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I. Surface terminations

To complement the discussion in the main text, we provide here more details on the experimen-

tal identification of the surface terminations. The basic building blocks constituting the layered

crystal structure of Sb2Te3 consists of quintuple layers (QLs) stacked along the (0001) direction

of the hexagonal unit cell, as shown in Fig. 1(a) of the main text. Each QL is formed by five

covalently bonded atomic sheets in the order Te-Sb-Te-Sb-Te. While the interactions between the

atomic sheets within a QL are strong, the interactions between two adjacent QLs are predomi-

nantly of weak van der Waals nature. As a consequence, the natural cleaving plane is located

between the QLs and crystal cleaving thus always exposes a Te-terminated surface. In Sb6Te3,

on the other hand, where two Sb2 bilayers (BLs) are sandwiched between the QLs, three differ-

ent surface terminations can be envisaged upon cleavage, namely: a Sb-rich one-BL termination

resulting from the breaking of the bonds between the two Sb2 BLs that are expected to have a sig-

nificant covalent contribution [1]; a Sb-rich two-BL termination by breaking the weaker bonds to

a neighboring QL; and a Te-terminated QL similar to that in Sb2Te3. These three cleavage planes

are illustrated in Fig. S1(a) (see inset), where we also present representative core-level spectra of

Sb2Te3 and Sb6Te3 collected over a range of binding energies covering the Te 4d and Sb 4d core

levels.

The relative photoemission intensities of the Te 4d and Sb 4d core levels allow determining

the surface termination. In the spectrum of Sb2Te3 (green curve), we observe pronounced intensi-

ties from the Te 4d and Sb 4d core levels that, when corrected for the respective photoionization

cross sections at the used photon energy of 75 eV [2], display approximately the same integrated

intensity. This represents the spectral signature of a QL-terminated surface. All cleaved surfaces

of Sb2Te3 showed an identical core-level spectrum. For Sb6Te3, on the other hand, we observed

spectral signatures of both the QL termination (blue curve) and, intriguingly, also a Sb-rich BL

termination (red curve), as identified from the significantly larger (cross section corrected) inten-

sity of the Sb 4d with respect to the Te 4d core levels. We note, however, that our data do not allow

for a distinction between a one-BL termination and two-BL terminated surface. In a theoretical

picture, the interactions between the Sb2 BLs are expected to be stronger than the bonds to the QL

entity [1, 3]. As a result, we do expect the two-BL termination to be the most frequently occurring

termination of the two. The observed shift of the Sb 4d levels to higher binding energies and the

broadening of the spectral line shape are not fully understood. Although other explanations are
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FIG. S1. (a) Normal emission photoemission intensity from Te 4d and Sb 4d core-levels measured with

hν = 75 eV at T = 100 K on Sb2Te3 (green), QL-terminated Sb6Te3 (blue) and BL-terminated Sb6Te3 (red).

The left-hand inset shows a schematic illustration of different surface terminations in Sb6Te3 with cleav-

ing planes indicated by dashed horizontal lines. (b)-(c) Low-energy electron diffraction (LEED) patterns

from BL and QL-terminated Sb6Te3, respectively, measured with an electron-beam energy of 77 eV. Both

diffraction pattern display hexagonal symmetry.

also conceivable, as for instance surface segregation, we speculate that the shift and broadening

might be the effect of a severe oxidation of the surface during crystal growth rather than a poorer

crystalline quality of the surface. In fact, the low-energy electron diffraction (LEED) patterns in

Fig. S1(b) and (c) display well-defined Bragg spots, which strongly suggests the existence of a

two-dimensional long-ranged periodicity on both BL and QL terminations. A severe oxidation

might also explain the double-peaked feature observed around E − EF ≈ −45 eV. The separation

in energy of the two peaks amounts to 1.45 eV that exactly corresponds to the splitting of the Te

4d spin orbit doublets observed around −41 eV, thus indicating that the former peaks represent

core-level shifts of oxidized Te 4d. We speculate that the contamination of the surface is so severe

to the extent that the electronic states show no dispersion, as observed in all ARPES spectra ac-

quired from Sb-rich terminated surfaces. As a final note, we reiterate that an oxidation is not the

only conceivable explanation for the observed shift and broadening.
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II. Parabolic band dispersion of topological states in Sb6Te3

This section is devoted to providing more information about the dispersion of the topologi-

cal surface states (TSS) in Sb6Te3. In Fig. S2(a), we reproduce the two-photon photoemission

spectrum from Fig. 2(b) of the main text representing the dispersion of the TSS along the high-

symmetry Γ̄ − K̄ direction. As noted in the main text, the dispersion of the TSS band displays a

significant upper/lower branch asymmetry. In fact, this asymmetry in the dispersion relation for

states belonging to the lower/upper branch is directly apparent already from a visual inspection of

the data as presented in Fig. S2(a); in particular for k|| from -0.05 Å−1 to -0.1 Å−1 (see red arrow).

This observation is corroborated by a more quantitative analysis of the ARPES spectrum utilizing

momentum (MDC) and energy (EDC) distribution curves that correspond to constant energy and

momentum cuts, respectively, to the data. The results of this analysis is shown in Fig. S2(b) where

we have superimposed the fitted peak positions of the extracted EDCs and MDCs for the lower

and upper band, respectively. We observe that the dispersion relation (blue) of the lower band of

TSS indeed deviates strongly from the linear relationship (red) charactering the upper band along

the same high-symmetry direction. As explained in the main tex, this is in excellent qualitative

agreement with our first-principle band structure calculations.

The choice of EDCs (MDCs) for the lower (upper) TSS band to track the dispersion along the

high-symmetry direction is explained by the flat parabolic (linear) dispersive character of the band.

In the extreme limit where the band displays no dispersion with momentum, an EDC analysis is

the only way to extract the position of the quasiparticle peak at a given point in momentum space.

The MDC (EDC) peak position were determined from fits to a Lorentzian (Gaussian) function

and a polynomial background. The MDC and EDC representation of the spectrum used for the

analysis are shown in Fig. S2(c) and (d), respectively. For the reader’s convenience, a red arrow

has been added to point out the position of the lower TSS band in the spectra.
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FIG. S2. Extraction of the TSS band dispersion in Sb6Te3. (a) Two-photon photoemission intensity map along

Γ̄ − K̄ of the Te-terminated surface Brillouin zone measured with pump energy o 1.55 eV and probe energy of 6.20

eV at room temperature. (b) Same spectrum as in (a) but with the determined MDC and EDC peak positions of the

upper and lower TSS branch imposed on the experimental map. (c) and (d) The spectrum decomposed into MDCs

and EDCs, respectively. Red arrows have been added to point out the region in momentum space where the lower

TSS band disperses. (e) and (f) A single MDC and EDC cut, respectively, taken at the indicated binding energy and

crystal momentum. In the case of the MDC (EDC), the fit was performed by a Lorentzian (Gaussian) line profile and

third-order polynomial. 5



III. Calculated electronic structure of Sb2-terminated Sb6Te3

Motivated by the existence of Sb-rich BL terminated surfaces upon cleaving Sb6Te3, we have

calculated the electronic band structures of the three possible terminations, i.e. the Te-rich QL

termination [Fig. S3(a)] , the Sb-rich one-BL termination [Fig. S3(b)] and the Sb-rich two-BL

termination [Fig. S3(c)]. Firstly, we note that the Dirac point (DP) energy displays a strong depen-

dence on the surface termination with the DP located at higher energies when the slab is terminated

by one-BL or two-BL. These results are in good agreement with the calculations of the pure Sb

and Sb2Te3 slabs [Fig. 3 of the main text] that show that the DP is located closer to the conduction

band in the case of pure Sb. Secondly, the results show that also the nature of the additional surface

state located around E−EF = −0.8 eV in another gap of the projected bulk valence band contin-

uum at Γ̄. While the QL termination here exhibits a spin-orbit split Rashba state (as mentioned in

the main text and discussed in more detail below), no Rashba-split surface state is observed for the

one-BL termination. The two-BL termination, on the other hand, does host a surface state with a

Rashba-split upper branch.
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FIG. S3. Calculated electronic band structures for slab models (lines) of Sb6Te3 with (a) Te-rich QL, (b) Sb-

rich one-BL and (c) Sb-rich two-BL terminations, superimposed to the projected bulk states (grey shading).

The surface-localized states are depicted in red and blue indicating clockwise and counter-clockwise helicity

of the in-plane spin polarization, respectively.
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IV. Hexagonal warping and the out-of-plane spin polarization

We investigated theoretically the degree of hexagonal warping of TSS in Sb2Te3 and Sb6Te3,

which was evaluated as kΓ̄−K̄/kΓ̄−M̄ for the upper TSS branch at a given energy [Fig. S4(a)]. Close

to the Dirac energy and the Γ̄ point, the TSS band dispersion is isotropic with kΓ̄−K̄/kΓ̄−M̄ ≈ 1.

Away from the Γ̄ point, the constant energy contours are warped [Fig. S4(b)] and the ratio

kΓ̄−K̄/kΓ̄−M̄ decreases. The hexagonal warping of the TSS is related to the emergence of an

out-of-plane component of the spin polarization [7]. Figure S4(a) shows the absolute value of

the out-of-plane spin component for k|| along the Γ̄ − K̄ direction. Close to the Dirac point,

where the TSS is isotropic, the out-of-plane spin component is zero. At higher energy, where the

contours are significantly warped, the out-of-plane spin polarization along the Γ̄ − K̄ direction

increases reaching 0.35 and 0.43 at E = 0.25 eV above the Dirac point for Sb2Te3 and Sb6Te3,

respectively. The complete spin texture of the out-of-plane spin component in reciprocal space

is shown schematically in Fig. S4(b). At a given energy, the absolute value of the out-of-plane

spin polarization is maximal along the three Γ̄− K̄ directions and oscillates between positive and

negative orientation around the constant energy contour, while it cancels along the three Γ̄ − M̄

directions that coincide with the mirror symmetry planes [7]. In contrast, the in-plane spin polar-

ization is fairly constant along the whole energy range of the upper part of the TSS with a value of

≈ 0.6 and a clockwise helicity. These results demonstrate a strong tunability of the spin properties

of the TSS.
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FIG. S4. (a) Out-of-plane polarization of the upper branch of the TSS band along the Γ̄−K̄ direction (solid

line) and intensity of the hexagonal warping kΓ̄−K̄/kΓ̄−M̄ for Sb2Te3 and Sb6Te3 as a function of energy

relative to the Dirac point. (b) Schematic representation of the TSS constant energy contours (grey lines)

and out-of-plane spin polarization (red for positive and blue for negative).
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V. Topological invariants

The crystal structures of the (Sb2)m–Sb2Te3 family compounds belong to either the rhombohe-

dral space group R3̄m (166) (for m = 3p or 3p+1) or the primitive hexagonal space group P 3̄m1

(164) (for m = 3p+ 2) [5]. Sb2Te3, Sb4Te3, Sb8Te3 are rhombohedral, while Sb6Te3 is hexagonal.

Since these crystals are centrosymmetric, the Z2 topological invariants can easily be computed

from the DFT band structures following the method described by Fu and Mele [4]. We first

compute for each time-reversal invariant momentum (TRIM) point Λ in the 3D BZ the quantities

δΛ =

N/2∏
i=1

ξ2i(Λ), (1)

where ξ2i = ξ2i+1 is the parity eigenvalue of the occupied degenerate bands 2i and 2i + 1. The

values of δΛ for the β-phase are reported in TableI. A change of sign of δ between two TRIM

points reveals the presence of a band inversion. The strong topological invariant ν0 is given by

(−1)ν0 =
∏
Λ

δΛ and is non-zero if there is an odd number of band inversions in the 3D BZ. The

weak invariants are obtained from the product of 4 δΛ at 4 coplanar TRIM points in the Brillouin

zone (ν1 = ν2 = ν3 = δZδLδF δF for the rhombohedral structure and ν1 = ν2 = δMδMδLδL,

ν3 = δAδLδLδL for the primitive hexagonal structure).

The values of δΛ and the corresponding topological invariants are reported in Table I for the

four members of the series Sb2Te3, Sb4Te3, Sb6Te3 and Sb8Te3. The four compounds have a

non-zero strong invariant which indicates that topologicaly protected surface states are present

on each of their surface. The weak invariants, which provide information about the positions

of the Dirac cones in the surface Brillouin zone, alternate across the series between (1,000) for

Sb2Te3 and Sb6Te3 and (1,111) for Sb4Te3 and Sb8Te3. Nevertheless, since the Γ = (0, 0, 0) point

and the rhombohedral Z = (1
2
, 1

2
, 1

2
) point both project onto the Γ̄ point in the (0001) surface 2D

Brilloiun zone, this distinction is not apparent for the experimentally relevant (0001) surface. Both

topological phases lead to a TSS Dirac cone at Γ̄. The alternation of the weak indices would be

apparent if side surfaces were experimentally accessible.
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TABLE I. Values of δΛ at the 8 TRIM points and Z2 topological invariants. See Fig. S5 for the definition of

positions of the TRIM points in the rhombohedral and hexagonal bulk Brillouin zones.

R3̄m (P 3̄m1) Sb2Te3(R) Sb4Te3(R) Sb6Te3(P) Sb8Te3(R)

Γ -1 1 -1 1

Z (A) 1 -1 1 -1

3L (3M) 1 1 1 1

3F (3L) 1 1 1 1

(ν0,ν1ν2ν3) (1,000) (1,111) (1,000) (1,111)

FIG. S5. Brillouin zones corresponding to (a) the rhombohedral and (b) the hexagonal crystal structures

showing the position of the 8 TRIM points and their projection on the (0001) surface 2D Brillouin zone.
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VI. Probing the kz-dependence of the low-energy states in Sb2Te3

In this section, we present a discussion of the kz-dependence of the low-energy states of Sb2Te3

and arguments supporting the two-dimensional (2D) nature of some of these states.

In an ARPES experiment, the 2D character of electronic states manifests itself in an absence of

dispersion along kz. The kz-dependence of the states can be assessed by varying the photon energy.

The acquired photoemission intensity of the states as a function of photon energy is thereafter

transformed using the following relationship relating the kz values to the kinetic energy Ekin of

the detected photoelectrons, the constant inner potential V0 and the emission angle Θ:

kz =

√
2me

~2
(V0 + Ekincos(Θ)2) (2)

The transformation relies on the assumption that the final states in the photoemission process

are simple free electron states, an approximation that in most cases delivers the required preci-

sion. Fig. S6(a) shows an ARPES spectrum of the low-energy band structure of Sb2Te3 along

the Γ̄ − K̄ direction acquired using a photon energy of 66 eV. In Fig. S6(b) and (c), we probe

the kz-dependence of the states with the k|| values indicated by the blue (0.35 Å−1) and green

(−0.075 Å−1) dashed vertical lines, respectively, in Fig. S6(a). For the measured state A in

Fig. S6(b) (blue line), we observed a clear kz-dependence of the dispersion, pointing to a bulk

nature of this state. This is in contrast to the measured state B in Fig. S6(c) (green line) that is

located in close vicinity to the Fermi level and which does not display any significant dispersion

in kz; a result that strongly suggest a 2D confined state. In fact, a comparison of the data with the

first-principles calculation of the electronic band structure of Sb2Te3 (see inset to Fig. S6(a)) sug-

gests that the Fermi level of the Sb2Te3 crystal is located in the lower branch of the Dirac cone of

the topological surface states. Taken together, these results suggest that the states in close vicinity

to the Fermi level for this compound are indeed surface states, as also reported by another recent

ARPES study [6].
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FIG. S6. (a) Photoemission intensity from the states along Γ̄ − K̄ of the first surface Brillouin zone of

Sb2Te3 measured with a photon energy of 66 eV. The inset display the calculated electronic structure. A

comparison with the experimental data shows that the experimental Fermi level is located in the lower

branch of the Dirac cone. The blue (k|| = 0.35 Å−1) and green (k|| = 0.075 Å−1) vertical lines indicates the

k|| values (binned over a small window of ± 0.01 Å−1) of the states whose dispersion in kz is assessed in

(b) and (c), respectively. (b)-(c) Photon energy scan illustrating the dispersion of the states at the k|| values

indicated by the blue and green line, respectively, in (a). The horizontal axis has be transformed to kz values

instead of photon energies using Eq. (1). In the transformation, we assumed a constant inner potential of

V0 = 10 eV. The photon energy scan spanned the energies from 60 to 80 eV in steps of 2 eV.
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VII. Discerning the Rashba-split surface state

In Fig. 1(c) of the main text, we show that the electronic structure of Sb2Te3 exhibits a spin-

split Rashba-type surface state in a gap of the projected bulk valence band at the Γ̄ point 0.6 eV

below the Fermi level. The existence of this additional surface state originating from spin-orbit

interactions has also been identified in a recent spin-resolved ARPES study [6]. The direct obser-

vation by ARPES has, however, not been reported hitherto in the literature. Here, we demonstrate

that we are able to discern the two Rashba branches directly in the ARPES data, and provide an

estimate of the effective mass m∗ and Rashba parameter α that characterize the dispersion of the

two branches:

E± =
~2

2m∗
k2
|| ± α|k||| (3)

In Fig. S7(a), we show an ARPES spectrum measured along the M̄ − Γ̄− K̄ direction of the first

Brillouin zone of Sb2Te3 using a photon energy of hν = 76 eV. For energies E − EF = −0.4 -

−0.8 eV, two sets of parabolic bands (split in energy and k) are clearly discernible along Γ̄ − K̄,

whereas no such splitting can be identified along Γ̄− M̄ . Each band is shown to have its maximal

binding energy at about 800 meV.

A more quantitative analysis is provided in Fig. S7(b) and (c). In Fig. S7(c), we show a single

momentum distribution curve (MDC) at a fixed energy of 0.68 eV below EF , as indicated by the

green arrows in Fig. S7(b). We ascribe the two well-separated peaks located around k|| = 0.07 Å−1

to the two spin-split Rashba branches. The dispersion of these branches can be estimated by

tracking the peak position of the MDC line shape for cuts performed at different energies. The

result of such an analysis is presented in Fig. S7(b), where the MDC peak dispersions have been

superimposed with the ARPES spectrum. Fitting the determined dispersion by the Rashba model

in Eq. (2) gives coarse estimates of the effective mass m∗ = 0.05(4)me and the Rashba parameter

α = 1.5(3) eVÅ.
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FIG. S7. (a) Photoemission intensity along the M̄ − Γ̄ − K̄ direction of the first surface Brillouin zone of

Sb2Te3 measured with a photon energy of 76 eV. (b) Same raw ARPES spectrum as in (a). The extracted

MDC peak dispersions of the Rashba branches have been superimposed to the image together with the

results (solid lines) of the fits of the Rashba model in Eq. (2). (c) Momentum distribution curve (covering

momenta from −0.2 Å−1 to +0.2 Å−1) at a fixed energy of E − EF = −0.68 eV, as indicated by the green

arrows in (b).
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