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SI Note 1: Defects and doping

It is a general trend that the ARPES spectrum becomes less electron-doped with an increasing
thickness of BT in MnBixTesn+1.12 Meanwhile, the doping change from the 1-BT termination to
the 2-BT termination is much more dramatic in FM MnBisTe1o. While a clear mechanism is yet to
be elucidated, we speculate that it is rooted in the particular defect configuration in FM MnBigTe1o.
There are at least three kinds of defects that can lead to hole doping in Bi;Tes-derived materials:
Bi-Te antisites,* Mn?*-Bi’** antisites, and Bi vacancies. Microscopically, the higher Mn vacancies
in FM MnBigTe1o would allow more Bi atoms to migrate from the BT layers to the MBT layer
during the crystal growth. This would lead to a higher concentration of Mn?*-Bi*" antisites and Bi
vacancies on the BT side of the MBT/BT interface. The 2-BT termination is formed by the
cleavage at the MBT/BT interface, and is hence more hole-doped as compared to the counterpart
in AFM MnBigTe1o. The 1-BT termination is less influenced, as the exposed surface is further
away from the MBT/BT interface. Our STEM-EDX measurements (SI Table 1) confirm both the
higher Mn vacancies and higher Bi vacancies in FM MnBisTe10, which provides indirect support
of this Bi-migration induced hole doping. The overall concentration of Mn?*-Bi** antisites is lower
in FM MnBisTei0, but we suspect that the Bi vacancies on the 2-BT termination of FM MnBisTe1o

may play a more dominant role due to the more drastic change of cation valence.

To fully understand the defect-induced doping effect, one needs to perform atomically-resolved

scanning tunneling microscopy, which is beyond the current scope of our work.
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SI Figure 1. Circular dichroism in the ARPES spectra of ferromagnetic MnBisTe1o. (a) Schematic
drawing of the MnBi,Tes (MBT) termination. (b, c) Energy-momentum spectra along I' — M
measured with (b) the left circular polarization (LCP) and (c) the right circular polarization (RCP).
(d) Circular dichroism map. We adopt a 2D color scale where the red-blue contrast represents the
LCP-RCP spectral difference normalized by their sum, and the overall saturation represents the
spectral intensity. The intensity scale is adjusted for the lower branch of the Dirac cone to account
for the much weaker spectral intensity. The counterpart results for the 1-BixTes (1-BT) termination

are plotted in (e-h). The counterpart results for the 2-BixTe; (2-BT) termination are plotted in (i-1).



SI Note 2: A Side-by-side comparison of FM and AFM MnBisTe1o using the temperature
evolutions of the TSS's on the MBT termination.

To quantify the magnetically induced gap in FM MnBisTe1o, we extract the TSS dispersion by
fitting momentum distribution curves (MDCs) using Lorentzian peaks (red dots in SI Figure 2a),
and subsequently fit the band dispersion to a standard model incorporating potential band gaps and
band curvatures.’ The gap size is extracted as a function of temperature (SI Figure 2¢), which is in
turn fitted to a power law function®: A = (1 — T/T,)?F, resulting in Ty = 12.7 + 1.4 K and g =
0.11 % 0.09. The coincidence between the gap closing temperature 7o and the magnetic 7. directly
demonstrates that the gap opening originates from ferromagnetism. Meanwhile, inspection of the
2D curvature plots (SI Figure 2b) suggests that a finite gap above T, may not be excluded,
potentially due to extrinsic reasons such as local impurities. For AFM MnBisTe1o, a gapless TSS
persists to above the AFM transition temperature, as demonstrated by both the energy-momentum

spectra (SI Figure 2d, ¢) and the EDCs (SI Figure 2f).
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SI Figure 2. Temperature evolution of topological surface states on the MBT termination of
MnBigTeio. (a) Zoomed-in ARPES spectra for FM MnBigTe1o taken at 7 K (left) and 20 K (right).
The overlaid red dots are extracted by fitting momentum distribution curves. The blue dashed lines
represent extracted band dispersions.> (b) 2D curvature maps of the spectra in (a).° (c) Extracted
gap magnitude as a function of temperature, which is fitted to A = (1 — T /T,)?F. (d) Zoomed-in
ARPES spectra for AFM MnBigTeio taken at 7 K (left) and 20 K (right). (¢) 2D curvature maps of
the spectra in (d). (f) Temperature evolution of energy distribution curves at I'. The black dashed

line marks the Dirac point energy.
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SI Figure 3. Electronic structure of antiferromagnetic MnBisTe1o. (a) Schematic drawing of the

MnBi>Tes (MBT) termination. (b) Fermi surface map of the MBT termination. (c, d) Energy-

momentum spectra along the I' — K direction at (c¢) 7 K, and (d) 40 K. A pair of parabolic Rashba
bands (RB) are observed on the MBT termination. Fitting the band dispersions to the standard
Rashba model E (k)T = h2k?/2m* + ay|k| yields a substantial Rashba coupling constant az~3
eV.A, which is comparable to some of the largest Rashba coupling constants such as az~3.85
eV.A in BiTel.” The hybridization between the RB and the TSS on the MBT termination is critical
to the interpretation of various band structures.® Moreover, a slight band tilting is noticed in panel
(c) and (d), which can be attributed to the stray field effect due to surface roughness. (e)
Comparison of energy distribution curves at the T point. The black dashed line marks the Dirac
point energy. The counterpart results for the 1-BixTes (1-BT) termination are plotted in (f-j). The
counterpart results for the 2-BT termination are plotted in (k-0). One notable feature of the 1-BT
ARPES data is that the original topological surface state is hybridized with a valence band, which
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yields a hybridization gap. According to previous studies on MnBisTe7,’ this valence band
originates mainly from the underlying MBT layer. This hybridization can only happen when MBT
is the immediate underlying layer, which explains why this is not observed in the 2-BT ARPES

data.
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SI Figure 4. Circular dichroism in the ARPES spectra of antiferromagnetic MnBigTeio. Circular
dichroism maps are obtained for (a) MnBixTes (MBT), (b) 1-BiTes (1-BT), and (c) 2-Bi;Tes
terminations, following the protocol detailed in SI Figure 1. The intensity scale is adjusted for the
lower branch of the Dirac cone on the MBT termination, as well as for two spectral regions below

-0.3 eV on the 1-BT termination.
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SI Figure 5. Selected area electron diffraction (SAED) patterns showing the single 1-6-10 phase

for (a) AFM and (b) FM samples.
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SI Figure 6. High-field magnetization measurements at 2 K. (a) Isothermal magnetization data
measured up to 7 T with a magnetic field of 100 Oe applied along the c-axis for FM MnBisTeio.
(b) Same for AFM MnBigTeio. The insets of (a) and (b) are zoomed-in views at low magnetic

fields.

SI Table 1. Estimates of the chemical concentrations of MnBisTe1o based on the scanning
transmission electron microscopy — energy dispersive x-ray (STEM-EDX) analysis. Here
norm. at. % stands for normalized atomic molar percentage. Note that the large error bar

here is due to the poor signal-to-noise ratio in EDX measurements.

FM-MnBisTe1o AFM-MnBisTe1o
Element | series norm.at. % | Error in at. % | series norm.at. % | Error in at. %
Bi L-series | 28.69 8.66 L-series | 32.31 9.75
Mn K-series | 4.00 0.57 K-series | 5.26 0.70
Te K-series | 67.31 6.37 K-series | 62.43 6.13
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SI Note 3: Magnetic interactions.
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SI Figure 7. Magnetic interactions across two Mn sheets and one Mn migration layer. Sgl), ng),

and Sl@) represent the magnetic moments from the two Mn sheets (1, 2) and from the migration
layer (3). We assume the intralayer coupling (—J,, —J;) to be negative, favoring ferromagnetism.

We assume the interlayer coupling (J;;, Jp) to be positive, favoring antiferromagnetism.

We consider the interactions between the magnetic moments in the two original Mn sheets (S §1)’

) . . L 3) . .
§,7"), and in a hypothesized migration layer §;”". Here the subscripts and superscripts stand for
the site indices and sheet indices, respectively. The most general Hamiltonian can be written as

follows.
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The intralayer interactions (—Jo,j, —/Jo;;) are generally assumed to be negative, which favors
intralayer ferromagnetism. The interlayer interactions (Jy,;j, Jp,j) are assumed to be positive,

which favors interlayer antiferromagnetism. These assumptions have been verified by experiments

on MnBixTesn+1 superlattices.!®!! Considering the strong c-axis magnetic ordering, we simplify
the magnetic moments to be Ising-like spins: Si(a) = +1. It is straightforward to evaluate the total

energies for the ferromagnetic (FM) and antiferromagnetic (AFM) alignments between the two

original Mn sheets.

e FM alignment: Si(l) = Si(z) =1, Sl.(3) = —1. We obtain the following expression for the

total energy.

1),(1) (2).(2) 1),(2) ()6)
EFM:_ZH fo,ij_z” ]O,ij+z” ]IL,ij_z” ]0,ij
i.j i.j i.j i.j
1),(3) 2).(3)
—z. by — z Iy
i.j i.j

LetH, = Zgj.)’(l) Joij = ij),(z) Jo,ij mark the intralayer coupling energy for the two original

(82)

Mn sheets. Let H) = Zf’j)’@ Jo,;j mark the intralayer coupling energy for the migrated Mn ions.

Furthermore, we use H;, = Z(l) (2)],L ij and Hp = Z(l) (3)] D.ij Z(Z) (3)10 ij to represent the

interlayer and the defect-induced coupling energies, respectively. Eqn. (S2) can be written as:

12



EFM = _2H0+HIL_H(’)_2HD (83)

e AFM alignment: Sl.(l) =1, Si(z) = Si(g) = —1. We obtain the following expression.

Espm = —2Hy — Hyp, — H(') (54)

Notably, the defect-induced coupling energies cancel each other due to the AFM alignment of

the two Mn sheets. Combining Eqn. (S3) and (S4) yields Eqn. (1) in the main text.
Epy — Eqpm = 2H;, — 2Hp (S5)

In this simplified three-layer Ising-spin picture, the magnetic ground state is determined by the
competition between the interlayer coupling energy H;; and the defect-induced coupling energy
Hp. Most importantly, when H;; > Hp the AFM alignment of the two original Mn sheets is the
favorable configuration; when H;; < Hp the FM alignment is favorable. Applying this model to
the superlattice series MnBixnTesn+1, the interlayer coupling J;, ;; is expected to be progressively
weaker for increasing superlattice order n, which is fully consistent with experimental
observations.'*!! A finite defect-induced ferromagnetic coupling Jp, ;;, as well as other non-Ising-

like interactions, can lead to a favorable FM configuration for higher-order superlattices (n = 4).!?

Eqn. (S5) is also applicable when the defect-induced coupling J;, becomes FM. In this case, we
can simply replace J, with —J,. In the FM alignment, Sl.(l) = Si(z) = Sl.(3) = 1; in the AFM
alignment, Si(l) = 1,Sl.(2) = Sl.(3) = —1. Eqn. (S3)~(S5) will be unchanged. Therefore, our
understanding of defect-induced delicate ferromagnetism is valid regardless of the sign of /. In

fact, this will resolve the apparent discrepancy between our theoretical picture and the one in Ref.!?.

13



SI Note 4: Determining the Mn density ratio between different layers

Notably, H;; involves two magnetic ions from the original Mn sheets, and is hence proportional
to nZ, where n, represents the density of the Mn ions in the original Mn sheets. Hj, involves one
Mn ion in the original Mn sheets and one migrated Mn ion, and is hence proportional to n,n,,,
where n,, represents the density of migrated Mn ions. If we assume that the migrated Mn ions are
spread evenly among all Bi sites, the chemical formula will be Mni.y.¢x(BiixMnx)sTe1o. Here we
adopt the convention in Ref.!¥, where x stands for the proportion of migrated Mn ions and y stands
for the proportion of Mn vacancies. By measuring the saturated magnetic moments at low field

(M,) and high field (M), one may derive the values of x and y.
M; =my(1—y— 6x — 6x) (S6)
M; =my(1—-y) (87)

Here m, is the saturated moment for one Mn ion (4.6~4.8 ug). It is straightforward to derive

the ratio of n,, /n,.
/Mo = 6x/(1 —y — 6x) = (My — My) /(M + M;) (S8)

It is important to note that the expression of (M, — M;)/(M, + M;) can be generalized to all
Mni.y2nx(Bi1xMnx)2nTesn+1 materials, allowing us to directly evaluate the balance between
migrated Mn ions and those in the original Mn sheets. In our work, we find that in FM MnBigTe1o
this ratio is close to 0.2 (M; = 1.58 ug/f.u., M, = 2.36 ug/f.u.), yet in AFM MnBisTeio this
ratio is 0.13 (M; = 3.67 ug/f.u., M, = 4.8 ug/f.u.). Moreover, the value of M, measured at

7T is most likely an underestimate for FM MnBisTeio. The realistic value of M, for FM
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MnBisTeio can be even higher, leading to a higher n,,/n, ratio. The value of M, for AFM

MnBisTeo is already at the maximum (4.8 ug /f.u.).

We would like to comment on the comparison between magnetization measurements and
STEM-EDX measurements regarding the Mn vacancy density (y). STEM-EDX (SI Table 1)
measurements yield that there are 24% fewer Mn atoms in FM MnBigTe1o, as compared to AFM
MnBigTe10. Assuming Mn vacancies are negligible in AFM MnBisTeio, as the value of M, already
reaches the maximum 4.8 ug/f. u. at high fields, the STEM-EDX results will lead to y = 0.24
for FM MnBisTeo. In the meantime, using Eqn. (S7) we would obtain y = 0.51 for FM
MnBigTe10. While STEM-EDX analysis is usually subject to large uncertainties, this discrepancy
is beyond what uncertainties can explain. We attribute this discrepancy to the fact that M, at 7 T
for FM MnBisTe1o is not quite saturated yet. The fully saturated M, for FM MnBisTe1o will be
higher, leading to a higher n,, /n, ratio which still supports our conclusion in the main text, and a

lower y which will reconcile with the STEM-EDX results.
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