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The following Supporting Notes are ordered according to the methods applied. Each Sup-

porting Note describes both the details of the experiment or the calculations and additional

data supporting the conclusions from the main text.

S1: SAMPLE GROWTH

MnSb2Te4 films were grown by molecular beam epitaxy (MBE) on BaF2(111) substrates

using a Varian GEN II system. Compound Sb2Te3 and elemental Mn and Te sources were

employed for control of stoichiometry and composition. The Mn:Sb2Te3 flux ratio was set

to 1:1 in order to obtain the nominal 1:2:4 stoichiometry of the MnSb2Te4 phase. The

corresponding Mn and Sb2Te3 flux rates were 0.1 monolayers (ML)/s and 0.1 quintuple

layers/s, respectively, determined by the quartz microbalance method with precision of ±5%.

In addition, an excess Te flux of 1.5 ML/s was used. 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 reflection high

energy electron diffraction and atomic force microscopy. At the given substrate temperature

of 290°C, the incorporation coefficient is unity for Mn due to its very low vapour pressure, but

for Sb2Te3 a small fraction desorbs during growth and is thus, not incorporated. This leads

to a slightly Mn rich composition of the epilayers as revealed by Rutherford backscattering

spectrometry (RBS) described in Supporting Note S3. The composition was further checked

by x-ray diffraction analysis described in Supporting Note S4. Only samples exhibiting the

diffraction spectra of the MnSb2Te4 phase were used for further investigations.

For angle-resolved photoelectron spectroscopy (ARPES) performed at BESSY II and

scanning tunneling microscopy (STM) performed at RWTH Aachen University, samples

were transferred from the MBE system using an ultrahigh vacuum (UHV) suitcase operated

in the low 10−10 mbar pressure range that allowed transportation without breaking UHV

conditions. Samples used for magnetometry and x-ray magnetic circular dichroism (XMCD)

were capped in situ after MBE growth with amorphous Se and Te capping layers to protect

the surface against oxidation.
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S2: 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 MnSb2Te4 films were prepared by focused ion

beam milling (FEI Helios NanoLab 660).

S3: RUTHERFORD BACKSCATTERING SPECTROMETRY

The chemical composition of the samples was determined by Rutherford backscattering

spectrometry (RBS) employing a primary beam of 2 MeV 4He+ 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

resulting spectra (Fig. S1) were fitted by the SIMNRA software package [1] to obtain the

film composition and confirm its uniformity over the film cross section. Analysis of the RBS

data as shown in Fig. S1 yields an excellent fit (blue line in Fig. S1) for atom concentrations

of 57.0% Te, 27.7% Sb and 15.3% Mn with a high uniformity throughout the film cross

section. The obtained composition of Mn1.06Sb1.94Te4 is close to the nominal MnSb2Te4

stoichiometry, but features a slight Mn excess of ∼ 6% and a slight Sb deficiency of ∼ 3% ,

indicating a small amount of substitution of Sb atoms by additional Mn atoms in addition

to Mn-Sb site exchange, as corroborated by x-ray diffraction analysis shown in Supporting

Note S4.

S4: 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-

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. S2. The
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Figure S1. Chemical composition and depth profile. Rutherford backscattering spectrum

measured in random geometry. The simulation of the total backscattering signal using SIMNRA

(blue line) is in excellent agreement with the experimental data (open circles). The corresponding

contributions of the film constituents (Te, Sb and Mn) are indicated by the green, orange and red

lines and correspondingly shaded areas. The data reveal a slight Mn excess of ∼ 6 % and an Sb

deficiency of ∼ 3 % with respect to the ideal MnSb2Te4 stoichiometry, suggesting a partial Mn

replacement of Sb atoms in the Sb layer. This yields a composition of Mn1.06Sb1.94Te4 of the films.

symmetric scans along the [000.1] reciprocal space direction (c-axis) were fitted with a mod-

ified one dimensional paracrystal model [2, 3] (black lines in Fig. S2). We have fitted the

data of two samples and obtained consistent results of a = 4.23 Å and c = 40.98 Å.

The Mn-Sb site exchange was modelled by assuming various fractional occupancies of

Mn on Mn sites CMn/Mn in the central cation lattice plane of the septuples, ideally occupied

by Mn only, the rest of these sites being occupied by Sb atoms. This accordingly leads to
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Figure S2. X-ray diffraction spectra with fits. (a) Experimental x-ray diffraction spectrum of

the MnSb2Te4 epilayer (red lines) compared with simulations (black lines) using a one-dimensional

paracrystal model [2, 3] while assuming different Mn occupation in the central layer (CMn/Mn)

and in the adjacent nominal Sb layers (CMn/Sb) of the septuple. Blue lines denote positions of (0

0 0 l) reciprocal lattice points. (b) Zoom into (a) showcasing the strong sensitivity of the peak at

Qz ≈ 0.9 Å−1 (black arrow in (a)) to the Mn-Sb site exchange. The concentration pairs CMn/Mn

and CMn/Sb are chosen to correspond to the Mn1.06Sb1.94Te4 stoichiometry determined by RBS.

Peaks of the BaF2 substrate are indicated.
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a partial occupancy of the Sb sites in the outer cation lattice planes by Mn atoms with

CMn/Sb = (Ctot − CMn/Mn)/2 where Ctot is the total number of Mn atoms in each septuple.

The factor 1/2 arises from the fact that the exchanged Mn from the center of the septuple

is evenly distributed between the two outer Sb layers. In the case of excess Mn in the layers

as seen by RBS, the sum (CMn/Mn + CMn/Sb) > 1.

With these definitions, the structure factor of MnSb2Te4 reads

F (Qz) =
∑
n

Cnfn(Qz) exp(−iQzzn), (1)

where fn(Qz) is the atomic form factor of the n-th atom in the unit cell, zn its coordinate,

Cn its occupancy, Qz 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 Qz = 0.9 Å−1 are 48.9,

49.9 and 23.6, respectively.

The comparison of the measured diffraction spectrum with the simulation for different

amounts of Mn-Sb site exchange are shown in Fig. S2, taking into account the small Mn

excess in the layers (CMn/Mn + CMn/Sb = 1.06 ) as derived by RBS (Fig. S1). CMn/Mn =

0.4 and CMn/Sb = 0.66 at the top of the figure corresponds to 40% Mn atoms in the center

and 66% in the outer two cation layers of the septuple. Figure S2(b) highlights the low

Qz region, evidencing the strong sensitivity of the [000.6] peak at Qz = 0.9 Å−1 to the Mn

and Sb exchange. 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 complete

intermixing, i.e., CMn/Mn ' CMn/Sb. The best fit to the experiment is found for CMn/Mn

between 0.9 and 0.8 and CMn/Sb ∼ 0.2, evidencing a non-ideal distribution of Mn and Sb in

the respective layers.

S5: 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 2 K to 300 K. The external field H was applied either parallel (in plane) or perpen-

dicular (out of plane) to the epilayer surface, that itself is oriented perpendicular to the
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crystallographic c 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 TC of MnSb2Te4, 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 S3 shows out-of-plane M(T ) data while field cooling at 10 mT for three different

samples. They reveal a quite similar TC 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 TC within the error bars.

Figure S3 (top) features a small kink at 20–25 K that indicates deviations from pure

ferromagnetic order possibly indicating a second phase transition that might contribute to

the large critical exponent β ' 1 as discussed in the main text and attributed there to the

vicinity to a quantum critical point.

S6: COMPARISON WITH MAGNETIC PROPERTIES OF OTHER MNSB2TE4

SAMPLES

Table I compares the results of our three MnSb2Te4 samples with data from the literature.

The comparison highlights the exceptionally large Curie temperature of the Mn-rich epitaxial

films.
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Figure S3. Magnetometry by SQUID. Magnetization M(T ) of three individual MnSb2Te4

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 = 0 emu was used to estimate TC as

marked. Notice the small kink in M(T ) around 20 K 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 BaF2 substrate of 0.0205 µemu/Oe was substracted.

S7: 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 10 K in an

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

stoichiometry       temperature    

MnSb2Te4  epitaxial film FM  TC=46-48 K sample 1, this work 

MnSb2Te4  epitaxial film FM  TC=45 K  sample 2, this work 

MnSb2Te4  epitaxial film FM  TC=50 K  sample 3, this work 

MnSb2Te4  single crystal AFM  TN= 19 K J.-Q. Yan et al. a) 

MnSb2Te4  single crystal AFM  TN=19.5 K Y. Chen et al. b) 

MnSb1.8 Bi0.2Te4 single crystal FM  TC=26 K  Y. Chen et al. b) 

MnSb2Te4  polycrystal FM  TC=25 K  Murakami et al. c) 

 

 

  

 
Table I. Magnetic properties of MnSb2Te4 for epitaxial films, bulk crystals and polycrystals,

comparing the ferromagnetic (FM) Curie temperatures TC determined in the present work to TC

and antiferromagnetic (AFM) Néel temperatures TN from the literature. a) J.-Q. Yan et al., Phys.

Rev. B 100, 104409 (2019); b) Y. Chen et al., Phys. Rev. Mat. 4, 064411 (2020); c) 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 MnSb2Te4.

S8: 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 70 eV 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 · 10−10 mbar. Overall resolution of ARPES measurements was

10 meV (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. 2j, 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 S4 shows a complete set of spin-polarized ARPES data featuring all three orthogo-

nal spin directions for a finite k‖ = ±0.15 Å−1. Only in-plane spin polarization perpendicular

to the electron wave vector k‖ appears and reverses sign with a sign change of k‖. This evi-

dences a spin texture that rotates anti-clockwise (right-handed) around the measured Dirac

cone (Fig. 2g,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 MnSb2Te4 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 ED, the peaks within momentum

distribution curves are fitted by two Lorentzians (Fig. S4e) and the energy dependent peak

maxima are connected via two fitted lines (Fig. S4d and Fig. 2d,h, main text) that cross at

ED−EF = 20±7 meV. The binding energy range of the fit was determined by the possibility

to fit separate Lorentzians, see Fig. S4d,e. Since we do not observe any surface band bending

by residual gas adsorption (prominent for the n-doped systems such as Bi2Se3 and Bi2Te3),

the Dirac point can be regarded as a rather good measure of the chemical potential.

Figure S5 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 S5 is the

input for Fig. 2b, main text, with linear interpolation between the 9 photon energies. Table

II shows the momentum values in kinetic energy.
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Figure S4. Spin-resolved ARPES data and fit of Dirac cone. All three spin polarization

components are shown for k‖,x ' ±0.15 Å−1 (indicated in Fig. 2h, main text). Left hand side of

each subfigure shows the ARPES data for the two opposite spin channels at k‖,x ' +0.15 Å−1,

while the right hand side shows the resulting spin polarization Pi for both k‖,x ' ±0.15 Å−1. (a)

In-plane spin components perpendicular to k‖,x (same as Fig. 2g, main text). (b) In-plane spin

components parallel/antiparallel to k‖,x. (c) Out-of-plane spin components. The symbols for spin

direction and orientation are relative to panel (d). (d) The Dirac energy ED 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).

hν = 25 eV.
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Figure S5. Photon-energy-dependent ARPES data. Energy-momentum dispersions for pho-

ton energies from 19 to 68 eV showing a 2D Dirac cone and the dispersion of 3D bulk states with

photon energy. The periodicity in the bulk dispersion demonstrates that the bulk Brillouin zone

is probed completely.
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 h (eV)    kz(Å-1)    
 

 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. 2a,b, main text. Distance from Γ to Z corresponds to 0.1327 Å−1. An inner

potential of 11.8 eV was used.

S9: SCANNING TUNNELING MICROSCOPY AND SPECTROSCOPY

A: Measurement Details

STM measurements were conducted in a home built UHV-STM operating down to

T = 4.3 K. 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 I 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 VStab = −0.1 V and current IStab = 0.1 nA, 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 = 1219 Hz and amplitude

Vmod = 1.4 mV while ramping V . The spectra were normalized to account for remain-

ing vibrational noise during stabilization by equilibrating the integral between VStab and

V = 0 mV. We crosschecked that dI/dV curves barely depend on the chosen Istab and,

hence, on the tip-surface distance (Fig. S6).

For measurements above the base temperature of 4.3 K, the STM body was exposed
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Figure S6. STS curves recorded at different set points. dI/dV (V ) curves recorded at the

same position after stabilizing the tip at Vstab = −100 mV and various Istab as marked, T = 4.3 K.

to thermal radiation via opening of a radiation shield until a maximum T ' 60 K 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 dI/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 × 3 curves covering an area of (1.2 nm)2. Sub-

sequently, an averaging of dI/dV (V ) across ±2 mV 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. 3a #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 ∆ 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 ∆ turned out to barely depend on details

of the chosen noise threshold.

Figure S7a and b display two additional ∆(x, 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 ∆ as shown in Fig. 3b, main text. Sometimes, ∆ could not be determined

from the dI/dV (V ) curves as, e.g., in the bright area marked by a black circle in Fig. S7a.

There, the spectra stayed below the threshold on the positive V > 0 mV 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. 3b,

main text. The correlation length ξ of ∆(x, y) is calculated as FWHM of the correlation

function resulting in ξ ' 2 nm as given in the main text.

The central energy within the gap, E0, is deduced as the arithmetic mean of all voltages

where the dI/dV signal remains below the threshold. Figure S7c–f displays maps E0(x, y)

for the three studied areas as well as a resulting E0 histogram. Favorably, the average of

E0 is rather precisely at EF showing only small spatial fluctuations in the meV range. The

small discrepancy of the average E0 ' EF found by STS to the Dirac point determined by

ARPES (20 meV above EF) might be due to the different recording temperatures (4.3 K vs.

300 K) or to sample to sample variations.

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

Figure S8 displays dI/dV (V ) spectra recorded at various temperatures as used for the

band gap evaluation displayed in Fig. 3d, main text. An obvious band gap with a voltage

region of dI/dV ' 0 nS is only found up to about 30 K. At larger T , the curves partly stay

close to dI/dV = 0 nS around EF, but partly strongly deviate from dI/dV = 0 nS. This

varying behaviour requires a more detailed analysis to determine ∆, since a small deviation

from dI/dV = 0 nS 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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Figure S7. Maps of gap size ∆ and gap center E0 at 4.3 K. (a,b) Spatial maps of the gap size

∆(x, y) as obtained from dI/dV (V ) curves recorded at T = 4.3 K. Two additional surface areas

named area 1 and area 2 are shown, while area 3 is displayed in Fig. 3b, 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 E0(x, y) with respect to the Fermi level EF for the 3 different

areas. (f) Histogram of E0 for all three maps with marked mean and standard deviation σ.
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Figure S8. STS spectra recorded at different temperatures. Selected dI/dV (V) curves

ordered with increasing T 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. S9a. A dI/dV (V )

spectrum exhibiting a gap size ∆ = 17 meV 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/ cosh2(eV/2kBT ) [4] (other colored lines in Fig. S9a). 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 ∆ = 0 meV for all T ≥

31 K, albeit the LDOS of the sample still exhibits ∆ = 17 meV.

In order to deduce the correct ∆ 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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Figure S9. Gap size determination at elevated T . (a) dI/dV (V ) spectrum with gap ∆ =

17 meV recorded at 4.3 K (blue) and the same spectrum after convolution with the derivative of the

Fermi-Dirac distribution function for T = 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 17 meV. (b) Relation between the measured gap size ∆ of dI/dV (V ) curves

recorded at 4.3 K and the ratio R = [dI/dV (V = 0 mV)]/[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 40 K. Different circle colors: different areas (Fig. S7). Colored lines: median (violet)

surrounded by the standard deviation ±σ (green, blue). (c,d) Same as Fig. 3d, main text, but

using a different reference voltage Vref to determine R. (c) Vref = 40 mV, (d) Vref = 60 mV.
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anticorrelated with the gap size ∆. This is demonstrated in Fig. S9b for T = 40 K. 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 40 K (as in Fig. S9a, yellow curve) before R is determined.

Subsequently, each R is related to its corresponding ∆ (same dI/dV (V ) curve) as deduced

via the method described in subsection S9 B. The anticorrelation of R and ∆ appears in

Fig. S9b and is similarly found for all T = 25 − 50 K (not shown). We used the resulting

median of the simulated R values (violet line in Fig. S9b) to deduce ∆ from a measured R

for each dI/dV (V ) curve recorded at elevated T . The required simulated R(T ) curves for

constant ∆ are displayed as full lines in Fig. 3d, main text, for the sake of comparison with

the R values of the measured dI/dV curves. The error of R(∆) at given T is taken as the

2σ width of the simulated R(∆), marked by colored lines in Fig. S9b. For gap sizes below

10 meV, one observes an error of 2–4 meV only. Overall, the R(∆) relation reaches a relative

accuracy for ∆ determination of ±30 %, as long as ∆ remains below 20 meV. This error is

displayed exemplarily on the very right of Fig. 3d, 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 3 mV). The

measurement errors are displayed as error bars at the data points in Fig. 3d, main text

(circles). Interestingly, these measurement errors increase significantly around T ' 45 K,

i.e., close to TC, where they get as large as 10 meV. Since the spatial drift during recording

of the 25 data sets is below 1 nm, as deduced by comparing the long term development of

dI/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 TC during recording

of the 25 data sets. Thus, the increased error bars around TC corroborate the relation of the

band gap evolution to the magnetic properties additionally.

Error bars of the spatially averaged data points in Fig. 3d, main text, indicate the width

of the R histograms obtained at the corresponding T .

The reference voltage Vref = −50 mV used to determine R is chosen such that it is not

influenced by temperature (|eVref | � 5kBT ) or gap size (|eVref | � max(∆)/2) and not

influenced by spectroscopic features that might spatially vary due to disorder. We cross-

checked that the exact value of Vref barely influences the deduced ∆. This is demonstrated
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in Fig. S9c–d displaying the same data set as Fig. 3d, main text, but using two different

Vref .

S10: ELECTRIC TRANSPORT MEASUREMENTS

Transport invstigations were performed in the van der Pauw geometry with applied mag-

netic fields ranging from -3 T to +3 T oriented parallel to the rhombohedral axis of the

epilayers. A mini cryogen-free system was employed for the magnetotransport measure-

ments at temperatures between 2 K and 300 K. The results are shown in Fig. S10, where

the Hall and anomalous Hall effect as well as the magnetoresistance are shown as a function

of applied field and temperature. Evidently, the anomalous Hall effect appears at temper-

atures below about 50 K where a pronounced hysteresis appears in the transport data at

fields less than about 1 T. This perfectly agrees with the onset of ferromagnetism detected

by SQUID and XMCD at temperatures of 45 – 50K. The carrier concentration in the films

was determined from the Hall resistance above 1 T, i.e., well above the coercive field. The

deduced hole concentrations of the MnSb2Te4 samples range from 1 to 3 · 1020cm−3, similar

to values reported in the literature [5, 6].

S11: 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. 4f–k, main

text, Fig. S11, Fig. S12a,b) used a Green function method within the multiple scattering

theory [7, 8]. To describe both localization and interaction of the Mn 3d orbitals appropri-

ately, Coulomb U values of 3–5 eV were employed within a GGA+U approach [9]. During

these calculations, we confirmed that different topological phases of MnSb2Te4 arise, if one

uses either GGA+U or LDA+U , indicating that LDA+U is not sufficient. To account for

antiferromagnetic configurations of MnSb2Te4, a double unit cell consisting of two septuple

layers was used such as for Fig. 4k, main text, and Fig. S11a 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 TN and
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Figure S10. Electrical transport of ferromangetic MnSb2Te4 films. (a) Hall resistance,

(b) anomalous Hall resistance and (d) magnetoresistance as a function of applied magnetic field

recorded at various temperatures between 2 and 100 K, as indicated. Also shown in (c) is the sheet

resistance as a function of temperature. All measurements clearly indicate ferromagnetic behavior

with a TC close to 50 K, in agreement with SQUID and XMCD measurements.

TC, exchange constants Jij were obtained by mapping the DFT calculations onto a classical

Heisenberg model [10].

Different types of disorder were treated within a coherent potential approximation (CPA)

[11, 12]. 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)
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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. S12c–f were performed with the full-potential linearized aug-

mented plane-wave method as implemented in the FLEUR code. Also here, GGA [13] with

a Hubbard 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 [14]. Thin film calculations

were also performed with the FLEUR code (Fig. 4c, main text, and Fig. S13b–e). These

calculations 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. Instead, the surface band structure for the antiferromagnetic ground state in Fig. 4d–

e, main text, for the ferromagnetic ground state in Fig. 4b, main text, and for the mixed

state in Fig. S13a was calculated by the projector augmented-wave method [15] using the

VASP code [16, 17]. The exchange-correlation energy was treated using the GGA [13]. The

Hamiltonian contained scalar relativistic corrections and the spin-orbit coupling was taken

into account by the second variation method [18]. In order to describe the van der Waals

interactions, we made use of the DFT-D3 [19, 20] approach. The Mn 3d states were treated

employing the GGA+U approximation [9] within the Dudarev scheme [21]. The Ueff = U−J

value for the Mn 3d states was chosen to 5.34 eV as in previous works [22–25].

For all three methods, the crystal structure of ideal MnSb2Te4 was fully optimized to

obtain the equilibrium lattice parameters, namely cell volume, c/a ratio as well as atomic

positions. Using this structure yields the antiferromagnetic topological insulator state for

MnSb2Te4 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. S2) 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: Ai
k(E) = Aanion

k (E) − Acation
k (E). The resulting Ai

k(E) are displayed as color
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MnSb2Te4          MnSb2Te4 with lattice 

             0% disorder        5% disorder 5% extra Mn        constants of MnBi2Te4 

    TN=18 K  TC=25 K  TC=44 K   TN=20 K 

direction r (Å) J (meV)  J (meV)  J (meV)  r (Å) J (meV) 

||  4.23 0.519  0.458  0.674  4.34 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 

  16.8 -0.02  0.002  0.04  16.4 -0.035 

  

 
Table III. Magnetic structure, critical temperature, and Mn exchange integrals of

MnSb2Te4 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 ‖ (⊥)

for intralayer (interlayer) Mn pairs. The model with 0% disorder refers to ideal MnSb2Te4 with all

Mn atoms in the central plane of the septuple layers at the experimental lattice constants a = 4.23

Å, c = 40.98 Å (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 MnSb2Te4 with 0% disorder, but laterally expanded to the lattice constants of MnBi2Te4,

i.e., a = 4.34 Å, c = 40.89 Å.

code in Fig. 4f–k, main text, Fig. S11, and Fig. S12a,b with red color for Ai
k(E) > 0 and

blue color for Ai
k(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 III summarizes the magnetic properties for four different crystallographic config-

urations as obtained by bulk-type DFT calculations. The ideal MnSb2Te4 septuple layer

configuration is antiferromagnetic with low TN = 18 K (third row). To probe the role of

the lattice constant for the magnetic properties, we slightly expanded the lattice within the
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planes towards the lattice constant of MnBi2Te4 (last row). This led to a reduced nearest

neighbor exchange constant J , but barely to a change in TN. Introducing 5 % Mn-Sb site

exchange, in line with the XRD and STM data, turned the interlayer coupling ferromagnetic,

but still with a TC= 25 K only, i.e., significantly lower than the experimental value (fourth

row). However, adding 2.5 % Mn to each Sb layer in the septuple without removing Mn

from the central layer of the septuple, i.e., incorporation of 5 % excess Mn, yields TC= 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 high ferromagnetic Curie temperature via Mn substitution in the Sb layers.

C: Topological Properties for Different Disorder Configurations

Figure S11 shows bulk band structure calculations for antiferromagnetic MnSb2Te4

with ideal stoichiometric order (a,c), ideal, ferromagnetic MnSb2Te4 (e) and ferromagnetic

MnSb2Te4 with increasing Mn-Sb site exchange (b,d,f). Antiferromagnetic MnSb2Te4 is a

topological insulator with inverted band gap at Γ, if spin-orbit coupling is considered (c).

This is contrary to previous calculations that have suggested antiferromagnetic MnSb2Te4

to be trivial [26–29]. We assume that the topological insulator state of antiferromagnetic

MnSb2Te4 was missed because structural optimization was either not performed in favor of

experimental lattice constants [27, 29] or performed without van der Waals forces [26, 28]

which both gave by ∼ 3% larger c parameters than in the structurally optimized equilib-

rium lattice. Ferromagnetic MnSb2Te4 instead, is a Weyl semimetal without band gap that

remains a Weyl semimetal for moderate Mn-Sb site exchange (Fig. S11b,d), but becomes

topologically trivial at large site exchange (Fig. S11f). Hence, site exchange alone does not

reveal the experimentally observed ferromagnetic topological insulator in contrast to the

magnetic disorder as presented in Fig. 4g–j, main text.

Figure S12 corroborates the gap opening by magnetic disorder. Figure S12b 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. 4j, main text. An inverted band gap of about

100 meV is found at Γ. Note that the purely ferromagnetic phase in Fig. S12a is calculated

for a unit cell of a single septuple layer only and, hence, differs from Fig. S11e employing a

unit cell with two septuple layers, due to backfolding.
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a   antiferromagnetic (nonrelativistic calculation)    b   ferromagnetic, 5% Mn and Sb exchanged 

 

c   antiferromagnetic                                  d    ferromagnetic, 5% Mn and Sb exchanged 

 

e    ferromagnetic                                    f    ferromagnetic, 20% Mn and Sb exchanged 

 

 

Figure S11. 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 MnSb2Te4 in a nonrelativistic (more

precisely scalar relativistic) calculation. No band inversion occurs. (c) Antiferromagnetic, ideal

MnSb2Te4 in a fully relativistic calculation yielding a band inversion. Only one inversion appears

in the Brillouin zone (at Γ) evidencing a Z2 topological insulator. (Also shown as Fig. 4k, main

text, for the ferromagnetic unit cell.). (e) Same as (c) but for ferromagnetically ordered, ideal

MnSb2Te4 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 MnSb2Te4 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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a                        ferromagnetic                 

 
b                  disordered local moment         

                          
                                      

        c   ferromagnetic     d    ferrimagnetic      e    ferrimagnetic             f 

 

Figure S12. Inverted band gap by magnetic disorder (DFT). (a) Bulk band structure of

ideal, ferromagnetic MnSb2Te4 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 Γ. (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 α as marked.

(f) Vector model of the collinearly canted two septuple layers.
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The Weyl point observed for the ferromagnetic MnSb2Te4 can also be opened by rotating

the spins of adjacent Mn layers, while keeping a collinear spin order within each layer

(Fig. S12c–f). Thus, magnetic disorder renders a dominantly ferromagnetic MnSb2Te4 a

topological insulator as already discussed for Fig. 4g–j, main text.

Figure S13 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 combi-

nation of ferromagnetic interior layers surrounded by a few antiferromagnetic layers on top

and bottom (Fig. S13a). 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. S13d). Indeed, the spin-polarized states

at the gap edge penetrate about 3 septuple layers into the bulk of the thin film (Fig. S13b).

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. 2j,

main text). The latter amounts to ∼ 25 % at 30 K in line with the reduced magnetization

at this elevated T (Fig. 1d,f, main text). Note that the band structure in Fig. S13d also

features an exchange splitting of bulk bands as visible by the different colors around −0.2 eV.

The pure antiferromagnetic configuration (Fig. S13e) shows a small band gap of the

topological surface state as well, while the pure ferromagnetic order leads to a gapped Weyl

cone (Fig. S13c), likely being an artifact of the finite slab size of 7 septuple layers only.

D: Influence of Charge Doping on the Magnetic Interactions

Finally, the influence of charge doping on the magnetic properties of MnSb2Te4 was stud-

ied. For undoped, ideally stacked MnSb2Te4, 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
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Figure S13. 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. 4d,e, main text.
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charge doping. For n-type doping by 0.2% Te vacancies, EF shifts by 0.29 eV increasing TC

by 0.9 K only. For p-type doping by 0.2% Sb vacancies, EF shifts by −0.08 eV increasing

TC by 1.6 K. This indicates that the RKKY interaction is negligible in MnSb2Te4.
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