no relativistic effect and is treated as an additional layer
on top of the surface. The bulk band structure proper-
ties, on the other hand, are determined from the fully-
relativistic atomic potentials in the context of the Dirac
equation. To determine the coupling between the two,
multiple scattering theory must be employed [34]. This
coupling can be allowed to be fractional, meaning that
only a fraction of the relativistic properties of the atomic
potentials, and thus also of the SOC, is transferred to
the surface states. The physical validity of this model is
proven by the results obtained on the Rashba splitting
of the Au(111) surface state [29] and further confirmed
by the successful application of the same model to the
Shockley state at the Ag/Pt(111) interface [35].

Since the existence of the TSSs directly derives from
the topologically nontrivial nature of the bulk bandstruc-
ture, the bulk character of the TSSs is much more pro-
nounced in TIs than in metal surfaces, with the conse-
quence that the TSS extends for several layers inside the
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FIG. 1. (a) Scheme of the dispersion of Bi2Se3. The sur-
face resonance state (SRS, dark brown), the 2D electron gas
(EG, orange), the bulk conduction band (BCB, yellow), the
topological surface state (TSS, brown) and the Dirac point
(DP, black) are indicated. (b) CES cut at the dashed line of
panel (b), with the features indicated accordingly. The outer
black hexagon indicates the orientation of the first Brillouin
zone (not scaled). (c) Conventional unit cell of Bi2Se3 with Bi
atoms in purple and Se atoms in green. The quintuple layers
are highlighted by purple tetrahedra. This panel was gener-
ated using the atomic coordinates from the Materials Project
database [30, 31] through the software VESTA [32].

bulk. From the bandstructure point of view, the bulk
character is transferred to the TSS by the hybridization
with SRS [16]. These facts have two important conse-
quences for the physics of SOC at the surface of a topo-
logical insulator. First, to determine the effect of the
SOC on surface states it is not sufficient to compute the
scattering properties between the surface barrier and the
atomic potentials, since this approach accounts only for
physics localized entirely at the surface, which is not the
case for TSS. Second, the SOC influences the surface
states via a mechanism that is more complex than the
multiple scattering between two potentials, namely the
hybridization with the surface resonances, for which no
analytical treatment or numerical simulation is presently
available. This complexity forces one to model the SOC
reduction in an effective way. The pure band structure
calculation is performed assuming the full value of the
SOC for all layers of the semi-infinite bulk. The atomic
potentials are then used as an input for the photoemis-
sion calculation, which includes the surface barrier and
its coupling to the atomic potentials via multiple scatter-
ing. In the photoemission step of the calculation, where
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surface states and resonances are fully taken into account,
the SOC of the atoms in the first 20 layers is reduced to
a tunable fraction of its atomic value. In this way, the
model reproduces a situation where the bulk bandstruc-
ture is determined with the full SOC, while only the sur-
face states experience a smaller fraction of SOC, hence
effectively modeling the partial SOC transfer through the
hybridization with the SRS.

The modification of the SOC was applied in the spec-
troscopic calculations in the first 20 layers of the semi-
infinite stack of atomic layers, accounting for a reduction
of the SOC strength as felt by the surface-related elec-
tronic structure. Since Bi atoms are twice as heavy as
the Se atoms and thus the SOC is stronger, the SOC re-
duction is operated on Bi atoms only. The underlying
approach focuses on the SOC term of the first-principle
Hamiltonian while leaving all other relativistic correc-
tions unchanged [36].

METHODS

The electronic structure calculations were performed
self-consistently in the ab initio framework of fully rela-
tivistic spin-density functional theory, solving the corre-
sponding Dirac equation. The Perdew-Burke-Ernzerhof
parametrization was used for the exchange and corre-
lation potentials [37]. Furthermore, these calculations
were performed for the full SOC. For the spectroscopi-
cal analysis, the spin-density matrix formulation of the
fully-relativistic one-step model was employed [34, 38].
The surface of the solid was represented by a Rundgren-
Malmström-type potential [39], already successfully ap-
plied to the case of Bi2Se3 [17, 40]. As this form of
the surface barrier implies a z-dependent potential, the
total photocurrent also includes a surface contribution
that explicitly accounts for the dispersion of all the sur-
face features. The photoemission calculations were per-
formed for the photon energy used in the measurements
(10.8 eV, see below) and for the geometry of our experi-
mental setup. To correctly reproduce the relative inten-
sity of the surface spectral features, the matrix elements
in the surface region were calculated [29].

The measurements were performed at the Time-
Resolved ARPES endstation of the T-ReX laboratory
(Elettra, Trieste). The setup is based on the output of
an Yb-doped fiber laser (Coherent Monaco), a fraction
of which is used as a pump (1.2 eV). A cascade of har-
monic generation stages in BBO crystals and in Xe gas
generates the ninth harmonic of the other part of the
beam (10.8 eV). The incidence angle of the pump and
the probe beams on the sample at normal emission is of
30◦, which applies to all the measurements of this work.
Further details on the setup are reported elsewhere [41].
All the measurements were performed at 110K and with
s probe polarization unless otherwise indicated.

The pump-probe measurements were performed at the
fixed time delay ∆t ∼1 ps between the pump and the
probe pulses, at which the population in the vicinity of
the Fermi level is maximum due to the cascade relax-
ation mechanism of the charge carriers [42, 43]. The sys-
tem was excited with a p-polarized pump at a fluence of
∼150 µJ/cm2.
The CESs were measured with the p-polarized probe

by rotating the sample in steps of 0.5◦ along the tilt axis
(perpendicular to the analyzer slit, corresponding to ky
in our axis system for the reciprocal space) and recording
an E vs. kx map for each angle. These maps are stacked
together to obtain the full 3D map of the I(E, kx, ky)
photoemission intensity, which can be visualized by slic-
ing it at constant energy.

RESULTS

Ab initio one-step photoemission calculations
varying the SOC strength

To analyze in detail the impact of the SOC on the TSS
we scale its strength from 100% of its full atomic value
to 50%. Figure 2(a) shows the calculated photoemis-
sion maps along the ΓK direction for s-polarized 10.8 eV
photons, for the cases of 100% and 50% SOC (see Sup-
plemental Material [44]). The energy scale is relative to
the Dirac point (DP) and ranges from slightly below the
DP to ∼800meV above it. The linearly dispersing Dirac
cone displays the characteristic “V” shape above the DP,
while close to it the dispersion slightly deviates from ex-
act linearity. The part below the DP instead strongly
deviates from the linear dispersion, displaying an “M”-
like shape (dashed red box). No population is observed
in between the two branches of the TSS up to ∼ 500meV
above the DP. From here to higher energies a small diffuse
population is visible, which we attribute to the surface
projection of the bulk conduction band (BCB). Around
∼ 800meV above the DP a second sharp feature emerges
(dashed blue box). The position and dispersion of this
feature is compatible with the SRS mentioned above [16].
Upon decreasing the SOC strength, several changes oc-

cur in the band structure. We first observe that the “M”
shape of the dispersion below the DP is smeared out in
favor of a monotonic dispersion (panel (d)). The TSS
also broadens, with a width that increases with the dis-
tance from the DP. Alongside with this, an increase in the
BCB population is visible as a gradual change of contrast
between the area enclosed by the TSS and that outside.
The small intensity of the BCB with respect to the TSS
is due to a matrix element effect at this photon energy
[21]. This is advantageous since it allows a larger con-
tribution from the TSS, which is the focus of our work.
At 50% SOC, however, the BCB intensity is strong and
visible down to ∼100meV above the DP. Apart from the
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FIG. 2. (a),(b) Calculated E vs. k photoemission intensity
distribution along the ΓK direction for s-polarized 10.8 eV
photons, upon varying the SOC strength from 100% (panel
a) to 50% (panel b). The energy scale is referenced to the
energy ED of the DP. The sketch in the lower left part of
panel (a) shows the direction of k∥ (yellow line) both with re-
spect to the Brillouin zone (outer hexagon) and to the Fermi
surface. Panel (a) also indicates the relevant features for our
discussion: TSS, topological surface state; BCB, bulk conduc-
tion band; SRS, surface resonance state (highlighted by the
dashed blue box); DP, Dirac point (dashed red box). (c),(d)
Same as (a),(b), but along the ΓM direction (see low left part
of panel (c)). Boxes in panel (c) highlight the point at which
the band strongly bends outwards and severely broadens (vi-
olet box) and the vicinity of the Dirac point (red box).

broadening, the dispersion of both the TSS and the SRS
along ΓK undergoes minimal changes, and the TSS re-
mains linear for the whole energy region above the DP.

The dependence on the SOC of the dispersion along
ΓM is strikingly different. Panel (c) shows the dispersion
for the full value of the SOC. Similarly to panel (a), also
here the TSS below the DP is bending upwards (dashed
red box). The dispersion, while being approximately lin-
ear in the energy range between 100 and 300meV, is
strongly bending outwards around 400meV (dashed vio-
let box). We stress that it is this downward bending along
ΓM, along with the preserved linearity along ΓK, that
determines the warping. In the same energy range, the
bands start to broaden until they are very diffuse. Also
in this case the surface state is visible around ∼800meV
above the DP, although the contrast with respect to the
TSS is markedly weaker. Moreover, in panel (d) no in-

tensity appears at ∼800meV above the DP, where the
SRS is expected.

Comparing calculations with experiment

Dispersion of the occupied band structure

The occupied band structure is investigated with equi-
librium ARPES measurements. Figure 3 shows the com-
parison between the experimental and the theoretical dis-
persions along the two high-symmetry directions ΓK (top
row) and ΓM (bottom row). In order to compare the ex-
perimental results with the ab initio calculations, a com-
mon energy scale is needed, since in general the Fermi
levels in the calculations and in the experiment might
not coincide. The energy scales are thus aligned at the
Dirac point, which is an unambiguous feature common
to both, and referenced to the experimental Fermi en-
ergy EF (see Supplemental Material [44]).
In the measured dispersion along ΓK (Fig. 3(a)), the

DP is located ∼ 410meV below EF , hence signaling an
n-doping of the system due to aging [19, 45]. This is
advantageous for our investigation since it allows probing
a larger part of the band structure with ARPES. The
dispersion below the DP is monotonic and almost linear.
Above the DP, the intensity of the two TSS branches
becomes asymmetric. While the branch at negative k
values (left branch) is weak and broad, the one at positive
k values (right branch) is sharply defined. In between
the TSS branches, the signature of a 2D electron gas
(2DEG), already reported for Bi2Se3 [19], is visible as a
narrow feature at positive k. The presence of the 2DEG
confirms the aging of the surface also revealed by the
relatively large distance between the DP and EF . Also
for this feature, the dispersion at negative k is weaker
and broader, which makes it hard to distinguish the TSS
and the 2DEG. The contribution of the BCB is small due
to the unfavorable matrix element cited above [21].
The dashed blue lines mark the energies at which

the momentum distribution cuts (MDC) have been ex-
tracted, i.e. at intervals of ∼ 100meV from the DP to
EF and integrated in an energy window of 10meV. The
MDCs are reported in panels (b-e) in light-blue and com-
pared to the MDCs extracted from the calculated maps at
variable SOC strength: (b),(g) 50%, (c),(h) 70%, (d),(i)
85%, (e),(j) 100%.
Comparison of the dispersion in the vicinity of the DP

evidences the inadequacy of the full SOC (red MDC)
to account for the measured dispersion, where the TSS
shows no “M”-like shape: its linearity is instead best re-
produced at 50% SOC (Fig. 2(a) and (d)). Above the
DP, the MDCs show a discrepancy between experiment
and calculations. In particular, the calculated MDCs
seem to underestimate the cone aperture, hence predict-
ing a higher band velocity than the one actually observed,
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(a) (b) (c) (d) (e)Exper. SOC 50% SOC 70% SOC 100%SOC 85%

(f) (g) (h) (i) (j)Exper. SOC 50% SOC 70% SOC 100%SOC 85%
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FIG. 3. (a),(f) Measured band structure along the ΓK and ΓM directions, as also shown by the lower parts of panels (a) and
(f) . (b-e),(g,j) MDC cuts extracted from the measurement and from the calculations with increasing SOC strength: (b),(g)
50%, (c),(h) 70%, (d),(i) 85%, (e),(j) 100%. The cuts are extracted at the DP, at EF and at three intermediate energies.
Energies are referenced to the experimental EF , i.e. shifting down the energy scale of the calculations by ∼410meV.

and the discrepancy increases with the distance from the
DP. This can be explained as a shortcoming of the local
spin-density approach, as already reported in [29, 46, 47].
For the MDCs ∼ 100meV and ∼ 200meV below EF , the
50% SOC seems to give a better agreement, due to the
higher population of the BCB with respect to the other
SOC values. The intensity measured in this region, how-
ever, is more correctly attributable to the 2DEG, since
its two branches get close and due to their broadening
they partially merge. Overall, the measured relative in-
tensity between the left and right branch of the TSS is
well reproduced by all the SOC values, demonstrating
that the spectroscopic calculations correctly account for
the matrix element effects in our experimental geometry.

Panel (f) shows the measured dispersion for the ΓM
direction. The intensity distribution is more symmetric
than in panel (a), both for the TSS and for the 2DEG.
Along this direction also the dispersion in the vicinity
of the DP for a SOC of 85% is evidently inadequate,

since the bands are bending upwards (see the bump in
the MDC at k ≃ −1 Å−1). Upon approaching the Fermi
level, the difference among the theoretical dispersions
becomes more evident. Due to the same overestimation
of the band velocity commented above, the 100% SOC
seems to agree better with the experimental dispersion
at the Fermi level, since the effect of the warping is a
detectable reduction of the band velocity along ΓM.
The experimental dispersion, however, is not reflecting
the strong warping experienced by the 100% SOC case
(Fig. 2(e)).

The comparison between measurements and calcula-
tions for the occupied part of the spectrum constitutes a
first benchmark for the SOC fraction transferred to the
TSS. The 100% SOC calculation does not satisfactorily
reproduce the dispersion deduced from the experiments
below the DP, for both directions. In addition, the full
SOC predicts at EF a warping larger than the one ob-
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served in the experiment. This leads to the first conclu-
sion that the effective fraction of the SOC transferred to
the surface states is smaller than the full atomic value.

Dispersion of the unoccupied band structure

Since the warping increases with the distance from the
DP [24], access to larger portions of the band structure
above EF is beneficial to compare the experiments and
the calculations in an energy interval where the influence
of the SOC on the warping is more pronounced. Fig-
ure 4 shows the comparison between measured and cal-
culated photoemission maps following the same arrange-
ment of Figure 3. The measured maps are reported as
a difference between the pumped map and the equilib-
rium one, as customary in time-resolved ARPES mea-
surements to emphasize the change in the photoemission
intensity. The measurement along ΓK (panel (a)) shows
that the linear dispersion of the TSS is also observed
above EF . The branch at negative k values remains
broad and weaker, but the one at positive k values is
well distinct from the 2DEG and allows discerning that
the latter disperses roughly parallel to the TSS. Access-
ing the dispersion above EF is also beneficial for circum-
venting the unfavorable coincidence of a broad 2DEG and
a small BCB contribution to the intensity. As discussed
above for the region close to EF , the parabolic dispersion
of the 2DEG causes its branches to be well separated in
momentum, hence allowing the attribution of the inten-
sity detected in between to the sole BCB. This is better
visible in the MDC cuts taken at ∼55meV and ∼110meV
above EF and shown in subsequent panels. The calcula-
tion for 50% SOC (b) clearly shows an excessive intensity
in correspondence of the BCB. The 70% and 85% SOC
cases, (c) and (d), are instead closer to the data for the
experimental dispersion, while the calculation for 100%
SOC in (e) shows no significant BCB intensity.

The measurement along ΓM is shown in panel (f).
The right branches of the TSS and of the 2DEG display
a larger intensity, which is also reflected in the presence
of a red signal up to higher energies. This might be
due to a delay-dependent matrix element effect [48],
although the depopulation of the TSS below EF is
more symmetric. The right branch clearly shows that
the dispersion is deviating from linearity. Incidentally,
the 2DEG population drastically decreases beyond
∼100meV above EF , at variance with what is observed
along ΓK. The intensity of the BCB population instead
follows a behavior similar to the other direction, and is
well reproduced for 70% and 85% SOC, as proven by the
MDCs in panel (h). The magnitude of the warping agrees
well with the prediction for the 85% and even 100% of
the SOC. Since for lower SOC values the TSS is severely
smearing out at higher energies, also the sharpness of
the features is better accounted for at higher SOC values.

The inspection of the pumped E vs. k maps proves
that the intensity from the BCB is small compared to
the TSS and the 2DEG. It also allowed to confirm that
the dispersion along ΓK is linear also above EF . The
dispersion along ΓM instead shows a strong warping that
is compatible with the highest values of SOC.

Comparison of constant-energy surfaces

The inspection of CESs makes it easier, with respect to
the E vs. k dispersion, to visualize the symmetry and the
degree of deformation of the CESs, so to evaluate which
strength of the SOC is more appropriate in describing
the shape of the experimental CESs.
The result of this procedure is shown in Fig. 5(a-e) for

the CES measured with p-polarized light. The cuts are
taken at five energies: at the DP, between the DP and
EF , at EF , and at the two energies above EF already
considered in Fig. 4. The TSS contour at the DP (panel
(a)) is circular as expected from the vertex of a cone
broadened by the experimental resolution. No intensity
is detected outside this circular area, apart from a sharp
line at ky ∼ 0.12 Å−1. This spurious intensity is probably
the result of the probe beam impinging on a flake edge
during the tilt angle scan. The cut at -210meV (panel
(b)) has a round shape with some larger broadening at
negative ky values, where also the photoemission inten-
sity is larger. The TSS contour at EF (panel (c)) is also
broader at negative ky. At this energy there is a clear
deformation towards a hexagon. The small discontinu-
ity at positive ky values is likely due to a change in the
position of the probe on the sample due to the angular
motion of the latter, as suggested by the strong spurious
strike of intensity commented above. The CES at 50meV
above EF (panel (d)) shows a larger deformation of the
TSS, going towards the snowflake-like shape. The case of
panel (e) is analogous, with the deformation particularly
visible on the right edge of the snowflake at kx ∼ 0 and
in the top left edge. We also emphasize that the contrast
between the TSS and the region inside it confirms that
the BCB photoemission intensity is very weak.

The CESs were calculated for the sole SOC values of
70% and 85%, i.e. those that yield the best agreement
with the experimental E vs. k data. Panels (f-j) show the
85% SOC case. The “M” shaped dispersion commented
in Fig. 3(f),(i) close to the DP here appears as a star-like
contour of intensity, in contrast with the experimental ob-
servation in (a). Panel (g), showing an already deformed
contour, agrees well with the experimental counterpart of
panel (b), notwithstanding the broadening of the latter.
The following CESs (h-j) also show a good agreement
with the experiment, in particular correctly accounting
for the intensity asymmetries. In fact, the most intense
regions of the hexagon are towards negative ky values.
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(a) (b) (c) (d) (e)Exper. SOC 50% SOC 70% SOC 100%SOC 85%

(f) (g) (h) (i) (j)Exper. SOC 50% SOC 70% SOC 100%SOC 85%

Γ–K

Γ–M

FIG. 4. Pumped counterpart of Fig. 3. Top (bottom) row refers to the ΓK (ΓM) direction. The experimental dispersion is
reported in (a) and (g) as a difference map between the one acquired at ∆t = 1ps and the equilibrium one, to evidence the
population of the band structure above EF . (b-e),(g,j) MDC cuts extracted from the measurement and from the calculations
with increasing SOC strength: (b),(g) 50%, (c),(h) 70%, (d),(i) 85%, (e),(j) 100%. The cuts are extracted 55meV and 110meV
above EF . Energies are referenced to the experimental EF , i.e. shifting down the energy scale of the calculations by ∼410meV.

A better agreement is found for 70% SOC (k-o).
The DP (k) is properly reproduced as a small circular
area. The CES at -210meV shown in (l) is still circular,
in partial disagreement with the measurement in (b),
and becomes hexagonal only at EF (m). Another
shortcoming of this SOC value is that the warping is
less severe, and thus the size of the contours above EF

(n-o) is slightly smaller than what actually measured.
Also at this SOC the intensity asymmetry is reproduced,
being the CES more intense in the negative ky portion.
We stress the fact that for both SOC values, the
snowflake deformation above EF comes along with an
intense smearing of the TSS, as already commented for
Fig. 4(f), with the result that the tips of the snowflake
along ΓM are almost vanishing.

The comparison between the measured and the calcu-
lated CESs gives indications in agreement with what is
found from the analysis of the E vs. k maps. The shape
of the CES close to the DP suggests a SOC value lower
that 85%. On the other hand, the hexagonal deforma-
tion of the 70% SOC occurs closer to EF than the exper-
iment suggests, and the size of the CES contour above
EF is smaller, pointing to a value of the SOC closer to
85%. The CESs also further show that the calculations
correctly account for matrix element effects.

CONCLUSIONS

The present study combines state-of-art ab initio one-
step photoemission calculations with equilibrium and

pump-probe ARPES measurements, to investigate the
physics of the SOC at the surface of the model TI Bi2Se3.
Our study proves that the influence of the SOC on TSSs
can be modeled within a theoretical framework capable
of taking into account the partial transfer of the atomic
SOC to the surface states, which occurs via hybridization
with the surface resonance states.

The calculations show that the most severe changes in
the TSS dispersion upon changing the fraction of trans-
ferred SOC occur along the ΓM direction, where the TSS
branches bend outwards for higher SOC values. At the
same time, they remain linear at all SOC strengths along
ΓK. Therefore, a stronger SOC induces a stronger warp-
ing, in qualitative agreement with the prediction of the
k · p model.

The comparison of the SOC-dependent calculations for
the surface states with the ARPES measurements shows
that the highest values of SOC are incompatible with the
experimental evidence in the vicinity of the Dirac point.
In addition, the bare atomic SOC predicts a warping in
excess of the one found in the experiment. Instead, the
unoccupied part of the spectrum shows that the warping
is compatible with the highest values of SOC, hence indi-
cating a transferred SOC fraction larger than 70%. The
comparison between measured and calculated CESs con-
firms that a SOC value between 70% and 85% correctly
accounts for the shape and intensity distribution of the
CESs.

In conclusion, the agreement of our ARPES data with
the calculations performed for a reduced value of the
SOC proves that our model correctly accounts for the
physics of the transfer of SOC to the surface states of
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x 1.5 x 2

FIG. 5. (a-e) Experimental CES for the selected values of energy indicated above: (a) at the DP, (b) between the DP and EF ,
(c) at EF , (d) 0.05meV and (e) 0.11meV above EF (∆t = 1ps). Energies are referenced to the experimental EF , i.e. shifting
down the energy scale of the calculations by ∼410meV. The intensity of (d) and (e) the last two is multiplied by a factor of
1.5 and 2 for better visibility. (f-j) CESs calculated for 85% SOC at the same energies. (k-o) CESs calculated for 70% SOC
at the same energies.

a topological insulator. Moreover, it allows estimating
the fraction of transferred SOC between 70% and 85%
of its bare atomic value. This indicates that, in order to
correctly model the physics of topological surface states,
the hybridization with surface resonance states is a cru-
cial ingredient. This accounts for the proven weak cou-
pling between bulk and surface states and offers a way
to model the partial SOC transfer from the former to
the latter, hence leading towards a clearer understanding
of the electronic mechanisms that ultimately shapes the
surface band structure of Bi2Se3.
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rected tight-binding Hamiltonians for an accurate quasi-
particle description of topological insulators of the Bi2Se3
family, Physical Review B 100, 155147 (2019).

[47] S. Ponzoni, F. Paßlack, M. Stupar, D. M. Janas, G. Zam-
borlini, and M. Cinchetti, Dirac bands in the topologi-
cal insulator Bi2Se3 mapped by time-resolved momen-
tum microscopy, Advanced Physics Research , 2200016
(2023).

[48] F. Boschini, D. Bugini, M. Zonno, M. Michiardi, R. P.
Day, E. Razzoli, B. Zwartsenberg, M. Schneider, E. H.
da Silva Neto, S. dal Conte, S. K. Kushwaha, R. J.
Cava, S. Zhdanovich, A. K. Mills, G. Levy, E. Carpene,
C. Dallera, C. Giannetti, D. J. Jones, G. Cerullo, and
A. Damascelli, Role of matrix elements in the time-
resolved photoemission signal, New Journal of Physics
22, 023031 (2020).

https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1088/1367-2630/16/1/015005
https://doi.org/10.1088/1367-2630/16/1/015005
https://doi.org/10.1088/0953-8984/5/5/011
https://doi.org/10.1088/0953-8984/5/5/011
https://doi.org/10.1103/physrevb.95.115401
https://doi.org/10.1016/j.elspec.2020.146978
https://doi.org/10.1016/j.elspec.2020.146978
https://doi.org/10.1016/j.elspec.2020.146978
https://doi.org/10.1103/physrevb.86.205133
https://doi.org/10.1103/physrevb.88.121404
https://doi.org/10.1103/physrevb.88.121404
https://doi.org/10.1038/nature08234
https://doi.org/10.1038/nature08234
https://doi.org/10.1103/physrevb.100.155147
https://doi.org/10.1002/apxr.202200016
https://doi.org/10.1002/apxr.202200016
https://doi.org/10.1088/1367-2630/ab6eb1
https://doi.org/10.1088/1367-2630/ab6eb1

	Unveiling the physics of the spin-orbit coupling at the surface of a model topological insulator: from theory to experiments
	Abstract
	Introduction
	Modeling the spin-orbit coupling mechanism at a solid surface
	Methods
	Results
	Ab initio one-step photoemission calculations varying the SOC strength
	Comparing calculations with experiment
	Dispersion of the occupied band structure
	Dispersion of the unoccupied band structure
	Comparison of constant-energy surfaces


	Conclusions
	References


