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I.

EXPERIMENTAL DETAILS

Single-crystals of MnBi4 Te7 and MnBi6 Te10 were grown by slow cooling of Bi2 Te3 and α-MnTe
mixtures taken in the ratios adjusted to the non-stoichiometric compositions [1]. Evacuated quartz
ampoules with homogenized mixtures were heated up to 650◦ C, then cooled down to 585◦ C at
1 ◦ /h, tempered at 585◦ C for 12-14 days and finally quenched into water. Crystals (up to 1 mm)
were mechanically isolated from the molten regulus. Elemental compositions of the crystals studied by energy-dispersive X-ray spectroscopy accord well with the non-stoichiometric formulas in
Refs. [1, 2]. The crystal structures were confirmed by Rietveld refinement for selected crystals
ground into powders: they accorded well with our previously reported data [1, 2]. We did not observe any significant reflection broadening that would hint at a high degree of structural disorder.
High-resolution ARPES measurements with variable light polarization were performed using a
laser-based µ-ARPES system (hν = 6.3 eV) at the Hiroshima synchrotron radiation center (Japan)
[3]. The small spot size (≤ 10 µm) makes it possible to probe the electronic structure corresponding to different surface terminations by scanning the light spot laterally to different positions on
surface. Photon-energy-dependent ARPES experiments were conducted at beamline I05 of the
Diamond Light Source (UK) [4]. The spin-resolved data were obtained using the laser-based spinARPES apparatus at the Peter Grünberg Institute (PGI-6) in Jülich, which is equipped with the
exchange-scattering-based Focus FERRUM spin detector (Sherman function S = 0.29) and the
MBS A-1 hemispherical energy analyzer containing an x − y deflector lens. The continuous-wave
laser light source with a spot size of ≤ 50 µm provided s-polarized photons of hν = 6.02 eV,
which illuminated the sample under 45◦ incidence. The sample was cleaved at a pressure of
p < 10−8 mbar and immediately transferred to the measurement chamber ( p < 5 · 10−11 mbar)
where it was cooled down to 20 K. The energy- and k-resolution were set to 10 meV and 0.015
Å−1 , respectively. All measurements were performed under ultra high vacuum (UHV) conditions.
Throughout the manuscript the in-plane momentum direction parallel (perpendicular) to the plane
of light incidence (xz plane) is denoted as kx (ky ).
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II.

DETAILS OF THE DENSITY-FUNCTIONAL CALCULATIONS

In the density functional theory (DFT) based calculations, the surface is simulated using a threedimensional supercell consisting of four MnBi4 Te7 unit cells and of a vacuum of 30 Å [Fig. S1a)].
We use the experimental bulk lattice parameters and atomic positions. We consider the Mn magnetic moments to be ferromagnetically ordered within the Mn-Te layers, and antiferromagnetically
ordered between layers. The calculations are based on the GGA+U method with the generalized
gradient approximation [5] as implemented in the FPLO code version 48.00-52 [6]. We fix parameters U = 5.34 eV and J = 0, as in Ref. [7] and use the atomic limit flavor for the double counting
correction. The spin-orbit interaction is considered in the fully-relativistic four-component formalism. The direction of magnetization is fixed to [0 0 1] according to the experimentally observed
easy direction of magnetization. Numerical k-space integrations are performed with a tetrahedron
method with a mesh of 12 × 12 × 1 subdivisions in the Brillouin zone. For the calculations of the
density of states (DOS), we consider a mesh of 30 × 30 × 1 subdivisions.
For the simulation of the orbital-projected surface spectral density in Fig. 3 of the main text, we
take into account all Bloch states in the slab, weighting their contributions with an exponentially
(z)

decaying factor [Fig. S1b)]. Specifically, denoting the local orbitals as |φjm i, where z is the
distance from the orbital center to the surface, for each Bloch state |ψk0 ν i of energy εk0 ν , we
consider as its contribution
0 ,ν
Akjm
(ω, k) =

∆k
∆ε
1
(z)
|hφ |ψk ν i|2 e−z/λ ,
2
2
π (ω − εk0 ν ) + ∆ε (k − k0 )2 + ∆2k jm 0

(1)

where λ = 10 Å is the approximated electron escape length, ∆ε = 20 meV and ∆k = 0.005Å−1
account for finite energy and reciprocal space resolutions, respectively. Last, notice that the local
orbitals in Fig. 3 of the main text are defined with the cartesian coordinate system shown in Fig.
S1c).

III.

SURFACE DOS

Fig. S2 shows the orbital-projected DOS corresponding to different parts of the slab. Specifically,
we consider the projection of the total DOS on the inner-most QL and SL as representative of the
bulk, while for the surface DOS we sum the local DOS of all of the atoms in the slab weighted by
a function that exponentially decays from the corresponding surface (λ = 10 Å). Bi-6p and Te-5p
4

Figure S1. a) Structural model used in the density-functional calculation. b) Illustration of the exponential
decaying weight considered for the surface spectral weight simulation. c) Brillouin zone.

in all cases provide the leading contributions. For the quintuple layer termination, more van-Hove
singularities close to the top of valence band than for the septuple layer case can be observed.
These exhibit strong Bi-Te hybridization effects.

IV.

DETAILIED DISCUSSION OF OAM REVERSAL OF TSS IN CD-ARPES

Our DFT calculations show that the TSS in MnBi4 Te7 and MnBi6 Te10 largely derives from Bi
and Te p valence orbitals (Supplementary Fig. S2), similar to the non-magnetic parent compound
Bi2 Te3 . Along positive ky and close to the Γ̄-point, the wave function of the TSS can thus be
written as |Φ+ i = |pz ↑i − i |py ↑i + |px ↓i and |Φ− i = |pz ↓i + i |py ↓i − |px ↑i [8], where
arrows refer to the spin along x and coefficients are omitted for clarity. Φ+ corresponds to the
upper part of the Dirac cone and Φ− to the lower part. One can see that, besides the opposite spin
polarization, also the phase between different p orbital components is different. In particular, the
difference of π between the relative phases ∓π/2 of the pz and py orbitals yields an OAM along x
of opposite sign for Φ+ and Φ− [8–11]. Indeed, our DFT calculations for MnBi4 Te7 confirm a sign
reversal of the OAM between the upper and the lower part of the TSS dispersion (Supplementary
Fig. S3). At the same time, it is the difference in relative phase of the p orbitals that is reflected in
the strongly orbital-dependent photoemission matrix elements and gives rise to the sign change of
5

1

(a)

(b)

Te-5p×4/7
Bi-6p
Mn-3d×4
Mn-4s×4

Te-5p×4/7
Bi-6p
Mn-3d×4
Mn-4s×4

Te-5p×4/7
Bi-6p
Mn-3d×4
Mn-4s×4

0.8

(c)

D(ε)

0.6

0.4

0.2

0

−0.2

0
ε (eV)

0.2

−0.2

0
ε (eV)

0.2

−0.2

0
ε (eV)

0.2

Figure S2. Bulk DOS (a) and surface DOS for the quintuple layer (b) and septuple layer (c) terminations.
For the bulk DOS, we consider the total DOS of the slab projected on the quintuple and septuple layer in
the center of the slab. For the surface DOS, we sum the local DOS of all the atoms in the slab, weighted by
an exponential decay from the corresponding surface. Notice that the Mn and the Te contribution have been
scaled by 4 and 4/7, respectively.

the CD across the DP.
To illustrate this explicitely, we employ the dipole selection rules and assume excitation into final
states of s symmetry. These approximations were found valid in previous photoemission experiments and calculations for the closely related compound Bi2 Se3 at a photon energy of hν = 6 eV,
close to the one employed here [12]. In this simplified picture, the electric field components Ex,y,z
of the light electric vector E = (Ex , ±iEy , Ez ) couple exclusively to the correspondingly aligned
px,y,z orbitals [13]. For the photoemission intensities from Φ± one then gets IR ∝ |Tz ∓Ty |2 +|Tx |2
and IL ∝ |Tz ± Ty |2 + |Tx |2 , with the matrix element Tz = h Φf |Ez ẑ| pz i and accordingly for Tx,y .
The differences in relative phase between Tz and Ty directly reflect the different relative phases of
∓π/2 between the pz and py orbitals. In agreement with our experimental results, the dichroism
is then given by CD± ∝ ±<(Ty∗ Tz ), where the opposite signs reflects the reversed OAM and thus
the reversed helicities of Φ± . According to our calculations, the reversed OAM is also associated
with an opposite spin polarization of Φ± (Supplementary Fig. S4).
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V.

SURFACE STATE ANGULAR MOMENTUM REVERSAL WITHIN DFT

Fig. S3 illustrates the angular momentum reversal between the upper and lower parts of the surface
state, as obtained with DFT. Fig. S3a) presents the band-structure projected on the outmost septuple layer and Fig. S3b) shows constant-energy contours. The color-scale reflects the amplitude of
the corresponding states projected on local orbitals of Bi or Te and J = 1/2, which we found to
dominate the upper part of the Dirac cone. Notice that, since the experiment of circular dichroism
in ARPES described in the main text is susceptible to the in-plane angular momentum, in this
figure the fully relativistic local orbitals are defined with the quantization axis along the in-plane
cartesian direction x̂. The data are obtained in a one-step calculation using the self-consistent spin
density from a calculation with magnetization pointing along [0 0 1].

Figure S3. a) MnBi4 Te7 band structure projected on the outmost septuple layer (SL-term.) and on the
four inner blocks (Bulk). b) Constant energy contours of septuple layer-projected band-structure. In this
projection, for simplicity we only consider the Bi or Te states with J = 1/2, which we found to dominate
the upper part of the Dirac cone.

VI.

SPIN-RESOLVED ARPES FOR SL-TERMINATED MNBI4 TE7 (0001)

In Fig. 2 of the main manuscript we use CD-ARPES to demonstrate a chiral OAM of the TSS on
SL-terminated MnBi4 Te7 (0001) and its reversal for energies above and below the Dirac point.
Another salient feature of a TSS is a chiral spin angular momentum (SAM). We used spin7

resolved ARPES in full momentum space to verify the chiral SAM of the TSS for SL-terminated
MnBi4 Te7 (0001), see Fig S4 [for QL-termination, see Fig. 4 of the main manuscript]. Fig S4a)
shows an ARPES data set for SL-terminated MnBi4 Te7 (0001) collected at the laser-based spinARPES setup in Jülich. We find good agreement with the corresponding data measured at the
laser-ARPES setup in Hiroshima (Fig. 2 of the main manuscript). For the spin analysis we consider a constant-energy contour at an energy of the upper part of the TSS Dirac cone [Fig. S4b)].
Fig. S4c) shows the spin-resolved constant energy contour with a spin quantization along y. The
measured Sy becomes maximal along ky and switches sign for kx → −kx , confirming a chiral
SAM. Together with the CD-ARPES data in Fig. 2 this provides experimental evidence for the
spin-helical nature of the TSS.

Figure S4. (a) ARPES data set for SL-terminated MnBi4 Te7 (0001) (hν = 6.02 eV). (b) Constant-energy
ARPES data set at an energy indicated by the dashed line in a). (c) Spin-resolved constant-energy ARPES
data set at the same energy with a spin quantization along y. (d) Spin-resolved momentum distribution
curves (MDC). The energy of the MDC and the momentum-integration range are indicated by the dashed
lines in a) and c), respectively.
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VII.

SPIN-MOMENTUM LOCKING WITHIN DFT

Figure S5 shows the calculated spin-resolved band structures of MnBi4 Te7 (0001) for SL- and QLterminations. For the SL-termination we find a reversal of the in-plane spin polarization between
the upper and the lower part of the topological surface state (TSS), in line with the angular momentum in Fig. S3. For the QL-termination we find a strong spin-polarization for the upper part
of the TSS and the lower Rashba-like part of the TSS, which further supports the results in Fig. 4
of the main manuscript.

Figure S5. (a) Brillouin zone and color convention. (b)-(c) MnBi4 Te7 (0001) band structure for SLtermination projected on the outmost septuple and quintuple layers (SL-term.) and on the four inner blocks
(Bulk). The color code reflects the amplitude of the cartesian components of the spin-operator for each
Bloch state. As indicated in panel (a), red color is used for positive Sx (Sy ) along the path ky = 0 (kx = 0).
The blue color corresponds to negative sign of these operators while orange and light-blue are used for positive and negative signs of Sz , respectively. (d)-(e) Same as (b)-(c) for the band structure for QL-termination
projected on the outmost quintpule and septuple layers (QL-term).

VIII.

TOPOLOGICAL PROPERTIES OF SL- AND QL-TERMINATED MNBI4 TE7 (0001)

In nonmagnetic TIs, appropriate breaking of the time-reversal symmetry causes the opening of a
gap, sometimes named ”magnetic gap”, in the topological surface Dirac cone. When the Fermi
level lies within the magnetic gap, quantized phenomena like the quantum anomalous Hall effect have been predicted and observed. In antiferromagnetic (AF) TIs, a similar phenomenology
is expected at the surface perpendicular to the AF q-vector when the bulk displays long range
9

magnetic order. From our systematic orbital- and spin-resolved analysis of the surface electronic
structures, we conclude that SL- and QL-terminated surfaces display qualitatively different surface band structures, which can have consequences on the quantized anomalous Hall conductivity.
The sketch in Fig. S6 illustrates the differences. We assume a magnetic gap in the TSS. For the
SL-terminated surface the Dirac point (gapped in the magnetically ordered state) is located in the
bulk gap, leading to a fully gapped state (of 2D surface and 3D bulk). A quantized anomalous Hall
conductivity, arising from 1D metallic edge states, is expected for this scenario when the Fermi
level is located in the magnetic gap. For the QL-terminated surface the Dirac point (gapped in the
magnetically ordered state) is located in the projected bulk continuum of the valence band. No
fully gapped state of the combined 3D bulk and 2D surface is achieved in this case, obscuring a
quantized anomalous Hall conductivity.

Figure S6. Illustrative sketch of the qualitatively different surface band structures of SL- and QL-terminated
surfaces, as deduced from the experimental data. Red/blue lines indicate the TSS. The shaded regions
represent the bulk-state continua.

IX.

SPATIAL MAPPING OF SURFACE TERMINATIONS IN MNBI4 TE7 (0001)

Scanning the cleaved (0001) surfaces of MnBi4 Te7 and MnBi4 Te10 single crystals with a µm-sized
photon beam (typically 10-50 µm in the present experiments) one finds two and three spectroscopically distinct regions, respectively. This is illustrated for MnBi4 Te7 (0001) in Fig. S7a), where we
find two regions with quantitatively different spectral weights of the Mn 3d levels. At the same
time, these two regions display qualitatively different band structures [Fig. S7c)-d)], which, based
10

on their different 3d spectral weight, are assigned to SL-termination (higher weight) and QLtermination (lower weight).

Figure S7. Spatial distribution of the two surface terminations of MnBi4 Te7 (0001). (a) Spatially resolved
spectral weight of the Mn 3d levels. As indicated, different regions can be associated with QL- and SLterminations, based on their different 3d spectral weight. The labeled squares indicate the measurement
positions for the data sets shown in b)-d). (b) Valence band spectra at the positions 1 and 2. The SLtermination can be identified by a higher spectral weight of the Mn 3d level. The dashed lines mark the
energy range used to evaluate the intensities shown in a). (c)-(d) ARPES data corresponding to the positions
1 and 2, marked in a), showing qualitatively different band structures which can be attributed to QL- and
SL-terminations. All measurements were taken at hν = 52 eV. (e)-(f) ARPES data taken at hν = 6.3 eV.
As in the synchrotron-based data in c)-d), two different surface band structures at different spatial positions
are found, that match the band structures observed at hν = 52 eV.

X.

TEMPERATURE-DEPENDENT ARPES DATA

We have carried out temperature-dependent ARPES measurements to explore the possible formation of a magnetic gap for SL-terminated MnBi4 Te7 (0001), see Fig. S8. Down to nominally
T = 9 K we do not resolve the formation of a magnetic gap. However, recent low-temperature
ARPES studies down to T = 3.8 K show signatures of a gap opening for SL-terminated MnBi6 Te10
[14].
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Figure S8. a)-b) Detailed ARPES dat set of the region around the Dirac point of the SL-terminated
MnBi4 Te7 (0001) (hν = 6.3 eV). The spectra in a) and b) were taken at nominally T = 9 K and 20 K,
respectively, i.e. slightly below and above the magnetic transition temperature of 12-13 K. The spectra
remain largely unchanged and no formation of a magnetic gap can be seen at these temperatures.
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M. Ruck, F. Reinert, H. Bentmann, and A. Isaeva, Topological electronic structure and intrinsic magnetization in mnbi4 te7 : A bi2 te3 derivative with a periodic mn sublattice, Phys. Rev. X 9, 041065
(2019).
[3] H. Iwasawa, E. F. Schwier, M. Arita, A. Ino, H. Namatame, M. Taniguchi, Y. Aiura, and K. Shimada,
Development of laser-based scanning µ-arpes system with ultimate energy and momentum resolutions,
Ultramicroscopy 182, 85 (2017).
[4] M. Hoesch, T. Kim, P. Dudin, H. Wang, S. Scott, P. Harris, S. Patel, M. Matthews, D. Hawkins,
S. Alcock, et al., A facility for the analysis of the electronic structures of solids and their surfaces
by synchrotron radiation photoelectron spectroscopy, Review of Scientific Instruments 88, 013106
(2017).

12

[5] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gradient approximation made simple, Physical
review letters 77, 3865 (1996).
[6] K. Koepernik and H. Eschrig, Full-potential nonorthogonal local-orbital minimum-basis bandstructure scheme, Phys. Rev. B 59, 1743 (1999).
[7] M. Otrokov, I. I. Klimovskikh, H. Bentmann, D. Estyunin, A. Zeugner, Z. S. Aliev, S. Gaß, A. Wolter,
A. Koroleva, A. M. Shikin, et al., Prediction and observation of an antiferromagnetic topological
insulator, Nature 576, 416 (2019).
[8] H. Zhang, C.-X. Liu, and S.-C. Zhang, Spin-orbital texture in topological insulators, Phys. Rev. Lett.
111, 066801 (2013).
[9] S. R. Park, J. Han, C. Kim, Y. Y. Koh, C. Kim, H. Lee, H. J. Choi, J. H. Han, K. D. Lee, N. J. Hur,
M. Arita, K. Shimada, H. Namatame, and M. Taniguchi, Chiral Orbital-Angular Momentum in the
Surface States of Bi2 Se3 , Phys. Rev. Lett. 108, 046805 (2012).
[10] J.-H. Park, C. H. Kim, J.-W. Rhim, and J. H. Han, Orbital rashba effect and its detection by circular
dichroism angle-resolved photoemission spectroscopy, Phys. Rev. B 85, 195401 (2012).
[11] S. R. Park and C. Kim, Microscopic mechanism for the Rashba spin-band splitting: Perspective from
formation of local orbital angular momentum, Journal of Electron Spectroscopy and Related Phenomena Special issue on electron spectroscopy for Rashba spin-orbit interaction, 201, 6 (2015).
[12] J. Sánchez-Barriga, A. Varykhalov, J. Braun, S.-Y. Xu, N. Alidoust, O. Kornilov, J. Minár, K. Hummer, G. Springholz, G. Bauer, R. Schumann, L. V. Yashina, H. Ebert, M. Z. Hasan, and O. Rader,
Photoemission of bi2 se3 with circularly polarized light: Probe of spin polarization or means for spin
manipulation?, Phys. Rev. X 4, 011046 (2014).
[13] Y. Cao, J. A. Waugh, X.-W. Zhang, J.-W. Luo, Q. Wang, T. J. Reber, S. K. Mo, Z. Xu, A. Yang,
J. Schneeloch, G. D. Gu, M. Brahlek, N. Bansal, S. Oh, A. Zunger, and D. S. Dessau, Mapping the
orbital wavefunction of the surface states in three-dimensional topological insulators, Nat. Phys. 9,
499 (2013).
[14] N. H. Jo, L.-L. Wang, R.-J. Slager, J. Yan, Y. Wu, K. Lee, B. Schrunk, A. Vishwanath, and A. Kaminski, Intrinsic axion insulating behavior in antiferromagnetic MnBi6 Te10 , Phys. Rev. B 102, 045130
(2020).

13

