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Supplementary Note 1

Theoretical models

The coupled Dirac cone model considers only the Dirac cone surface states on the top and bottom
surfaces of each septuple layer and hoppings between these Dirac cones *. For each Dirac cone,
there is an exchange splitting contributed by the magnetic moments of Mn atoms. With these

ingredients, the Hamiltonian reads as Supplementary Equation 1:
H =Y ii[(Dhvp (2 x0) -k, + m;a,)8; +A;(1— 5ij)]CLiCklj,

where i and j label the Dirac cone, # is the reduced Planck constant, v, is the velocity of the Dirac
cones, and o is the vector of Pauli matrices. m; = ),, M,J, is the exchange splitting of the ith
Dirac cone with M, = +1 the direction of magnetic moments from the Mn atoms of the a layer.
The hopping between the ith and jth Dirac cones is denoted by A;;. Here we only retain the most
dominant parameters, i.e., the hopping between two Dirac cones within the same layer Ag and
between two adjacent layers A, the exchange splittings only consider the contributions from the
magnetic moments of Mn atoms in the same layer J¢ and from adjacent layers /. These parameters
in the model can be estimated by comparing the band energies at I" and Z points from the couple

Dirac cone model and DFT calculations.

DFT calculations were performed using Vienna Ab initio Simulation Package (VASP) 2 in
which generalized gradient approximations (GGA) of Perdew-Burke-Ernzerhof (PBE) ® have been
adopted for exchange-correlation potential. On-site correlation on the Mn-3d states is treated by
performing a simplified (rotationally invariant) approach to the LSDA+U calculations * with U —

J equals 5.34 eV. Here U and J represent the strength of the effective on-site Coulomb and



exchange interactions. Supercells that correspond to 2 x 2 x 1 of the original primitive cells of
MnBi>Tes were used to simulate the Sb doping in the bulk material with ferromagnetic spin
configuration. The global break condition E;ff, i.e. the relaxation of the electronic degrees of
freedom will be stopped if the total (free) energy change and the band structure energy change
(‘change of eigenvalues'’) between two steps are both smaller than E,;f, for the electronic self-
consistency loop is set to be 10° eV, and a 9 x 9 x 3 I'-centered k-point integration grid was

employed.

In the presence of a perpendicular external magnetic field B = BZ and choose the Landau gauge

A = (0,—Bx,0), the quantized Dirac Hamiltonian becomes as Supplementary Equation 2:

1
Hp = Eha)c(a“LaJr + 07 a)

where 6% = 0, + 0y, a = 1/V2(% + 0%), at = 1/V2(% — 0%) and w, = hv,/V2lp. Here Iy =
\Jhc/eB is the magnetic length, ¥ = Igk — x/lg and 0% = lz0,. The general wavefunction in

Landau level representation is then expressed as Supplementary Equation 3:
In,ic) = Z (Cajtlnj D)+ Coja In— 1,5 )
)

with 1,j represents the surface indexes, 6 =1/| labels the spin, and n = 0, 1,... is the Landau level
index. Cnjt is the coefficient of the n™ basis Landau level function. For n = 0 Landau levels, the
wavefunctions are spin-polarized, and the Hamiltonian in n = 0 Landau level subspace is reduced

to a generalized Su—Schrieffer—Heeger (SSH) model which is independent of the magnetic field.
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Supplementary Figure 1. Wavefunction distribution of selected Landau band indices, i,
calculated from Supplementary Equation 3 for the (a) n = 0 anomalous LLs, and (b) n = 1 non-
anomalous LLs for an 18SL MBST. Here z is the position along the out-of-plane direction and N
is the number of septuple layers. The n = 0 anomalous LLs are spin-polarized, while the solid and
dashed lines in (b) represent the spin up and down components for non-anomalous LLs. The
wavefunctions of the n = 0 anomalous LLs shift gradually from surface to bulk with the increment
of i.
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Supplementary Figure 2. Calculated magnetic gap size as a function of thickness for
ferromagnetic Mn(Bi1xShy)2Tes thin films with 25% Sb doping level at different intralayer
exchange splitting (/). The value of exchange splitting may vary for different samples depending
on the antisite defects, disorder etc. Topological phase transition happens when the gap closes and

the Chern number increases by one every time the gap closes.
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Supplementary Figure 3. Landau level fan diagrams and filling factors of a 14-SL
Mn(Bio.7sSho25)2Tes film. (a) Band energies at 2D wavevector k = 0 at zero magnetic field versus
the same-layer exchange splitting, /5. The bold green (red) curve is for the spin up (down) state
localized at the thin film surfaces, while the orange (blue) curve denotes the spin up (down) states
distributed in the bulk. The Chern numbers of the anomalous LLs for down (up)-spins are indexed
in (2). (c) and (d) Landau level structures for thin film with an aligned moment spin configuration
at Js of (b) 30, (c) 25, and (d) 20 meV, as labeled in (b) with black vertical lines. The n # 0 non-
anomalous Landau levels are plotted with black curves, while the n = 0 anomalous Landau levels
whose energies are independent of magnetic field are plotted with blue and red curves. The red

(blue) curves distinguish the anomalous Landau levels that are localized at the surface (in the bulk).
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Supplementary Figure 4. Landau level fan diagrams and filling factors of a 21-SL
Mn(Bio.7sSho.2s5)2Tes film. (a) Band energies at 2D wavevector k = 0 at zero magnetic field versus
the same-layer exchange splitting, /5. The bold green (red) curve is for the spin up (down) state
localized at the thin film surfaces, while the orange (blue) curve denotes the spin up (down) states
distributed in the bulk. The Chern numbers of the anomalous LLs for down (up)-spins are indexed
in (a). (c) and (d) Landau level structures for the thin film with an aligned moment spin
configuration at /s of (b) 30, (c) 25, and (d) 20 meV, as labeled in (b) with black vertical lines. The
n # 0 non-anomalous Landau levels are plotted with black curves, while the n = 0 anomalous
Landau levels whose energies are independent of magnetic field are plotted with blue and red
curves. The red (blue) curves distinguish the anomalous Landau levels that are localized at the

surface (in the bulk).



Supplementary Note 2

Additional transport data
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Supplementary Figure 5. Temperature-dependent transport for MnBi2Tes. Color maps of Rxx
as functions of temperature and gate voltage for MnBi,Tes at flake thickness of (a) 8-SL, (b) 11-
SL, and (c) 14-SL. White dashed lines trace the shift of charge neutrality point with temperature.
Red arrows point to the cusp at Tn for the paramagnetic to AFM transition. Gate-dependent Rxx
measured at zero magnetic field and temperature of 2K for the (d) 8-SL, (e) 11-SL, and (f) 14-SL
MnBi>Tes.
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Supplementary Figure 6. Resistivity-temperature response. The line profiles of pxx versus
temperature for (a) MnBi2Tes, and (b) Mn(Bio.7aSho26)2Tes at different flake thicknesses. The cusp
at the Ty of ~25K and ~24K for MnBi2Tes and Mn(Bio.7aSho.26)2Tes are indicated by black dashed
lines. The surface-like and bulk-like behaviors can be distinguished from the insulating and
metallic temperature responses as revealed in the 8-SL and 15-SL MnBi2Tes4, respectively.

Whereas for the Mn(Bio.7aSbo.26)2Tes, the surface-like behavior can be observed up to 21-SL.
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Supplementary Figure 7. Magnetotransport for MnBi2Tes. Gate dependent Ryx (black lines)
and Ryx (blue dots) for the (a) 8-SL, (b) 11-SL, and (c) 14-SL MnBi,Tes measured at magnetic
field of 9T and temperature of 2K. The vertical dashed lines indicate the backgate voltages

corresponding to the pC* at zero magnetic field.
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Supplementary Figure 8. Magnetotransport for 10-SL Mn(Bio.sSbo.2)2Tes. Color maps of (a)
Ryx, and (b) Rxx as functions of magnetic field and gate voltage for the 10-SL Mn(Bio.gSho.2)2Tes
measured at a temperature of 2K. The spin-flop and spin-flip fields are indicated by the red and
blue lines, respectively. The C =1 and 3 states are indexed in (a). Plots of (c) Ryx and (d) Rxx versus
backgate voltage at different magnetic fields for the 10-SL Mn(BiogSho.2)2Tes. The C = 1 and 3
states are indexed in Ryx plots in (c). The vertical dashed lines in (c) and (d) indicate the backgate

voltage corresponding to the p*N* at zero magnetic field.
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Supplementary Figure 9. Magnetotransport for 16-SL Mn(Bio.sSbo.2)2Tes. Color maps of (a)
Ryx and (b) Rxx as functions gate voltage and magnetic field for the 16-SL Mn(Bio.gSho.2)2Tes
measured at temperature of 1K. (bottom) The Ryx and Rxx line profiles versus magnetic field
extracted from the color maps at the CNP as indicated by the black arrows. The Rxx and Ryx curves
are symmetrized and antisymmetrized, respectively, with respect to the magnetic field. No C = 1
state was observed at the CNP at this film thickness for Mn(Bio.sSho.2).Tes. The plateaus feature

in Ryx color map and their corresponding minima in Rxx marked by the black arrows in (b).
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Supplementary Figure 10. Chern insulator state forming below Fermi level. Color maps of
pxx as functions of dual-gate voltages measured at magnetic field of (a) OT and (b) 9T for the 21-
SL Mn(Bio.7aSbho.26)2Tes at temperature of 2K. The red and white dashed lines track the charge
neutrality of pxx maximum at OT and the C = 1 state of pxx minimum at 9T, respectively. Plots of
(c) pxx and (d) pyx versus backgate voltage measured at different magnetic fields for the 21-SL
Mn(Bio.7aSho.26)2Tes. The vertical dashed lines in (c) and (d) indicate the backgate voltage

corresponding to the pC* at zero magnetic field.
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Supplementary Figure 11. Magnetotransport for 21-SL Mn(Bio.74Sbo.2s)2Tea. The line profiles
of (@) Rx and (b) Ryx versus magnetic field for the 21-SL Mn(Bio.74Sho.26)2Tes measured at
different backgate voltages. The Ryxx and Ryx line profiles are symmetrized and antisymmetrized,
respectively, with respect to the magnetic field. The slope of Ryx at low magnetic field guided by
the black arrows in (b) is a consequence of the ordinary Hall effect. The positive and negative
slopes correspond to the hole and electron conductions, respectively. The charge neutrality region
at Vg ~ +9V coincides with the Rxx maximum at zero magnetic field. The blue and red arrows in
the panel of Vg = +8V in (a) and (b) point to the spin flop and spin flip magnetic transition fields,

respectively.
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Supplementary Figure 12. Anomalous Landau levels form near the charge neutrality. Color
maps of pxx and pyx as a function of dual-gate voltages for the 18-SL Mn(Bio.74Sb00o.26)2Tes
measured at magnetic field of (a, b) 6T, and (d, e) 9T at temperature of 2K. The black dashed lines
in the color maps trace the CNP in dual-gating as determined from the pgfp at zero magnetic field.
Line profiles of pyx as a function of backgate voltage taken at different topgate voltages at magnetic
field of (c) 6T, and (f) 9T. The developing Chern insulator states of the corresponded pxx minima

and pyx plateaus are indexed in the color maps and line profiles.
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Supplementary Figure 13. Magnetotransport for 18-SL. Mn(Bio.74Sbo.26)2Tes. The line profiles
of (a) Rxx and (b) Ryx versus magnetic field for the 18-SL Mn(Bio.7aSho.26)2Tes measured at
different backgate voltages. The Rxx and Ryx line profiles are symmetrized and antisymmetrized,
respectively, with respect to the magnetic field. The slope of Ryx at low magnetic field guided by
the black arrows in (b) is a consequence of the ordinary Hall effect. The positive and negative
slopes correspond to the hole and electron conductions, respectively. The charge neutrality region
at Vg ~ +2.5V coincides with the Rxx maximum at zero magnetic field. The blue and red arrows
in the panel of Vg = +2.5V in (a) and (b) point to the spin flop and spin flip magnetic transition
fields, respectively.
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Supplementary Figure 14. Flow diagram in (6xx, 6xy) parameter space. Plots of oxx versus oxy
curves for the 18-SL Mn(Bio.7aSho26)2Tes generated from a backgate voltage range of -5V to +7V
at magnetic fields of (a) 6T, and (b) 9T. The oxx minima in the flow diagram corresponding to the
filling factors of the Chern insulator states. The C = 1 and 2 states can be observed at magnetic
field of 6T, while the C = 1 and 3 states develop at 9T. The color scales in 6xx versus oxy CUIVes

correspond to the different top gate voltages controlled near the charge neutrality.
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Supplementary Figure 15. Magnetotransport for 14-SL. Mn(Bio.74Sbo.26)2Tes. Color maps of
(a) Rxx and (b) Ryx as functions gate voltage and magnetic field for the 14-SL Mn(Bio.74Sbo.26)2Teas
measured at temperature of 2K. The Chern insulator state and Landau level filling factors
developing in the ferromagnetic phase are indexed in the color maps. The black dashed lines in (a)
trace the Rxx minima down to zero magnetic field. The white dashed lines in (b) trace the

boundaries of the different filling factors. (c) Plots of Rxx and Ryx versus backgate voltage at

magnetic field of 9T.
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Supplementary Figure 16. Magnetotransport for 14-SL Mn(Bio.74Sbo.26)2Tes. The line profiles
of (@) Rxx and (b) Ryx versus magnetic field for the 14-SL Mn(Bio.74Sbo.2s)2Tes measured at
different backgate voltages. The Rxx and Ryx line profiles are symmetrized and antisymmetrized,
respectively, with respect to the magnetic field. The slope of Ryx at low magnetic field guided by
the black arrows in (b) is a consequence of the ordinary Hall effect. The positive and negative
slopes correspond to the hole and electron conductions, respectively. The charge neutrality region
at Vg ~ +3V coincides with the Rxx maximum at zero magnetic field. The blue and red arrows in
the panel of Vg = +4V in (a) and (b) point to the spin flop and spin flip magnetic transition fields,

respectively.
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Supplementary Figure 17. Comparison between the measured and calculated LLs at
different thicknesses. Color maps of pyx as functions of magnetic field and backgate voltage for
the (a) 14-SL, (b) 18-SL, and (c) 21-SL Mn(Bio.74Sb00.26)2Tes. Red arrows in (a)-(c) point to the
gate voltage corresponding to the p)f}jp at zero magnetic field. Contour maps of the Chern gaps as
a function of magnetic field for different filling factors extracted from the anomalous and non-
anomalous LLs spectra for (d) N = 14-SL, (¢) N = 18-SL, and (f) N = 21-SL Mn(Bi1xShx).Teas
with x = 0.25. The C = 1 state exhibits the largest gap at a strong magnetic field for the different
thicknesses. The calculations identify that the Chern number crossing point lies between 14-SLs
and 18-SLs for our Mn(Bio.74Sb00.26).Tes. Red arrows in (d)-(f) indicate the Chern number

determined from the spin-aligned zero magnetic field limit of the respective layer thickness.
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Supplementary Figure 18. Measurements at high magnetic field for Mn(Bio.sSbo.2)2Tes. Color
maps of Rxx and Ryx as functions gate voltage and magnetic field for the (a, b) 11-SL and (d, e) 10-
SL Mn(Bio.sSho.2)2Tes. The line profiles of oxx and oxy versus gate voltage for the (c) 11-SL and (f)
10-SL Mn(BiogSho2)2Tes measured at magnetic field of 10T and 18T. The LL filling factors are
indexed in the color maps and the line profiles. Similar quantization steps of C =0, 1, and 3 states
can be observed in the 11-SL and 10-SL Mn(Bio.sSho.2)2Tes at 10T. While the additional C = 2
plateau develops at higher magnetic field of >14T for both samples. The phase boundaries traced
by the red dashed lines in (b) and (e) covering the C = 1 and 2 plateaus are consistent with our
theoretical picture of the anomalous LLs C = 2 state at high field as the ordinary LL bands C = 3

and above states move away from Fermi level.
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