arXiv:2011.07052v2 [cond-mat.mtrl-sci] 25 Apr 2021
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Abstract

Ferromagnetic topological insulators exhibit the quantum anomalous Hall effect
that might be used for high precision metrology and edge channel spintronics. In
conjunction with superconductors, they could host chiral Majorana zero modes which
are among the contenders for the realization of topological qubits. Recently, it was
discovered that the stable 2+ state of Mn enables the formation of intrinsic magnetic
topological insulators with A;B5C, stoichiometry. However, the first representative,
MnBi;Tey, is antiferromagnetic with 25 K Néel temperature and strongly n-doped.
Here, we show that p-type MnSbyTe,, previously considered topologically trivial,
is a ferromagnetic topological insulator in the case of a few percent of Mn excess.
It shows (i) a ferromagnetic hysteresis with record high Curie temperature of 45—
50K, (ii) out-of-plane magnetic anisotropy and (iii) a two-dimensional Dirac cone
with the Dirac point close to the Fermi level which features (iv) out-of-plane spin
polarization as revealed by photoelectron spectroscopy and (v) a magnetically induced
band gap that closes at the Curie temperature as demonstrated by scanning tunneling
spectroscopy. Moreover, it displays (vi) a critical exponent of magnetization § ~ 1,
indicating the vicinity of a quantum critical point. Ab initio band structure calculations
reveal that the slight excess of Mn that substitutionally replaces Sb atoms provides
the ferromagnetic interlayer coupling. Remaining deviations from the ferromagnetic
order, likely related to this substitution, open the inverted bulk band gap and render
MnSb>Te, a robust topological insulator and new benchmark for magnetic topological

insulators.
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The quantum anomalous Hall effect (QAHE) offers quantized conductance and lossless
transport without the need for an external magnetic field [I]. The idea to combine ferro-
magnetism with topological insulators for this purpose [2-4] has fuelled the materials science
[5]. It led to the experimental discovery of the QAHE in Cr- and V- doped (Bi, Sb)sTe;
[6HI0] with precise quantized values of the Hall resistivity down to the sub-part-per-million
level [I1HI4]. The stable 3+ configuration of V or Cr substitutes the isoelectronic Bi or
Sb [3, 15, [16] enabling ferromagnetism by coupling the magnetic moments of the transition
metal atoms. Hence, time-reversal symmetry is broken enabling, through perpendicular
magnetization, a gap opening at the Dirac point of the topological surface state [2H5]. This
gap hosts chiral edge states with precisely quantized conductivity. However, the experimen-
tal temperatures featuring the QAHE are between 30 mK [0, [12] and a few K [I7, 18] only,
significantly lower than the ferromagnetic transition temperatures 7T in these systems [19].
If the temperature of the QAHE could be raised, applications such as chiral interconnects
[20], edge state spintronics [21), 22] and metrological standards [I3] 4] become realistic.

One promising approach is the so-called modulation doping in which the magnetic dopants
are located only in certain parts of the topological insulator. This implies strong coupling of
the topological surface state to the magnetic moments at a reduced disorder level [17], 23].
Most elegantly, this has been realized for Mn doped Bis;Tes and BisSesz. The tendency of
Mn to substitute Bi is weak, such that Mn doping leads to the spontaneous formation of
septuple layers with MnBi,Te; stoichiometry. These septuple layers are statistically dis-
tributed among quintuple layers of pure BisTes or BisSes at low Mn concentration [24] 25]
and increase in number with increasing Mn concentration [24]. Eventually, only septuple
layers remain when the overall stoichiometry of MnBisTes or MnBisSey [25] 26] is reached.
Density functional theory (DFT) calculations found that MnBisTe, forms ferromagnetic lay-
ers with antiferromagnetic interlayer coupling [27, 28] as confirmed by experiments at low
temperatures [28-31]. As a result, MnBiyTe, is an antiferromagnetic topological insulator
[28, 32H35] that can exhibit axion states [5]. The QAHE, however, has only been realized
in a limited way: ultra thin flakes consisting of odd numbers of septuple layers exhibited an
anomalous Hall effect (AHE) that is nearly quantized. This is caused by the uncompensated
ferromagnetic septuple layer without partner. Nevertheless, exact quantization still required
a magnetic field [36]. A ferromagnetic AHE has also been observed for systems with either a

larger amount of quintuple layers [37H39] or via alloying of Sb and Bi in Mn(Biy_,Sh, )2 Tey



[30), BT, [40] or both [41], [42]. Most notably, a nearly quantized AHE has been observed up to
7 K for a MnBiyTe,/BiyTes heterostructure after unconventional counter doping inducing
vacancies by electron bombardment [18].

A central drawback of the BiyTes and BisSes host materials is their strong n-type doping.
In contrast, ShyoTes is p-doped and much closer to charge neutrality [43]. Indeed, mixtures of
BisTes and ShyTes with stoichiometries close to ShyTes have been employed for the QAHE
using Cr and V doping [6HI0]. Magnetism of dilute Mn-doped SbyTes has initially been
studied by Dyck et al. obtaining T ~ 2K and perpendicular anisotropy [44]. Later, a
higher T = 17K was reported for 1.5% Mn-doping [45]. Stoichiometric bulk MnSbhyTe,
provided both antiferromagnetism (Néel temperature Ty = 20 K) [30, 31l [46] and ferromag-
netism (7¢ = 25— 34 K) [46H48] depending on the synthesis conditions. By comparison with
scattering methods, it has been conjectured that this is related to a remaining Mn-Sb ex-
change within the septuple layers [41], 46, 49} [50] that could even lead to spin glass behaviour
[50]. DFT calculations, found that the perfectly ordered MnSbyTe, is antiferromagnetic [27],
but topologically trivial [5IH55], while Mn-Sb exchange can render the interlayer coupling
ferromagnetic [46), [49].

Here, epitaxial MnShyTe, is studied using spin- and angle-resolved photoemission spec-
troscopy (ARPES), scanning tunneling microscopy (STM) and spectroscopy (STS), magne-
tometry, x-ray magnetic circular dichroism (XMCD) and DFT. All experimental methods
were performed as a function of temperature to pin down the intricate correlation between
magnetism and non-trivial band topology essential for the QAHE. It is revealed that the ma-
terial unites the favorable properties of a topological insulator with its Dirac point close to
the Fermi level Er with that of a ferromagnetic hysteresis with out-of-plane anisotropy and
record-high T, twice as high as the Ty previously reported for antiferromagnetic MnBiyTey
and MnSbyTey [30, BI]. Moreover, temperature dependent STS finds a magnetic gap of 17
meV at Er for 4.3 K that closes rather exactly at T as expected for a ferromagnetic topo-
logical insulator. By combining DFT, STM, Rutherford backscattering (RBS), and x-ray
diffraction (XRD) it is uncovered that a partial substitution of Sb atoms by Mn is decisive
to render MnShyTey both ferromagnetic and topologically non-trivial.

Epitaxial MnSbyTey films with 200 nm thickness were grown by molecular beam epitaxy
(MBE) (Supplementary Section [l). Figure[Th shows the cross section of the MnSbyTey lattice

structure revealed by high resolution scanning transmission electron microscopy (TEM). It



consists of septuple layers (SL) with stacking sequence Te-Sb-Te-Mn-Te-Sb-Te, Figure .
This corresponds to the MnSbyTe, stoichiometry as verified by Rutherford backscattering
spectrometry (RBS), however, with a minor excess of Mn (7 %) compensating a minor defi-
ciency of Sb (Supplement: Figure[f). Like with MnBiyTes/BiyTe; [56], the exchange coupling
is strongly enhanced in these septuple layers relative to a system where Mn substitutes Bi
randomly. (24-25 K) [30, B31].

The nearly exclusive formation of septuple layers in the entire MnShyTe, samples is
confirmed by high-resolution XRD (Supplement: Figure @, revealing only a minute number
of residual quintuple layers. In contrast, TEM and XRD analysis of V-doped (Bi, Sb)sTes
shows quintuple layers only [57]. This highlights that septuple layers are unfavorable for
V3T, They require the addition of a charge neutral transition metal®"/Te?~ bilayer to each
quintuple layer as easily possible for Mn?* but not for V3*. Detailed XRD analysis again
points to an exchange of Mn and Sb within the septuple layers in the 10 % range (Supplement:
Figure @ This implies that Mn does not reside exclusively in the center of the septuples,
but also to a small extent on Sb sites in the adjacent lattice planes. Indeed, STM images
of the atomically flat and Te terminated surface of MnSbyTe, epilayers (Figure ) exhibit
triangular features, pointing to defects in the cation layer beneath the surface [58,[59]. These
defects occur with an atomic density of 5 — 10 %. Since this is significantly larger than in
undoped ShyTes films [58], the triangles are most likely caused by subsurface Mn atoms on
Sb sites, in line with the XRD and RBS results. As shown by DFT below, these defects
turn out to be decisive for the ferromagnetic interlayer coupling in MnSbyTe,. Similar
conjectures based on scattering methods have been raised previously [41], 46, 49, [50] as well
as for MnBiyTe, based on STM results [60].

Figure|ld displays the temperature dependent magnetization M (T') measured by a super-
conducting quantum interference device (SQUID). The measurements were recorded at 10
mT after magnetizing the sample at 2 K by a magnetic field of 5 T perpendicular (blue) or
parallel (red) to the film surface. Most strikingly, all MnSb,Te, epilayers show pronounced
ferromagnetic behavior by M (H) hysteresis loops (Figure [1g). A record high T of 45,
46-48 and 50 K is revealed for three independent samples (Supplement: Figure , signif-
icantly larger as the antiferromagnetic and ferromagnetic transition temperatures of bulk
crystals (Supplement: Table[l), and twice as large as the Ty < 25 K obtained for MnBiyTey

films grown under nearly identical conditions. It has been crosschecked that the displayed
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FIG. 1: Structural and magnetic properties of epitaxial MnSbyTey. (a) Cross-sectional
scanning TEM image of the septuple layer sequence formed in the MnShsTey films on BaFy sub-
strates. For clarity, one of the septuples is highlighted by red color and denoted as SL. The weak
van-der-Waals-like bond between the Te-terminated septuple layers is the natural surface termina-
tion. (b) STM image of the flat topography of this surface, recorded at 7' = 4.3 K, sample voltage
of 500 mV and current of 200 pA. (c) Sketch of the ideal crystal structure as side view and top
view.(d) SQUID magnetometry as a function of temperature recorded at 10 mT after field cooling
at 5T. (e) Hysteresis loops probed by SQUID. The inset shows a larger H range. Perpendicular
anisotropy can be deduced from the larger out-of-plane signal. (f) Temperature dependent XMCD
signal at the Mn Ls-edge and the (0001) Bragg peak position recorded in x-ray scattering geometry
at 0T after field cooling in 0.5 T. (g) Corresponding full XMCD spectra recorded with opposite cir-
cular polarizations at 10 K. (h) Difference of the spectra in (g). Linear extrapolation in (d,f) (green

lines) reveals a ferromagnetic Curie temperature Tc = 46 + 2 K for both experimental probes.

remanent magnetization is exactly the same as in the corresponding hysteresis loops.

In particular, the large remanent magnetization observed by the bulk sensitive SQUID
measurements excludes that it is caused by uncompensated antiferromagnetic septuple layers
only [36]. The M(H) hysteresis curve (Figure ), however, shows a rounded shape that
persists up to fields much higher than those typical for domain reversals and does not

saturate up to 5 T where the magnetic moment per Mn atom is still less than 2 ug, similar



to the result for antiferromagnetic MnSboTe, [30]. Recently, it was found that 60 T are
required to fully polarize a MnSbsTe, bulk-type sample [61]. This suggests additional types
of competing magnetic orders. Indeed, a kink in M (T") is observed at 20— 25 K (Supplement:
Figure @, close to the Néel temperature reported earlier for MnSbyTe, [30]. This implies
that the high-temperature ferromagnetism is most likely accompanied by ferrimagnetism as
also supported by the relatively large in-plane hysteresis and magnetization, Figure [Tg, in
line with observations of competing ferro- and antiferromagnetic order in bulk MnShyTe,
[39, 411, [46], 4850, ©61].

The ferromagnetism is confirmed by element specific, zero field XMCD recorded in diffrac-
tion geometry. For these measurements, the sample was remanently magnetized at ~ 0.5
T and 10 K. From spectra recorded with oppositely circularly polarized light at the (0001)
Bragg peak, the intensity difference Cy — C_ (Figure [1h) was deduced for 0 T with the pho-
ton energy tuned to the Mn-Lj resonance (Figure[llg). The asymmetry (C —C_)/(CL+C_)
directly yields the magnetization of the Mn. Its temperature dependence (Figure [1f) im-
pressively confirms the SQUID data with high Tx ~ 46 K and unambiguously attributes the
ferromagnetism to the Mn atoms. The record-high Ty with magnetic easy axis perpendic-
ular to the surface (crystallographic c-axis) as well as the large coercivity (~ 0.2T), (~ 10
mT at 5 K) [47] and MnSb; gsBig g2 Tes single crystals (31 mT at 2 K) [31I] Shi2020 findet
auch 0.2 T. renders the samples very robust ferromagnets.

Note that the spin-orbit interaction is crucial for both out-of-plane easy axis and large
coercivity [24]. While it is sufficiently strong to turn the magnetization out of plane in Mn-
containing BiyTes, the atomic weight of Se in MnBiySey is too weak [24], [62]. The present
data reveals that SbyTes is sufficiently heavy, i.e.; spin-orbit coupling sufficiently large, to
maintain the perpendicular anisotropy for high Mn content.

To elucidate the origin of the ferromagnetism, DFT calculations are employed (Supple-
ment: Table . They firstly highlight the differences between MnSbhsTe; and MnBisTey.
In both cases, the in-plane Mn coupling within each septuple layer is ferromagnetic. It
is unlikely that the observed difference between antiferromagnetic interlayer coupling in
MnBisTey and ferromagnetic interlayer coupling in epitaxial MnSbyTey is caused by the
lowered spin-orbit interaction, since it remained large enough for out-of-plane anisotropy.
However, the in-plane lattice constant a is by ~ 2% smaller for MnSb,Te,. Hence, the DFT

based exchange constants of MnShyTe, for the in-plane lattice constant a determined by



XRD and for a expanded to the value of MnBiyTe, are compared (Supplement: Table .
While the in-plane compression increased the in-plane exchange constant .J between nearest
neighbors by almost a factor of three, Ty is barely changed. The reason is that the enlarged
in-plane overlap of Mn d states weakens the already small, perpendicular interlayer coupling.
Consequently, the energy gain of antiferromagnetism against ferromagnetism becomes as low
as 0.6 meV per Mn atom. This suggests that small structural changes along the interlayer
exchange path can induce the transition to ferromagnetic order.

The XRD and RBS data imply a Mn-Sb site exchange. One possibility is to exchange the
Mn from the central layer with Sb from the adjacent cation layers. Here, DF'T calculations
demonstrate that already 2.5 % of Mn on the Sb sites, respectively, 5% of Mn replacement
by Sb in the central layer, is sufficient to swap the sign of the interlayer exchange constant
(Supplement: Table [[II). This renders MnSb,Tey ferromagnetic at a site exchange that
agrees well with both the XRD analysis and the density of subsurface defects observed
by STM (Figure ) A similar site exchange was recently observed for single crystals of
bulk MnSbyTey [46, 47, 50] and MnSb; gsBigg2Tes [31]. This corroborates that the Mn-
Sb site exchange is easily enabled. Thus, it is conjectured that MnShyTe, single crystals
remain antiferromagnetic [31] only for negligible Sb-Mn intermixing. However, the modelled
Mn-Sb site exchange barely increases the transition temperature (Ty = 18K — T¢ =
25K (Supplement: Table . Instead, 5% excess Mn incorporated substitutionally in the
Sb layers without removing it from the central layer leads to T¢ = 44K (Supplement:
Table reproducing the experimental T = 45 — 50 K. Such T enhancement is caused
by strengthening both the intra- and interlayer exchange constants simultaneously. The
conclusion is robust towards charge doping by up to 0.2 % Te or Sb vacancies that negligibly
changes T (Supplementary Section . Note that the excess Mn in the Sb layer without Sb
in the Mn layer and the resulting Sb deficiency nicely match the RBS results (Supplement:
Figure [5))

Next, the topological properties of the epitaxial MnShyTe, are probed recalling that
purely stoichiometric MnSh,Tey was predicted to be topologically trivial [51H54]. It becomes
a topological insulator only by replacement of more than half of the Sb by Bi [52] or by
compressing the lattice by 3 % [51]. However, the ARPES data from the MnShyTe, epilayers
reveal the existence of a surface state with the dispersion of a Dirac cone along the wave

vector parallel to the surface kj (Figure ,c,d,f,h). Varying the photon energy (Figure ,b7
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FIG. 2: Topological properties of MnSbyTe, revealed by ARPES. (a) ARPES maps along

E(ky|;) for five different photon energies hv displayed at the deduced k. values.

—~

b) Same data as
(a) displayed as (kj;, k.) maps via interpolation featuring negligible dispersion along k.. The k.
range covers the whole Brillouin zone. (c¢) Full 3D representation of the surface Dirac cone with
k|« pointing along the T-K direction. (d) Energy-momentum dispersion of the Dirac cone (left)
and corresponding momentum-distribution curves (right) recorded at hv=23eV. Dashed, red lines
along maxima result from fits to the data (Supplementary Section . They extrapolate to a
Dirac point 20 meV above the Fermi level. (e) Constant-energy cuts of the Dirac cone. (f) ARPES
maps along F (k:H ») at different photon energies featuring a strong dispersion of a bulk valence band
(blue arrows) with photon energy (i.e., k). (g,i) Spin-resolved ARPES at k| as marked in (h),
hence, crossing the surface Dirac cone. Left: spectra for the two spin channels at one k) ,. Right:
spin polarization for both kj ,, i.e., &k ;. (g) In-plane spin direction S, perpendicular to k. (i)
Out-of-plane spin direction S,. Data for S, in Supplement: Figure (h) Left: surface Dirac
cone with marked k| of the spectra in (g,i) and dashed line along intensity maxima as deduced
by fitting (Supplementary Section . Right: energy distribution curves showing where g.i,j
were measured. (j) Spin polarized ARPES recorded at I' and showcasing an out-of-plane spin
polarization that reverses sign with reversal of the sample magnetization at 30 K (M* and M,
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right).



Supplement: Figure E[) to tune the electron wave number perpendicular to the surface, k.,
once through the whole bulk Brillouin zone (Supplement: Table , reveals no dispersion
evidencing the 2D character of the Dirac cone. This is contrary to the lower-lying 3D bulk
bands that strongly disperse with photon energy (Figure , arrows). Spin-resolved ARPES
of the 2D Dirac cone showcases a helical in-plane spin texture when probed away from the T’
zone center, i.e., it exhibits the characteristic reversal of spin orientation with the sign of k|
(Figure ,i, Supplement: Figure . This spin chirality is a key signature of a topological
surface state. In addition, a pronounced out-of-plane spin polarization (about 25 %) occurs
at the T’ zone center in the vicinity of Ep in the remanently magnetized sample and reverses
sign when the sample is remanently magnetized in the opposite direction (Figure [2j). Such
out-of-plane spin texture at I is evidence for a magnetic gap opening at the Dirac point [63].
Combined, the ARPES results demonstrate that MnSbyTe, is a ferromagnetic topological
insulator with clear fingerprints of a magnetic gap at I'. Favorably, the Dirac point of the
topological surface state is rather close to Fr. Extrapolation of the observed linear bands,
deduced by Lorentzian peak fitting (Figure ,h) yields a position of the Dirac point Ep of
only 20 + 7 meV above Er at 300 K (Supplementary Section .

Since a Dirac point above Ep is not accessible for ARPES, STS is employed to directly
assess the ferromagnetic gap formed at T < T¢. Figure shows a topography image
(height signal in STM) of the MnShyTe, epilayer together with six STS spectra recorded
at 4.3K at different locations of the surface. All spectra consistently reveal a gap at Fp
varying, however, significantly in size. Attributing the energy region of d//dV= 0 as gap
(Supplementary Section , a detailed map of the gap size A results that covers a larger
surface region (Figure [3p) [64, 65]. The corresponding gap histogram is displayed as inset.
The gap size varies in the range 0-40 meV with mean 17 meV exhibiting a spatial correlation
length of 2nm as observed consistently in three distinct areas (Supplement:Figure . A
corresponding set of dI/dV curves recorded along the dashed line in Figure [3p is depicted in
Figure |3c and showcases the small-scale band gap fluctuations. Likely, the spatial variation
of A is caused by the spatially varying subsurface defect configuration, i.e., by the Mn
atoms at Sb lattice sites. Indeed, the gap fluctuations appear on the same length scale as
the topographic features in Figure[Ib. The average gap center position is only 0.6 meV above
Er (Supplement: Figure with small discrepancy to EFp — Er = 20meV as determined
by ARPES, which might be caused by slightly different growth conditions of the samples,

11
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FIG. 3: Spatial variation of the magnetic energy gap and closing at 7c. (a) Center:
STM image of MnSbyTey after UHV transfer from the MBE, V = 0.5V, I=0.2nA, T= 4.3 K. Sur-
rounding: dI/dV spectra recorded at the labelled crosses. Dashed line in the upper left spectrum:
noise threshold used for determination of gap size A (Supplementary Section [[X]). (b) Spatial map
of gap size A. Inset: histogram of A resulting from three distinct areas, average gap size A and
standard deviation o are marked. (c¢) dI/dV spectra (color code) along the magenta dashed line in
(b). Yellow line at the bottom of the color code bar: threshold for gap determination in (a,b). (d)
Small dots: Ratio R=[dI/dV (V=0 mV)]/[dI/dV(V=—50 mV)] deduced from dI/dV (V) curves at
different T'. Different grey shades: different cooling cycles. Each point belongs to a single position
on the sample surface within 1 nm. Error bars: standard deviation resulting from multiple curves
measured at the same position. Large grey dots: average values at the corresponding T' represent-
ing spatially averaged gap sizes A(21 K)=11+5meV, A(31 K)=6+1meV, and A(36 K)=4+1meV
(Supplementary Section . Grey lines: T-dependence of the ratio R for the marked gap sizes A,
deduced by convolving the measured dI/dV (V') at 4.3 K with the Fermi distribution (Supplement:
Fig. ) The area above A=0 meV exhibits such a large R that the existence of a gap is excluded.
Error bars on the right mark a standard deviation due to variation of the dI/dV curves at 4.3 K
(Supplement: Fig. [13p). Colored squares: gap values deduced from XMCD (yellow, Fig. [If) and
SQUID (red, violet, Supplement: Fig. @ using A(T') oc M(T) [70]. Insets: selected dI/dV curves

for the points with blue arrows. Additional cupvps: Supplement: Fig. [12]




by different temperatures of the two measurements (4.3 K versus 300 K) or by larger-scale
potential fluctuations [66), [67].

To prove that the energy gap is of magnetic origin [24], the temperature dependence A(T)
is probed by STS. This has not been accomplished yet for any magnetic topological insulator
because at higher temperatures kg7 > A/5 the STS gap A is increasingly smeared by the
Fermi-Dirac distribution. This leads to a small, i.e., non-zero tunneling current at voltages
within the band gap [68]. A direct deconvolution of the local density of states (LDOS) and
the Fermi distribution function would require an assumption on the shape of the LDOS as
function of energy. Such an assumption is not justified because a significant spatial variation
of the dI/dV curves is observed at 4.3 K (Figure [3h-c), as found consistently in other
magnetic topological insulators [64, [69]. Therefore, a new method to derive A at elevated T'
is established. For this purpose, the ratio between dI/dV at V=0 mV and dI/dV at larger
V', outside the region of the band gaps observed at 4.3K, is employed (Supplementary
Section [[XD). Figure 3d displays the ratio R = [d/dV (0 mV)]/[dI/dV(—50 mV)] for a
large number of d//dV spectra recorded at temperatures varying from 4.3 K to 50 K (small
dots). Selected dI/dV spectra at 10, 21 and 47K are shown as insets (more d//dV data
in Supplement: Figure . One can see that up to 20K, the STS ratio R is zero and
thus d//dV'= 0nS at zero bias, directly evidencing the persistence of the gap. At higher
temperatures the R values gradually increase due to the temperature broadening effect along
with a decreasing magnetic gap size as the temperature approaches T. To separate these
two effects, the temperature dependence of the STS ratio for fixed gap sizes A(4.3K) =0, 5,
10, 15 and 20 meV is modelled by convolving the d//dV curves recorded at 4.3 K (Figure f
c¢) with the Fermi distribution, while capturing their gap sizes A (Supplement: Figure [13)).
The corresponding model results are represented by solid grey lines in Figure [3[d, where
the red line marked with 0 meV indicates how the STS ratio R evolves with temperature
when the gap is zero. Clearly, up to 7' = 47 K, the experimental STS ratios R stay below
this line. This evidences that the gap remains open up to T whereas above the red line
the gap is closed. It directly demonstrates the magnetic origin of the gap [24] due to the
ferromagnetism of MnSbyTey.

Comparing experimental data points with the calculated lines reveals that the gap size

continuously decreases as the temperature approaches T¢ and closes rather precisely at T¢

= 45-50 K in line with the T deduced from XMCD and SQUID. As described above, the
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gap size varies spatially across the surface (Figure fc) due to local disorder. Accordingly,
at higher temperatures the STS ratios also exhibit a considerable variation depending on
where the STS spectra were recorded. For this reason, larger ensembles of data points
have been recorded at four selected temperatures 7' = 10, 21, 31 and 36 K within an area
of 400 nm2. From these, the average gap sizes are deduced to A(21K) = 11 £ 5meV,
A(31K) =6+ 1meV, and A(36 K) = 44 1meV, as represented by the large grey and white
dots in Figure Bld. Thus, the gap indeed gradually shrinks as the temperature approaches
Tc and closes above fulfilling the expectations for a ferromagnetic topological insulator
[24]. Note that the different grey shades of the small data points mark different cooling
runs starting from an initial elevated temperature. Hence, the tip slowly drifts during
cooling across the sample surface while measuring at varying temperature and, thus, explores
variations of A by T and by spatial position simultaneously. Accordingly, the visible trend
of A(T) relies on the sufficient statistics of probed locations that is particularly adequate
for the spatially averaged A (large dots).

The conclusion that the gap closes at T is corroborated by comparing the experimen-
tal gap evolution with the measured magnetization M(T') (Figure [Id,f, Supplement: Fig-
ure [7) using the relation A(T) o M(T), as found in previous experiments [24] and the-
ory [70]. Using M(T) from SQUID and XMCD magnetization data (Figure [Id,f, Supple-
ment: Figure[7)) and the low temperature gap A(4.3 K) = 17meV (Figure [3b), one obtains
A(T) = A(4.3 K)- M(T)/M, and, thus, straightforwardly R(T) for the magnetization data.
The results are presented as yellow, blue and red dots in Figure demonstrating nice
agreement to the STS data. This further corroborates the magnetic origin of the gap. Since
the center energy of the gap (Supplement: Figure [L1f) is close to the estimated Dirac point
position in ARPES (Figure ,h), the gap is attributed to the topological surface state, con-
sistent with the out-of-plane spin polarization near the Dirac point observed by spin-resolved
ARPES (Figure ) Such a magnetic gap of a topological surface state close to Fr is highly
favorable for probing the resulting topological conductivity and its expected quantization.

To clarify the origin of the discovered ferromagnetic topological insulator, the electronic
band structure of MnShsTe, has been calculated by various DFT methods, considering dif-
ferent magnetic configurations including chemical and magnetic disorder (Supplementary
Section . As a general result, the topological insulator is reproduced by introducing

magnetic disorder. Calculating the bulk band structure, the perfect ferromagnetic system
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face (top) of MnSbyTes with marked high symmetry points. (b—e) Band structures from DFT
calculations of slab geometries for various magnetic configurations (marked on top). (b) Ferro-
magnetic interlayer coupling for a thick slab. Blue dots: surface states identified via their strength
in the top septuple layer. (c) Non-collinear interlayer coupling (sketched on the right) for a thin
slab. Color code: out-of-plane spin polarization of the gapped Dirac cone. Uncolored circles: bulk
states. (d) Antiferromagnetic interlayer coupling for a slab (blue lines) on top of the projected
bulk band structure (grey lines) with a gapped Dirac cone at T'. (e) Zoom into (d) with marked
magnetic gap size of the topological surface state. (f~k) Band structures from DFT calculation for
a bulk geometry with magnetic configurations as marked on top. Red (blue): dominating anion
(cation) character as spectral function difference between anion and cation sites for each state
(Supplementary Section [XI). (f) Ferromagnetic interlayer coupling with a topologically protected
Weyl cone around I'. (g) Zoom into (f). (h,i) same as (g) but with magnetic disorder modelled
via overlap of collinear spin up and spin down states at each Mn site (Supplementary Section [XI)).
(j) Same as (f), but with full magnetic disorder. (k) Antiferromagnetic interlayer coupling. An
inverted band gap appears for (h-k) at I' around Er visible by the exchanged colors of the two
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without disorder appears as a topological Weyl semimetal with a zero bulk band gap and
a Weyl crossing point located along I'Z about 5% of the Brillouin zone away from I' (Fig-
ure ,g, Supplement: Figures , ) This is in agreement with recent calculations
[47, 53], but obviously disagrees with the STS and ARPES results. On the other hand,
the defect-free antiferromagnetic system is found to be a topological insulator with a bulk
band gap of 120 meV, Figure [@k. This is evidenced by the band inversion at I, indicated
by the color code of the spectral function difference between cationic and anionic sites [red
(blue): dominating anion (cation) character, Supplementary Section [XI]. This color code is
also used in Figure —j. Slab calculations of the band structure (Figure ) indeed reveal
the topological surface state with gap at the Dirac point due to time reversal symmetry
breaking. Discrepancies to earlier calculations [511, [52] are discussed in Supplementary Sec-
tion [XIC] order, we additionally study deviations from defect-free, pure ferromagnetic or
antiferromagnetic order. For more realistic modelling, more complex magnetic orders are
taken into account deviating from perfect ferromagnetic or antiferromagnetic order as im-
plied by the magnetometry results (Figure , Supplement: Figure 7). The extreme case
of completely disordered local magnetic moments, without net magnetization, showcases a
bulk band gap of 135 meV with nontrivial topology as seen from the band inversion around
the gap close to I' (Figure ) Varying the degrees of magnetic disorder shows

that already 20 % of magnetic disorder breaks up the Weyl point of the ferromagnetic
MnSh,Te, and opens an inverted band gap (Figure —i, Supplement: Figure . This
nontrivial topology induced by magnetic disorder is robust against chemical disorder as Mn-
Sh site exchange that proved to be essential for inducing the ferromagnetic order in the
system (Supplement: Table . Indeed, a Mn-Sb site exchange by 5% does not affect the
band topology (Supplement: Figure . This implies that, contrary to recent conclusions
[54], defect engineering accomplishes simultaneously a nontrival topology and very high
Curie temperature for the MnSb,Te, system.

To further assess the robustness of the magnetic gap, slab calculations are employed with
various magnetic disorder configurations. The simplest case of a purely ferromagnetic slab
does not lead to a Dirac cone, since the bulk band gap vanishes (Figure ) The pure
antiferromagnetic order, on the other hand, creates a pronounced Dirac cone with magnetic
gap of 16 meV, Figure 4d,e, nicely matching the average gap size found by STS (Figure 3b).

The magnetic gap size turns out to be a rather local property caused by the exchange
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interaction in near-surface MnShyTe, septuple layers. Naturally, the gapped Dirac cone
forms also when the surface of an antiferromagnet is terminated by a few ferromagnetic layers
(Supplement: Figure ) A relatively strong out-of-plane spin polarization at the gap edges
(~ 60%) is found in that case nicely matching the results of the spin-resolved ARPES data
measured at 30 K (~ 25%), if one takes into account the temperature dependence of the
magnetization (Figure ,f). Moreover, for more random combinations of antiferromagnetic
and ferromagnetic layers, the Dirac cone with magnetic gap persists, albeit the bulk band gap
vanishes due to the more extended ferromagnetic portions in that structure (Supplement:
Figure ) Finally, for a system where the magnetic moments of adjacent septuple layers
are continuously tilted with respect to each other, a gapped Dirac cone was also observed,
Figure [dk. Likewise, alternate rotations of adjacent collinearly coupled Mn layers by relative
angles > 40° open a gap in the Weyl cone (Supplement: Figure —f). Hence, magnetic
disorder turns out to be a rather universal tool to accomplish topological insulator properties
for MnShbyTe,.

Last but not least, it is noted that the slope of the temperature dependent M (T") shows
a remarkable linear behavior towards T, described by an effective critical exponent g =
0.7—1.2. This large 3 apparently persists for about half of the range between T' = 0 K and T
(Figure ,f). Such large § values do not exist in any classical model ranging from 5 ~ 0.125
for the 2D Ising model to the mean-field value of 0.5. The behavior at the classical critical
point may, however, strongly change due to quantum fluctuations, which can lead to g =1
in the presence of disorder [71] as experimentally observed [72] [73]. Note that such disorder
is witnessed in our samples by the spatial gap size fluctuations (Figure . Moreover, the
magnetic phases of MnSb,Te, are indeed energetically very close to each other according to
DFT [27] as also indicated by the kink in the M (T') curve (Supplement: Figure [7] top).

In summary, high quality epitaxial MnSbyTe, films with regularly stacked Te-Sh-Te-Mn-
Te-Sb-Te septuple layers and a small Mn excess located in the Sb layers feature a robust
nontrivial band topology at record high Curie temperatures. DFT based band structure cal-
culations, ARPES and STS experiments showcase a 2D Dirac cone as nontrivial topological
surface state with a magnetic gap of ~ 17meV located very close to Er. The gap disap-
pears at T and above, signifying its magnetic origin as corroborated by an out-of-plane spin
polarization at the Dirac point found by ARPES. by out-of-plane spin polarization at the
Dirac point found by ARPES. We thus conclude that the smaller spin-orbit interaction in
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MnSb,Te, as compared to MnBiyTe, is still sufficient to maintain both, the band inversion
and the perpendicular magnetic anisotropy, provided that some Mn resides in the Sb layers.
The discovered properties are highly favorable for the quantum anomalous Hall effect and
other topology-based device applications as the critical temperature is twice as large as for
MnBi,;Te, and the Dirac point is close to Er with small spatial variation.

Hence, the smaller spin-orbit interaction in MnShyTe, as compared to MnBisTey is still
sufficient to maintain both the band inversion and the perpendicular magnetic anisotropy
in the case of a slight Mn excess. Ferromagnetism is triggered by a new balance of exchange
interactions induced by a few percent of Mn-Sb site exchange in the Sb layers in combination
with a slight in-plane contraction as deduced by combining DFT, RBS, STM and XRD
results. The DFT calculations indicate that magnetic disorder is essential for the magnetic
topological insulator phase. Indeed, the magnetization features an exotic critical exponent
[ ~ 1 which indicates the influence of a quantum critical point, likely merging ferromagnetic

and antiferromagnetic order.
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Supplementary Sections

The following sections describe the experimental and theoretical methods as well as ad-

ditional data supporting the conclusions from the main text.

19



I. SAMPLE GROWTH

MnSb,Tey films were grown by molecular beam epitaxy (MBE) on BaFy(111) substrates
using a Varian GEN II system. Compound ShyTez and elemental Mn and Te sources were
employed for control of stoichiometry and composition. Typical sample thicknesses were
200 nm. Deposition was carried out at a sample temperature of 290°C at which perfect
2D growth is sustained independently of the Mn concentration, as verified by in situ re-
flection high energy electron diffraction and atomic force microscopy. The flux rates were
calibrated by quartz microbalance measurements. For angle-resolved photoelectron spec-
troscopy (ARPES) performed at BESSY II and for scanning tunneling microscopy (STM)
performed at RWTH Aachen University, samples were transferred from the MBE system
by an ultrahigh vacuum (UHV) suitcase that allowed transportation without breaking UHV
conditions. Samples used for magnetometry and x-ray magnetic circular dichroism (XMCD)
were capped in situ after growth with amorphous Se and Te capping layers to protect the

surface against oxidation.

II. ELECTRON MICROSCOPY

High-resolution scanning transmission electron microscopy (TEM) was performed with
a FEI Titan 60-300 Themis instrument equipped with a Cs image corrector. The TEM
data were recorded with a high-angle annular dark field (HAADF) detector and the images
processed using a fast Fourier transform and Fourier mask filtering technique for noise min-
imization. Thin cross-sectional lamellae from MnShbyTey films were prepared by focused ion

beam milling (FEI Helios NanoLab 660).

III. RUTHERFORD BACKSCATTERING

The chemical composition of the samples was determined by Rutherford backscattering
spectrometry (RBS) employing a primary beam of 2 MeV “He* ions provided by the 5 MV
15SDH-2 Pelletron accelerator at Uppsala University. A solid-state detector was placed in
backscattering geometry under an angle of 170° with respect to the primary beam. The
beam incidence angle was randomized in a 3° angular interval around an equilibrium angle

of 18° with respect to the surface normal to counteract potential channeling effects. The
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FIG. 5: Chemical composition and depth profile. Rutherford backscattering spectrum (open
circles) measured in random geometry. The simulation of the total backscattering signal using
SIMNRA (blue line) is in excellent agreement with the experimental data. The corresponding
contributions of the film constituents (Te, Sb and Mn) are marked and indicated by the green,
orange and red lines surrounding correspondingly shaded areas. The data reveal a slight Mn
excess of ~ 7% and an Sb deficiency of ~ 3% with respect to the ideal MnShsTey stoichiometry

suggesting a partial Mn replacement of Sb atoms in the Sb layer.

resulting spectra (Fig. [5)) were fitted by the SIMNRA software package [74] to obtain the
film composition and confirm its uniformity over the film cross section. Analysis of the RBS
data as shown in Fig. |5| yields an excellent fit (blue line in Fig. |5|) for atom concentrations of
57.0% Te, 27.7% Sb and 15.3% Mn with a high uniformity throughout the film cross section.
The composition is close to the nominal MnSbyTe, stoichiometry, but features a slight Mn
excess of ~ 7% and a slight Sb deficiency of ~ 3% indicating the substitution of Sb atoms in
the Sb layers by additional Mn atoms as corroborated by the x-ray diffraction data shown

in section V1

IV. X-RAY DIFFRACTION

The crystalline structure was determined by x-ray diffraction (XRD) scans and reciprocal

space maps recorded in the vicinity of the (101.20) reciprocal lattice point. The measure-
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ments were performed using a Rigaku SmartLab diffractometer with Cu x-ray tube and
channel-cut Ge(220) monochromator. The results are shown as red lines in Fig. [f| The
symmetric scans along the [000.1] reciprocal space direction (c-axis) were fitted with a mod-
ified one dimensional paracrystal model [24] [75] (black lines in Fig. [6). We have fitted the
data of two samples and obtained consistent results of @ = 4.23 A and ¢ = 40.98 A.

We modelled the Mn-Sb site exchange by different Mn occupancies C; and C5 within the
central cation lattice planes, usually assumed to be occupied by Mn only, and within the
outer cation lattice planes, usually assumed to be occupied by Sb only, respectively. For

that purpose, the structure factor of MnShyTe, reads

where f,(Q.) is the atomic form factor of the n-th atom in the unit cell, z, its coordinate,
C,, its occupancy, (), its position in reciprocal space and the summation runs over all atoms
in the septuple layer. For Sb, Te, and Mn the atomic form factors at Q, = 0.9 A~" are 48.9,
49.9 and 23.6, respectively.

The fit result that assumes the ideal septuple layer structure with regular layer sequence
Te-Sb-Te-Mn-Te-Sb-Te (C; = 1, Cy = 0) is shown on the bottom of Fig. @a, while C; =
0.6 and Cy = 0.4, corresponding to 60% of the Mn atoms in the central septuple layer and
40% in the outer two cation layers, is shown on top. Figure[6b highlights the low @, region
featuring the strong sensitivity of the peak at Q, = 0.9 A~ to the exchange of Mn and Sb.
For this peak, the two different cation layers contribute to the structure factor with almost
exactly opposite phase, while the contribution of the Te layers almost cancels. Because of
the different Mn and Sb atomic form factors, the intensity of this peak rapidly diminishes
with increasing Mn-Sb exchange and completely vanishes for €} = Cy = 0.5. The best fit
to the experiment is found for C; = 0.9 £ 0.1 and C3; = 0.1 £ 0.1 evidencing a non-ideal

distribution of Mn and Sb in the respective layers.

V. MAGNETOMETRY BY SQUID

The magnetic properties were determined by a superconducting quantum interference
device (SQUID) magnetometer (Quantum Design MPMS-XL) as a function of temperature
from 2K to 300 K. The external field H was applied either parallel (in plane) or perpen-
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FIG. 6: X-ray diffraction spectra with fits. (a) Experimental x-ray diffraction spectrum of
the MnSbyTey epilayer (red lines) compared with simulations (black lines) using a one-dimensional
paracrystal model [24] [75] while assuming different Mn occupation in the central layer (C7) and
in the adjacent cation layers (C3) of the septuple layer. (b) Zoom into (a) showcasing the strong
sensitivity of the peak at Q. ~ 0.9 A~! (black arrow in (a)) to the Mn-Sb site exchange. Peaks of

the BaFy substrate are marked.
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dicular (out of plane) to the epilayer surface, that itself is oriented perpendicular to the
crystallographic ¢ axis. The diamagnetic contribution of the substrate was determined from
the slope of the magnetization M (H ) recorded at high magnetic fields and 300 K well above
the Curie temperature T¢ of MnShsTe,, where the magnetic contribution of the thin film
is completely superseded by that of the thousand times thicker substrate. The derived sub-
strate contribution was then subtracted from the raw data recorded at lower T'. Identical
sample pieces were used for in-plane and out-of-plane measurements.

Figure [7| shows out-of-plane M (T") data while field cooling at 10mT for three different
samples. They reveal a quite similar T and consistently display a ferromagnetic behavior
via its remanence. Data for sample 1 are also shown in Fig. (1| (main text) where they give
a slightly smaller T within the error bars.

Figure [7] (top) features a small kink at 20-25 K that indicates deviations from pure fer-
romagnetic order possibly indicating a second phase transition that might contribute to the
large critical exponent 5 ~ 1 as discussed in the main text and attributed there to the

vicinity to a quantum critical point.

VI. COMPARISON WITH MAGNETIC PROPERTIES OF OTHER MNSB,TE,
SAMPLES

Table [l compares the results of our three MnSb,Te, samples with data from the literature.
The comparison highlights the exceptionally large Curie temperature of the Mn-rich epitaxial

films.
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FIG. 7: Magnetometry by SQUID. Magnetization M (T') of three individual MnSbsTey epilayers
measured by SQUID. M (T') was measured in out-of-plane (oop) direction while field cooling (FC)
in a field of 10 mT. Linear extrapolation to M = Oemu was used to estimate T as marked.
Notice the small kink in M (7T) around 20K in the top panel which indicates deviations from pure
ferromagnetic order. Inset: Full temperature dependence of the magnetization M (T') up to 300

K on a vertical scale enlarged by a factor of 40. From the SQUID raw data, the diamagnetic

contribution from the BaFy substrate of 0.0205 pemu/Oe was substracted.
VII. RESONANT SCATTERING AND X-RAY CIRCULAR DICHROISM

Resonant scattering and XMCD were measured at the extreme ultraviolet (XUV) diffrac-
tometer of the UE46-PGM1 undulator beam line of BESSY II at Helmholtz-Zentrum Berlin.
The XMCD signal was obtained by measuring the difference of the (0001) Bragg peak inten-
sities for incident photons with opposite circular polarization and the photon energy tuned
to the Mn-L3 resonance. In this setup, the sample was field cooled down to 10K in an

external field of about 0.5T provided by a removable permanent magnet. Subsequent po-
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nominal growth magnetism critical reference

stoichiometry temperature

MnSh,Tes epitaxial film FM Tc=46-48 K sample 1, this work
MnSb,Tes epitaxial film FM Tc=45 K sample 2, this work
MnSb,Tes epitaxial film FM Tc=50 K sample 3, this work
MnSh,Tes single crystal AFM Tn=19K J.-Q.Yanetal.?)
MnSb,Tes single crystal AFM Tn=19.5 K Y. Chen et al. ?)
MnSbi.g Bio.2Tes single crystal FM Te=26 K Y. Chen et al. )
MnSb,Te, polycrystal FM Tc=25K Murakami et al. ©)

TABLE I: Magnetic properties of MnSbsTe, for epitaxial films, bulk crystals and polycrystals,
comparing the ferromagnetic (FM) Curie temperatures T determined in the present work to T¢
and antiferromagnetic (AFM) Néel temperatures Ty from the literature. #) J.-Q. Yan et al., Phys.
Rev. B 100, 104409 (2019); ®) Y. Chen et al., Phys. Rev. Mat. 4, 064411 (2020); ¢) T. Murakami
et al., Phys. Rev. B 100, 195103 (2019).

larization dependent and wave-vector dependent measurements were performed in zero field
at various temperatures. The recorded XMCD data are thus a direct measurement of the

remanent ferromagnetic polarization of the Mn moments in MnSh,Tey.

VIII. ARPES AND SPIN-RESOLVED ARPES

ARPES measurements were performed at 30 K with a Scienta R4000 hemispherical an-
alyzer at the RGBL-2 end station of the U125/2 undulator beamline at BESSY II. Light
is incident under an azimuthal angle of 45° and a polar angle of 90° with respect to the
sample surface. The light polarization is linear and horizontal. Photon energies between 19
and 70eV were employed. Spin-resolved ARPES spectra were acquired with a Mott-type
spin polarimeter operated at 25 kV, capable of detecting both in-plane and out-of-plane spin
components. Samples were transported to the RGBL-2 setup in a UHV suitcase to always
maintain pressures below 1-1071%mbar. Overall resolution of ARPES measurements was

10meV (energy) and 0.3° (angular). Resolutions for spin-resolved ARPES were 45 meV
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(energy) and 0.75° (angular).

For the measurement in Fig. [, main text, the sample was magnetized in situ at 30 K
by applying a pulsed magnetic field from a removable coil of ~ £0.5 T in the direction
perpendicular to the surface. As usual, the spin-resolved ARPES experiment is conducted
in remanence. The movement between the ARPES chamber and the preparation chamber,
where the coil is situated, is a vertical movement of the cryostat so that the sample is always
at 30 K.

Figure[§shows a complete set of spin-polarized ARPES data featuring all three orthogonal
spin directions for a finite kj = £0.15 A~1. Only in-plane spin polarization perpendicular to
the electron wave vector k| appears and reverses sign with a sign change of k. This evidences
a spin texture that rotates anti-clockwise (right-handed) around the measured Dirac cone
(Fig. ,i, main text) with the electron spin locked to the electron momentum. Such helical
in-plane spin texture is a key signature of the topological character of the Dirac cone. Note
that the ferromagnetism of MnSbyTe, exhibits out-of-plane anisotropy such that bulk states
cannot have in-plane spin polarization, which fully supports the assignment to the Dirac
cone surface state. To deduce the Dirac point energy Ep, the peaks within momentum
distribution curves are fitted by two Lorentzians (Fig. ) and the energy dependent peak
maxima are connected via two fitted lines (Fig. [8d and Fig. [2d,h, main text) that cross at
Ep— Ep = 20£+7meV. The binding energy range of the fit was determined by the possibility
to fit separate Lorentzians, see Fig. [8d,e. Since we do not observe any surface band bending
by residual gas adsorption (prominent for the n-doped systems such as BisSes and BisTes),
the Dirac point can be regarded as a rather good measure of the chemical potential.

Figure [0 shows that the Dirac cone surface state has no dispersion with the wave vector
perpendicular to the surface plane, in contrast to the bulk valence band. Figure[9]is the input
for Fig. [2b, main text, with linear interpolation between the 9 photon energies. Table [

shows the momentum values in kinetic energy.
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FIG. 8: Spin-resolved ARPES data and fit of Dirac cone. All three spin polarization
components are shown for k), ~ £0.15 A1 (indicated in Fig. , main text). Left hand side of
each subfigure shows the ARPES data for the two opposite spin channels at k), ~ +0.15 A1
while the right hand side shows the resulting spin polarization P; for both kj , ~ +0.15 AL (a)
In-plane spin components perpendicular to k), (same as Fig. , main text). (b) In-plane spin
components parallel /antiparallel to ) - (c) Out-of-plane spin components. The symbols for spin
direction and orientation are relative to panel (d). (d) The Dirac energy Ep is determined by the
crossing of two lines given by fits to experimental data points which, in turn, were determined
by Lorentzians fitted to momentum distribution curves (MDC). These fits are shown in panel (e).

hv = 25 eV.
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FIG. 9: Photon-energy-dependent ARPES data. Energy-momentum dispersions for photon
energies from 19 to 68 eV showing a 2D Dirac cone and the dispersion of 3D bulk states with
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is probed completely.
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hv (eV) k(A7)

60 4.341
61 4.371
62 4.401
63 4.431
64 4.460
65 4.490
66 4.519
67 4.548
68 4.576

TABLE II: Perpendicular momentum. Determination of the perpendicular momentum for the
data shown in Fig. ,b, main text. Distance from I' to Z corresponds to 0.1327 A~!. An inner

potential of 11.8 eV was used.

IX. SCANNING TUNNELING MICROSCOPY AND SPECTROSCOPY

A. Measurement Details

STM measurements were conducted in a home built UHV-STM operating down to
T = 4.3K. Cr tips were firstly etched ex-situ and additionally prepared in UHV by field
emission on clean W(110). Topography images were recorded in constant-current mode at
a tunneling current / and bias voltage V applied to the sample. The dI/dV (V') spectra for
scanning tunneling spectroscopy (STS) were recorded after firstly stabilizing the tip-sample
distance at voltage Vsia, = —0.1V and current Isi,, = 0.1nA, if not mentioned differ-
ently in the captions. Afterwards, the feedback loop was opened and dI/dV was recorded
using standard lock-in technique with modulation frequency f = 1219Hz and amplitude
Vioa = 1.4mV while ramping V. The spectra were normalized to account for remain-
ing vibrational noise during stabilization by equilibrating the integral between V., and
V = 0mV. We crosschecked that dI/dV curves barely depend on the chosen I, and,
hence, on the tip-surface distance (Fig. .

For measurements above the base temperature of 4.3 K, the STM body was exposed
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FIG. 10: STS curves recorded at different set points. dI/dV (V') curves recorded at the same

position after stabilizing the tip at Vg, = —100mV and various Ig,p, as marked, T = 4.3 K.

to thermal radiation via opening of a radiation shield until a maximum 7" ~ 60K was
achieved. Then, the shield was closed, and dI/dV (V') curves were recorded while the sample
temperature slowly decreased back to 4.3 K. Measurements at constant T > 4.3 K were
performed with partly open shield. A more frequent stabilization between subsequent df /dV
curves was necessary due to the remaining thermal drift of the tip-sample distance during
the cooling process. This implies shorter recording times that have been compensated by a

more intense averaging of subsequently recorded curves.

B. Band Gap Determination at 4.3 K

The band gaps at T" = 4.3 K were determined as follows. First, the noise level of the
dI/dV curves was reduced by averaging 3 x 3 curves covering an area of (1.2nm)2 Sub-
sequently, an averaging of dI/dV (V') across £2mV in bias direction was employed. Then,
we estimated the remaining dI/dV noise level as the maximum of |dI/dV| that appears
with similar strength positively and negatively. For that purpose, we employed about 50
randomly selected dI/dV (V') curves. Afterwards, the threshold was chosen slightly above
the determined noise level. This threshold is marked in Fig. [3p #1 as dashed line and in
Fig. [3c as yellow line in the color code bar. The voltage width, where the dI/dV (V') spectra
stayed below this threshold, defines the measured gap A as used in Fig. |3a—c, main text.
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We crosschecked that dI/dV values below the noise level appeared exclusively close to the
determined band gap areas. The resulting gap size A turned out to barely depend on details
of the chosen noise threshold.

Figure and b display two additional A(z,y) maps like the ones in Fig. [3b, main text,
but recorded on different areas of the sample surface. They exhibit a similar range of spatial
fluctuations of A as shown in Fig. [Bb, main text. Sometimes, A could not be determined
from the dI/dV (V) curves as, e.g., in the bright area marked by a black circle in Fig. [11.
There, the spectra stayed below the threshold on the positive V' > 0mV side up to 100 mV
while a gap edge is observed only on the negative side, for an unknown reason. These spectra
(~ 5% of all spectra) are discarded from further analysis including the histogram of Fig. [3p,
main text. The correlation length & of A(z,y) is calculated as FWHM of the correlation
function resulting in £ ~ 2nm as given in the main text.

The central energy within the gap, Ejy, is deduced as the arithmetic mean of all voltages
where the dI/dV signal remains below the threshold. Figure —f displays maps Ey(x,y)
for the three studied areas as well as a resulting Fj histogram. Favorably, the average of
Ey is rather precisely at Er showing only small spatial fluctuations in the meV range. The
small discrepancy of the average Fy ~ Er found by STS to the Dirac point determined by
ARPES (20 meV above Er) might be due to the different recording temperatures (4.3 K vs.

300K) or to sample to sample variations.

C. dI/dV (V) Curves at Different Temperatures

Figure |12 displays dI/dV (V) spectra recorded at various temperatures as used for the
band gap evaluation displayed in Fig. Bld, main text. An obvious band gap with a voltage
region of dI/dV ~ 0nS is only found up to about 30 K. At larger 7', the curves partly stay
close to dI/dV = 0nS around Ep, but partly strongly deviate from dI/dV = 0nS. This
varying behaviour requires a more detailed analysis to determine A, since a small deviation
from dI/dV = 0nS might also be caused by Fermi level broadening of the tip that probes a
local density of states (LDOS) of the sample with a small band gap.
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FIG. 11: Maps of gap size A and gap center E; at 4.3 K. (a,b) Spatial maps of the gap size
A(z,y) as obtained from dI/dV (V') curves recorded at 7" = 4.3 K. Two additional surface areas
named area 1 and area 2 are shown, while area 3 is displayed in Fig. Bb, main text. The black
circle marks a region, where the determination of a band gap was not possible (see text). (c)-(e)
Spatial maps of the center of the gap Ey(z,y) with respect to the Fermi level Er for the 3 different

areas. (f) Histogram of Fy for all three maps with marked mean and standard deviation o.
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FIG. 12: STS spectra recorded at different temperatures. Selected dI/dV (V) curves ordered
with increasing 7" as marked on top. The dot in the upper left is colored identically to the extracted

band gap from the same curve as displayed in Fig. [3d, main text.

D. Determination of Band Gaps at Elevated Temperature

The requirement of a more detailed analysis is demonstrated in Fig. [[3h. A dI/dV (V)
spectrum exhibiting a gap size A = 17meV is displayed (blue line) as recorded at 4.3 K.
This spectrum is then convolved with the derivative of the Fermi-Dirac distribution function,
proportional to 1/ cosh?(eV/2kgT) [68] (other colored lines in Fig. ) By this convolution,
we mimick the expected appearance of the same spectrum at elevated T'. Obviously, the
previously introduced method of gap determination would obtain A = OmeV for all T >
31K, albeit the LDOS of the sample still exhibits A = 17meV.

In order to deduce the correct A from dI/dV (V') curves recorded at such large T, we intro-

duce the ratio R = [dI/dV (0 mV)]/[dI/dV (=50 mV)] that turns out to be monotonously
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FIG. 13: Gap size determination at elevated 7. (a) dI/dV (V') spectrum with gap A = 17meV
recorded at 4.3 K (blue) and the same spectrum after convolution with the derivative of the Fermi-
Dirac distribution function for 7' = 31 K (red), T' = 40 K (yellow) and T' = 50 K (violet). The Fermi
level broadening leads to an apparently ungapped dI/dV curve, albeit the sample LDOS features
a gap of 17meV. (b) Relation between the measured gap size A of dI/dV (V') curves recorded
at 4.3K and the ratio R = [dI/dV(V = 0mV)]/[dI/dV(V = —50 mV)] of the same dI/dV (V)
curves deduced after convolution with the derivative of the Fermi-Dirac distribution function at
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anticorrelated with the gap size A. This is demonstrated in Fig. for T = 40K. All
dI/dV (V) curves recorded at 4.3 K (area 1-3, 8000 curves) are convoluted with the derivative
of the Fermi-Dirac distribution of 40K (as in Fig. [L3p, yellow curve) before R is determined.
Subsequently, each R is related to its corresponding A (same dI/dV (V') curve) as deduced
via the method described in subsection [XB] The anticorrelation of R and A appears in
Fig. and is similarly found for all 7" = 25 — 50 K (not shown). We used the resulting
median of the simulated R values (violet line in Fig. [13p) to deduce A from a measured R
for each dI/dV (V') curve recorded at elevated T. The required simulated R(T") curves for
constant A are displayed as full lines in Fig. [Bd, main text, for the sake of comparison with
the R values of the measured dI/dV curves. The error of R(A) at given T is taken as the
20 width of the simulated R(A), marked by colored lines in Fig. . For gap sizes below
10meV, one observes an error of 2-4meV only. Overall, the R(A) relation reaches a relative
accuracy for A determination of £30 %, as long as A remains below 20 meV. This error is
displayed exemplarily on the very right of Fig. [Bld, main text.

In addition, we determined errors for the measured R values. They are deduced as
the standard deviation of subsequently recorded 25 dI/dV (V') data sets (averaged from
10 subsequent dI/dV curves each and smoothed by box averaging of width 3mV). The
measurement errors are displayed as error bars at the data points in Fig. Bld, main text
(circles). Interestingly, these measurement errors increase significantly around 7' ~ 45K,
i.e., close to T¢, where they get as large as 10 meV. Since the spatial drift during recording
of the 25 data sets is below 1nm, as deduced by comparing the long term development of
dl/dV data during cooling to the spatial fluctuations recorded at 4.3 K, these relatively large
errors cannot be caused by a lateral drift of the tip with respect to the sample only. Likely,
they are caused by enhanced temporal fluctuations of the gap close to T¢ during recording
of the 25 data sets. Thus, the increased error bars around 7 corroborate the relation of the
band gap evolution to the magnetic properties additionally.

Error bars of the spatially averaged data points in Fig. [Bd, main text, indicate the width
of the R histograms obtained at the corresponding 7.

The reference voltage V.ef = —50mV used to determine R is chosen such that it is not
influenced by temperature (|eViee| > 5kpT) or gap size (JeVie| > max(A)/2) and not
influenced by spectroscopic features that might spatially vary due to disorder. We cross-

checked that the exact value of Vi barely influences the deduced A. This is demonstrated
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in Fig. [[3—d displaying the same data set as Fig. [3d, main text, but using two different Vies.

X. ELECTRIC TRANSPORT MEASUREMENTS

Transport measurements were performed in the van der Pauw geometry with applied
magnetic fields ranging from -3T to +3T and oriented parallel to the rhombohedral axis
of the epilayers. A mini cryogen-free system was employed for the magnetotransport in-
vestigations at temperatures between 2K and 300 K. For temperatures below about 50 K
an anomalous Hall effect appears in the transport data that becomes hysteretic for mag-
netic fields of less than about 1 T such as the sheet resistance of the samples (compare
Fig. [lk, main text). The carrier concentrations were determined from the Hall resistance
at sufficiently high magnetic fields, i.e., well above 1T where the sample magnetization was
largely saturated. The resulting hole concentrations of the MnShyTe, samples range from

(1 —3)-10%*cm ™3, similar to values from the literature [30, 31].

XI. DENSITY FUNCTIONAL THEORY CALCULATIONS
A. Details of the Calculations

The electronic and magnetic structures were calculated by two different methods based
on density functional theory (DFT). Most of the bulk-type calculations (Figs. 4k, main
text, Fig. , Fig. 7b) used a Green function method within the multiple scattering theory
[76, [77]. To describe both localization and interaction of the Mn 3d orbitals appropriately,
Coulomb U values of 3-5eV were employed within a GGA+U approach [78]. During these
calculations, we confirmed that different topological phases of MnSbyTe, arise, if one uses
either GGA+U or LDA+U, indicating that LDA+U is not sufficient. To account for an-
tiferromagnetic configurations of MnShsTey, a double unit cell consisting of two septuple
layers was used such as for Fig. [dk, main text, and Fig. and c. In these structures,
the Mn atoms couple ferromagnetically within the Mn planes and antiferromagnetically be-
tween neighboring Mn layers in adajacent septuple layers. For the determination of Ty and
T, exchange constants J;; were obtained by mapping the DFT calculations onto a classical

Heisenberg model [79].
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Different types of disorder were treated within a coherent potential approximation (CPA)
[80), 81]. Chemical disorder is modelled by mixing various atomic species on the same atomic
site (substitutional alloys). The elemental unit cell was used in this case such that only
ferromagnetic order could be described. We simulated three types of chemical disorder,
namely site exchange, i.e., placing as much Mn on Sb sites as Sb on Mn sites, Sb excess, i.e.,
additional, substitutional Sb in the Mn layers, and Mn excess, i.e., additional, substitutional
Mn in the Sb layers. Electron (hole) doping was also modeled by CPA via mixing Te (Sb)
vacancies, that were simulated as empty spheres, with Te (Sb) atoms on the same site.
Magnetic moment disorder was modeled by CPA via mixing two Mn atoms with opposite
magnetic moment on the same atomic site. This approach has been proven to be very
successful in mimicking spin moment fluctuations, e.g., to account for elevated temperatures.
The 50 : 50 mixing represents the paramagnetic state, while smaller spin fluctuations are
described by, e.g., 95 : 5 or 98 : 2 mixings.

The calculations in Fig. [I5k—f were performed with the full-potential linearized augmented
plane-wave method as implemented in the FLEUR code. Also here, GGA [82] with a Hub-
bard U correction using U = 6 eV and J = 0.54 eV was used and spin-orbit coupling was
included self-consistently in the non-collinear calculations [83]. Thin film calculations were
also performed with the FLEUR code (Fig. [, main text, and Fig. [16p—e). These calcula-
tions are restricted to relatively small and simple unit cells in order to retain high enough
accuracy to derive the Dirac cone dispersion and the size of its magnetic gap by DFT. In-
stead, the surface band structure for the antiferromagnetic ground state in Fig. fd—e, main
text, for the ferromagnetic ground state in Fig. @b, main text, and for the mixed state in
Fig. [16p was calculated by the projector augmented-wave method [84] using the VASP code
[85,186]. The exchange-correlation energy was treated using the GGA [82]. The Hamiltonian
contained scalar relativistic corrections and the spin-orbit coupling was taken into account
by the second variation method [87]. In order to describe the van der Waals interactions,
we made use of the DFT-D3 [88, [89] approach. The Mn 3d states were treated employing
the GGA+U approximation [78] within the Dudarev scheme [90]. The Uy = U — J value
for the Mn 3d states was chosen to 5.34 eV as in previous works [27], 28 [32] [56].

For all three methods, the crystal structure of ideal MnShyTe,; was fully optimized to
obtain the equilibrium lattice parameters, namely cell volume, ¢/a ratio as well as atomic

positions. Using this structure yields the antiferromagnetic topological insulator state for
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MnSbyTey within both the projector augmented-wave and full-potential linearized aug-
mented plane-wave methods (VASP and FLEUR, respectively). For the Green function
method both the experimental crystal structure as determined by XRD (Fig. @ and the
theoretically optimized one result in the antiferromagnetic topological insulator phase.

In order to visualize the topological character within bulk-type band structure calcula-
tions, we analyze the spectral function difference between anion and cation contributions
of each state: A% (F) = Aon(E) — Af¥n(E). The resulting A (FE) are displayed as color
code in Fig. fk, main text, Fig. , and Fig. ,b with red color for A% (F) > 0 and blue
color for A% (E) < 0. Band inversion can, hence, be deduced from a mutually changing color

within adjacent bands.

B. Magnetic Ground State for Different Disorder Configurations

Table summarizes the magnetic properties for four different crystallographic config-
urations as obtained by bulk-type DFT calculations. The ideal MnSbyTe, septuple layer
configuration is antiferromagnetic with low Ty = 18K (third row). To probe the role of
the lattice constant for the magnetic properties, we slightly expanded the lattice within the
planes towards the lattice constant of MnBiyTes (last row). This led to a reduced nearest
neighbor exchange constant J, but barely to a change in Ty. Introducing 5% Mn-Sb site
exchange, in line with the XRD and STM data, turned the interlayer coupling ferromagnetic,
but still with a Te= 25K only, i.e., significantly lower than the experimental value (fourth
row). However, exchanging 2.5% of the Sb within the Sb layers by Mn without changing
the Mn layers revealed To= 44 K, very close to the experimental value (fifth row). Hence,
we conclude, in line with RBS, STM and XRD data, that an excess Mn in combination with
an Sb deficiency is responsible for the ferromagnetic behaviour of MnSbyTe, with high T

via Mn substitution in the Sb layers.

C. Topological Properties for Different Disorder Configurations

Figure [14] shows bulk band structure calculations for antiferromagnetic MnSb,Te, with
ideal stoichiometric order (a,c), ideal, ferromagnetic MnSbyTe, (e) and ferromagnetic

MnSbyTey with increasing Mn-Sb site exchange (b,d,f). Antiferromagnetic MnShyTey is
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FIG. 14: Band Structure at Different Strength of Mn-Sb Site Exchange (DFT). Color
represents the difference between anionic and cationic spectral function for each state, red: more
anionic, blue: more cationic. (a) Antiferromagnetic, ideal MnSbyTey in a nonrelativistic (more
precisely scalar relativistic) calculation. No band inversion occurs. (c) Antiferromagnetic, ideal
MnSbyTey in a fully relativistic calculation yielding a band inversion. Only one inversion appears
in the Brillouin zone (at I') evidencing a Z, topological insulator (also shown as Fig. 4k, main
text, for the ferromagnetic unit cell.). (e) Same as (c) but for ferromagnetically ordered, ideal
MnShbseTes with perfect out-of-plane alignment of Mn moments. A 3D Weyl semimetal occurs.
The calculation used the antiferromagnetic unit cell for better comparison with (c). (b, d, f)
Ferromagnetic MnSboTey with different Mn-Sb site exchange as labeled (ferromagnetic unit cell).

In (b) and (d), the Weyl point is preserved, while (f) shows a topologically trivial band gap.
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MnSb,Te, MnSb,Tes with lattice

0% disorder 5% disorder 5% extra Mn constants of MnBi,Te,

Tn=18 K Tc=25K Tc=44 K Tn=20 K
direction r(A)  J(meV) J(meV) J (meV) r(A) J(meV)
| 4.23 0.519 0.458 0.674 434 0.180
| 7.36 -0.024 0.034 0.024 7.51 -0.007
[ 8.52 0.016 0.025 0.033 8.68 0.025
1L 16.8 -0.02 0.002 0.04 16.4 -0.035

TABLE III: Magnetic structure, critical temperature, and Mn exchange integrals of
MnSbsyTe, for four different crystal configurations (DFT). The exchange integrals J for
the four smallest distances r between the contributing Mn ions are additionally marked by || (L)
for intralayer (interlayer) Mn pairs. The model with 0% disorder refers to ideal MnSbsTe, with all
Mn atoms in the central plane of the septuple layers at the experimental lattice constants a = 4.23
A, ¢ = 40.98 A (XRD). In the second model (5% disorder), a Mn-Sb site exchange leads to an
occupancy of 95% Mn and 5% Sb in the central lattice plane and 2.5% Mn and 97.5% Sb in each
of the two outer cationic lattice planes of the septuple layer. In the third case, 2.5% extra Mn was
substitutionally introduced in the Sb layers, such that the outer cationic planes contain 2.5% Mn
and 97.5% Sb, while a 100% Mn occupancy appears in the central layer. The fourth model features
ideal MnSbyTe, with 0% disorder, but laterally expanded to the lattice constants of MnBisTey,

ie,a=434A, ¢=40.89 A.

a topological insulator with inverted band gap at T, if spin-orbit coupling is considered (c).
This is contrary to previous calculations that have suggested antiferromagnetic MnShyTey
to be trivial [51H54]. We assume that the topological insulator state of antiferromagnetic
MnSb,Te, was missed because structural optimization was either not performed in favor of
experimental lattice constants [52, [54] or performed without van der Waals forces [51], [53]
which both gave by ~ 3% larger ¢ parameters than in the structurally optimized equilib-
rium lattice. Ferromagnetic MnShoTe, instead, is a Weyl semimetal without band gap that
remains a Weyl semimetal for moderate Mn-Sb site exchange (Fig. ,d)7 but becomes
topologically trivial at large site exchange (Fig. ) Hence, site exchange alone does not

reveal the experimentally observed ferromagnetic topological insulator in contrast to the
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magnetic disorder as presented in Fig. [dg—j, main text.

Figure corroborates the gap opening by magnetic disorder. Figure displays the
complete band structure at maximum spin mixture (50 % spin-up, 50 % spin down) for each
Mn lattice site as partially presented in Fig. [, main text. An inverted band gap of about
100meV is found at I'. Note that the purely ferromagnetic phase in Fig. is calculated
for a unit cell of a single septuple layer only and, hence, differs from Fig. employing a
unit cell with two septuple layers, due to backfolding.

The Weyl point observed for the ferromagnetic MnSby,Te, can also be opened by rotating
the spins of adjacent Mn layers, while keeping a collinear spin order within each layer
(Fig. [1c-f). Thus, magnetic disorder renders a dominantly ferromagnetic MnSbyTe, a
topological insulator as already discussed for Fig. [d—j, main text.

Figure [16| shows the band structures of slab calculations for different magnetic disorder
configurations, such that surface states are captured. They are performed, e.g., for a com-
bination of ferromagnetic interior layers surrounded by a few antiferromagnetic layers on
top and bottom (Fig. ) This configuration reveals a Dirac-type surface state with a gap
around the Dirac point of 16 meV, very close to the average gap size observed by STS. The
opposite configuration with antiferromagnetic interior surrounded by ferromagnetic surfaces
also exhibits a gapped Dirac cone, here with 40 meV gap size, that might be enhanced by the
thickness of this slab of only 7 septuple layers (Fig. ) Indeed, the spin-polarized states
at the gap edge penetrate about 3 septuple layers into the bulk of the thin film (Fig. )
The out-of-plane spin polarization near the Dirac point amounts to ~ 60%, nicely matching
the experimentally found out-of-plane spin polarization in spin-resolved ARPES (Fig. ,
main text). The latter amounts to ~ 25 % at 30 K in line with the reduced magnetization at
this elevated 7' (Fig. [Il4,f, main text). Note that the band structure in Fig. also features
an exchange splitting of bulk bands as visible by the different colors around —0.2eV.

The pure antiferromagnetic configuration (Fig. ) shows a small band gap of the topo-
logical surface state as well, while the pure ferromagnetic order leads to a gapped Weyl cone

(Fig. ), likely being an artifact of the finite slab size of 7 septuple layers only.
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FIG. 15: Inverted band gap by magnetic disorder (DFT). (a) Bulk band structure of ideal,
ferromagnetic MnSbeTey with Mn moments perpendicular to the septuple layers (single layer unit
cell). (Part of this figure is shown as Fig. [4f, main text.) (b) Same as (a), but with disordered local
magnetic moments (50% spin up, 50% spin down). An inverted band gap appears at I'. (Part of
this figure is shown as Fig. [4j, main text.) (c—e) Alternative demonstration of gap opening at the
Weyl point (two septuple layer unit cell): one layer exhibits a collinear out-of-plane ferromagnetic
order, while the other is also collinear, but canted relative to the first one by an angle o as marked.

(f) Vector model of the collinearly canted two septuple layers.
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FIG. 16: Influence of magnetic structure on topological surface states (DFT). (a) Band
structure for a ferromagnetic bulk surrounded by antiferromagnetic surface layers as marked on
top. Blue dots are surface states with dot diameter marking their strength at the surface septuple
layer. A gap appears in the topological surface state. (b) Charge density and spin density of
the states at the edges of the magnetically induced band gap in (d) displayed as thin film cross
section. The magnetic configuration is marked on top. (c—e) Band structure for various magnetic
configurations each marked on top. Colors denote the spin density in the out-of-plane direction.
(c) Ferromagnetic order with out-of-plane anisotropy. (d) Two ferromagnetic septuple layers on
both sides of three antiferromagnetic layers. Black arrows mark the states shown in (b). (e) Perfect

antiferromagnetic order as in Fig. [dd,e, main text.
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D. Influence of Charge Doping on the Magnetic Interactions

Finally, the influence of charge doping on the magnetic properties of MnShyTe, was stud-
ied. For undoped, ideally stacked MnSbyTe,, the leading magnetic interaction between the
septuple layers is of a superexchange type, which is responsible for the antiferromagnetic
interlayer coupling. As shown above, chemical disorder by exchanging (replacing) Mn with
(by) Sb changes the magnetic order to ferromagnetic. The presence of Mn defects could
induce an additional Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction that might in-
fluence the magnetic order, if mobile charges are present. However, our calculations show
only minor changes of exchange constants and the magnetic transition temperatures upon
charge doping. For n-type doping by 0.2% Te vacancies, Er shifts by 0.29 eV increasing T¢
by 0.9 K only. For p-type doping by 0.2% Sb vacancies, Er shifts by —0.08 eV increasing
Tc by 1.6 K. This indicates that the RKKY interaction is negligible in MnShsTey.
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