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ABSTRACT. We succeeded in fabricating an ideal, bulk insulating ferromagnetic topological crystalline insulator
by doping Mn to SnTe films grown on Bi,Tes. The cancellation of the polarity of SnTe surface and electron doping
due to Bi and Mn leads to an ideal case where only the electron and holes of topological surface Dirac carriers exist
at the Fermi level in different region of the surface Brillouin zone and their competition results in a nonlinear Hall
effect. Ferromagnetism has been confirmed at 3.5 K through the detection of the anomalous Hall effect. These
properties can potentially serve to realize and manipulate the high-Chern number quantum anomalous Hall effect.

The combination of out-of-plane ferromagnetism
and topology results in the realization of the quantum
anomalous Hall effect (QAHE), in which the Hall
resistance is quantized as at zero field, p,, =

h . .
o7 where h is the Planck constant, e is the

elementary charge, and C is the Chern number. It was
first verified in 2013 in Cr-doped BiSbTe [1] and
then in various materials including intrinsic magnetic
topological insulator (TI) MnBi,Tes [2] or twisted
bilayer graphene [3]. Recently, some works have
reported QAHE for |C| > 1, such as C=2 for twisted
monolayer-bilayer graphene [4]. The high-Chern
number QAHE has also been proven by growing
multilayers of C = 1 QAH insulators and normal
insulators. For example, in the Cr, V-codoped
BiSbTe/CdSe multilayers [5] and CrBiSbTe/BiSbTe
multilayers [6], C =4 and C = 5 have been reported,
respectively. However, the need to fabricate complex
structures with high precision is a barrier.
Furthermore, the value of |C|, thus the number of the
chiral edge channels, cannot be manipulated easily
within the same sample and this greatly limits the
practical application of the high-Chern number
QAHE in electronic devices.

An interesting material in this aspect is topological
crystalline insulators (TCI). It was first proposed in
2011 [7] and experimentally verified next year for
SnTe [8]. Multiple Dirac cones exist for various SnTe
surfaces such as the (001), (110), and (111) and it has
been predicted that any Chern number between +4 is
possible when ferromagnetism is induced. It is also
shown that C can be manipulated with electric field
for the same sample [9]. However, although the
effect of inducing magnetism in SnTe has been
investigated [10-13], its relation to the electronic
structure in SnTe has not been thoroughly studied.
Especially, we would like to emphasize that there
have been no reports up to now that have shown both
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bulk insulating and ferromagnetic properties in TCI
SnTe. Furthermore, since SnTe is a polar material,
surface reconstruction and the existence of non-
topological surface states have been reported from
calculation [14-16]. However, such evidence has not
been verified in experiments, and further study is
needed to elucidate this apparent mystery.

Therefore, in the present study, we have doped Mn
into SnTe films grown on Bi,Te; and performed in
situ angle-resolved photoemission spectroscopy
(ARPES) and Hall measurements for the same
samples. The atomic structure was also characterized
with scanning transmission electron microscopy
(STEM). An ideal bulk insulating SnTe is realized
with only the electron and hole Dirac surface states
crossing the Fermi level Er due to the effect of the Bi
and Mn atoms. Consequently, a nonlinear Hall effect
is observed which can be explained as a competition
between the electron and hole carriers at the surface.
A hysteresis loop was also observed at 3.5 K,
showing that the system is ferromagnetic. This shows
that these Mn-doped SnTe films can potentially be
interesting to realize high-Chern number QAHE and
control the edge channel by applying strain or electric
fields.

SnTe films as well as two types of Mn-doped SnTe
samples were prepared: the sample with lower Mn
concentration is termed Mn(2ML)-SnTe, and the
sample with higher Mn concentration is termed
Mn(4ML)-SnTe. The experimental details can be
found in the Supplementary Material [17]. First, we
focus on the atomic structure of the grown samples.
Figure 1(a) shows a large-scale high-Angle Annular
Dark Field (HAADF) STEM image of the SnTe film,
underlying Bi-Tes, the Te capping layer, and the Si
substrate. The inset shows element specific image of
images of Bi, Te and Sn at the SnTe surface
measured with energy-dispersive X-ray spectroscopy



(a) SnTe (b) Mn(2ML)-SnTe  (c)Mn(4ML)-SnTe
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FIG 1. (a) Large-scale HAADF image of the SnTe
film grown on Bi,Tes. The Si(111) substrate and the
Te capping layer is also shown together with the
boundary between the film and the capping layer.
The inset shows the element- resolved magnified
image near the film/capping layer interface. (b)
Element-resolved magnified image near the
film/capping layer interface for the Mn(2ML)-SnTe
sample. (c) Large-scale HAADF image of the
Mn(4ML)-SnTe sample, and the EDS mapping of
Mn.

(EDS). One can notice that the films are terminated
with Te layers but Bi atoms segregate to the SnTe
surface from the Bi,Tes underneath. Figure 1(b)
shows the element specific EDS image of the
Mn(2ML)-SnTe sample surface showing the position
of the Te, Bi, Sn, and Mn atoms. The distribution of
Te, Bi and Sn atoms in Mn(2ML)-SnTe generally
matches that of SnTe. Mn was shown to be
particularly placed at the sample surface similar to
Bi, but it also distributes inside the SnTe film. Figure
1(c) shows the large-scale HAADF STEM image for
Mn(4ML)-SnTe, and like Mn(2ML)-SnTe, it shows
that the distribution trend of Mn in Mn(4ML)-SnTe is
concentrated near the sample surface although it is
also found inside the SnTe film. Thus, we can say
that the grown SnTe films are terminated with Bi and
Mn at the surface, and Mn can also penetrate to the
inner layers. Since SnTe is a polar material, the
presence of electric field at the surface will make the
system unstable and something to neutralize the
charge polarity is needed. We believe that Bi acts as
the main source of this polarity neutralization at the
surface in the present case. As Mn is known to from
MnBi,Tes when it is deposited onto BirTes together
with Te [23], it can naturally be understood that it
will reside near the surface together with Bi. But
since Mn and Te constitute MnTe, which has been
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extensively investigated recently in the context of
altermagnetism [24], it also seems reasonable that
Mn can reside inside SnTe.

Now let us discuss how this structural change will
influence the electronic properties of these SnTe
films. Figure 2(a) shows the Fermi surface and Fig.
2(b) shows the band dispersion along the [-M
direction for the SnTe film (Fig. 2(i) is the surface
Brillouin zone). The Fermi surface consists of a
hexagonal feature around the T point, needle like
features along the I'-M direction, and an oval-shaped
pocket around M. The band dispersion near the
T point in Fig. 2(b) resembles that reported
previously [25, 26] and likely consists of the bulk
valence band together with the lower branch of the
surface Dirac cone. A hole-like dispersion band can
be found near the M point in Fig. 2(b), and this
should constitute the oval pocket and needle like
features along I'-M in the Fermi surface. We believe
that the band structure of SnTe can be schematically
represented as shown in Fig. 2(j), adapted from the
tight-binding calculations of Refs. [27] and [28] for
the Te terminated SnTe slab. This fact shows that
only the bulk bands and topological surface states are
observed whereas the conventional surface states due
to surface reconstruction or dangling bonds are
absent, which have been predicted from first-
principles calculations [14-16]. We think that this is a
natural consequence of the Bi segregation to cancel
the polarity at the surface and provides experimental
evidence that the topological surface states are robust
against surface decoration since their presence is
guaranteed by the difference in topology between the
vacuum (trivial insulator) and a topological insulator.

Figures 2(c) and (f) show the Fermi surface and the
band dispersion along the I'-M direction for the Mn-
doped SnTe(111) samples. In contrast to the
complicated feature of Fig. 2(a) for pure SnTe, the
Fermi surface is very simple composed of two
circular pockets around I' and M. From the band
dispersion in Figs. 2(d) and (g), one can find that the
former is an electron pocket and the latter a hole
pocket. It can also be recognized that the band
dispersion at I' seems to be a Dirac cone with linearly
dispersing band near Er, which is clearly shown in
the band dispersion image deduced by dividing the
raw data with the Fermi-Dirac distribution function
(Figs. 2(e) and (h)). It should be emphasized that the
linear band dispersion of the upper part of the Dirac
cone is clearly observed above Er. Thus, the band
dispersion can most likely be schematically
represented as shown in Fig. 2(k). In a simple picture,
this band dispersion can be understood that electron
doping has occurred compared to the non-Mn-doped
SnTe sample of Figs. 2(b) and (j). Since the origin of
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FIG 2. (a, b) Fermi surface (a) and band dispersion along the I'-M direction (b) of the SnTe(111) film, respectively.
(c, d) Fermi surface (c) and band dispersion along the '-M direction (d) of Mn(2ML)-SnTe, respectively. (e) Band
dispersion along the I'-K direction of Mn(2ML)-SnTe. To enhance the features above Er, the image has been divided
by the Fermi-Dirac (FD) distribution function. (f, g) Fermi surface (f) and band dispersion along the I'-M direction
(g) of Mn(4ML)-SnTe, respectively. (h) Band dispersion divided by the FD function along the I'-K direction of
Mn(4ML)-SnTe. (i) Schematic drawing of the surface Brillouin zone of SnTe(111). (j) Schematic drawing of the
band dispersion of a Te terminated SnTe(111) slab adapted from the tight-binding calculation of Refs. [27] and [28].
(k) Schematic drawing of the band dispersion of the Mn-doped samples in the present research.

hole-doping in SnTe is due to the presence of Sn
deficiencies [29], we speculate that Mn atoms that are
distributed inside the SnTe film fill the Sn defects
and reduce the hole-doping and thus acts as an
effective electron-doping. However, one needs to
understand that the band shift is not proportional to
the amount of Mn doping by comparing Figs. 2(d)
and (g). Another important change is that although
there is an overlap between the surface Dirac cone
and the bulk valence/conduction band at the T point
which makes it impossible to access the surface
electrons in the SnTe case (Fig. 2(j)), in the Mn-
doped samples, the Dirac point as well as the upper
branch of the Dirac cone seems to become isolated
from the bulk bands (Fig. 2(k)). Therefore, although
the reason is not clear, we can say that we have
realized an ideal bulk insulating topological
crystalline insulator with electron and hole pockets
located at different regions of the surface Brillouin
zone for the first time. Similar data has been obtained
for other samples (Fig. S1 [17]).

It is important to see how this change in the
electronic structure is reflected in the transport
properties of the SnTe films. Figure 3(a) shows the
temperature-dependent resistance (R-T) curve for
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pure SnTe below 50 K [30]. It exhibits a metallic
behavior, consistent with the metallicity of the bulk
and surface states shown in Fig. 2(a) and (b). This
behavior is also consistent with other reports on SnTe
films [31,32]. In contrast, in the Mn-doped case, both
Mn 2ML and 4 ML doped SnTe samples exhibit
insulating behavior between 35 K and 50 K, and
becomes nearly constant below 35 K. This behavior
is similar to the bulk insulating conduction reported
for a Z» TI BixTesSe [33] and consistent with the fact
that only the surface-state Dirac cones cross the
Fermi level in the band dispersion (Figs. 2(c) and (f)).
Moreover, a simple thermal activation conduction
model was used to separate the bulk and surface
contributions, confirming that the low-temperature
(below 35 K) transport is dominated by the surface-
state (Fig. S4 [17]).

To gain further insight, we have applied a
magnetic perpendicular to the surface and Figs. 3(d)—
(f) show the magnetic field dependence of the rate of
the change of longitudinal resistance from zero field
(AR«(B)/Rxx(0)) at 3.5 K for the pure SnTe (d),
Mn(2ML)-SnTe (e), and Mn(4ML)-SnTe (f),
respectively. In Fig. 3(d), the large dip appearing near
zero magnetic field is a characteristic of weak anti-
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FIG 3. (a, b, ¢c) Temperature dependence of the measured resistance (R) for the SnTe(111) film (a), Mn(2ML)-SnT
e (b), and Mn(4ML)-SnTe (¢), respectively. (d, e, f) Magnetic-field dependence of rate of the change of Ryx (A
Rx(B) (FRxx(B)- Rxx(0))/ Rxx(0)) at 3.5 K for the SnTe(111) film (d), Mn(2ML)-SnTe (e), and Mn(4ML)-SnTe (f),
respectively. (g, h, i) Magnetic-field dependence of the Hall resistance Ry at 3.5 K for the SnTe(111) film (g),
Mn(2ML)-SnTe (h), and Mn(4ML)-SnTe (i), respectively. The inset in (i) shows the observed hysteresis near zero-
field.

localization (WAL) and has been reported previously ARPES. The most interesting Hall resistance curve is
for SnTe films [34-36]. The strong spin-orbit Fig. 3(h) for Mn(2ML)-SnTe, showing the nonlinear
coupling leads to the destructive interference of wave dependence to the magnetic field. It should be noted
functions at zero field and hence the resistance that by zooming in the data, a hysteresis loop can be
increases by applying a field. Figures 3(e) and (f) observed both for Mn(2ML)-SnTe (Fig. 4(a)) and
show that doping with Mn suppresses the WAL Mn(4ML)-SnTe (inset of Fig. 3(i)). This shows that
possibly due to the induced magnetism, as discussed the system becomes ferromagnetic by Mn doping at
later. 3.5K.

Figures 3(g)-(i) show the magnetic field To analyze the nonlinear Hall resistance of
dependence of the Hall resistance (Ry-B) at 3.5 K for Mn(2ML)-SnTe in more detail, we replot the data of
the pure SnTe (g), Mn(2ML)-SnTe (h), and Fig. 3(h) in Fig. 4(a) in a modified vertical axis
Mn(4ML)-SnTe (i), respectively. The positive slope range. One can obviously find that a negative slope is
in Fig. 3(g) confirms that the carriers of SnTe are found for [B| > 0.4 T whereas it is slightly positive
holes, consistent with previous studies [37] as well as with a hysteresis for [B| < 0.4 T. This indicates a
the band dispersion of Fig. 2(b). In Fig. 3(i), a change in the carrier type. The temperature
negative slope is observed, showing that the carriers dependence of the nonlinear Hall resistance in
become electrons by Mn doping as demonstrated by Mn(2ML)-SnTe up to 20 K, is shown in Figs. 4(b)—

Mn(2ML)-SnTe Two-carrier fitting (electron + hole)
w® .0 9 e
— : Two-carrier fitting
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FIG 4. Temperature dependence of the Hall resistance of Mn(2ML)-SnTe measured at 3.5 K (a), 4.5K (b), 11 K (¢),
16 K (d), and 20 K (e), respectively. The blue lines show the result of the two-carrier fitting according to Eq. (1) and
the arrows indicated the deviation from this model.
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(e). The anomalous Hall signal already disappears at
4.5 K, showing that the Curie temperature is quite low.
With further temperature increase, the gradient of the
Hall resistance near zero field changes from positive to
negative and a change in the curvature appears at high
magnetic fields as shown by the arrows. It is especially
noticeable at 20 K with a peak structure at ~+0.45 T.

Since the electronic structure of Mn-doped SnTe
possesses surface-state Fermi surfaces at the I’ and M
points, the nonlinear Hall effect observed in Fig. 4 may
be attributed to the complex cooperation or competition
of multiple carriers contributing to the conduction.
Therefore, the experimental data were fitted using Eq.

(1), which considers two types of carriers (electrons
and holes) [38]:

1 B1—B,

R = =, A+, B,y )
where B; is the value of the applied magnetic field and
_ o enyy o eniui’By
T 1+WBp? ' 1+(uiBz)?
holes, respectively). The parameters n; and y; are the
carrier density and the mobility of the carriers. The
fitted results are plotted as blue lines in Figs. 4(a)—(e)
and the deduced parameters are shown in TABLE 1.
The carrier density shows almost no temperature
dependence, and the order of magnitude is consistent
with the carrier density calculated from the Fermi
surface at room temperature (Fig. 2(c)) [39].
Furthermore, the mobility values obtained were
relatively high, consistent with those expected to
originate from the Dirac surface-states. Thus, we
believe that the observed non-linear Hall resistance is a
result of the multi-carrier transport of the Dirac
electrons and holes in this system. This cannot be
realized in conventional Z, TI with a single Dirac-cone
surface state and is a novel finding.

We also note that while these fitting results show
satisfactory agreement below 11 K showing the change
of the slope at high and low fields, the cusp-like (or
dip-like) feature at high fields indicated by the arrows
is not reproduced. We have therefore tried to reproduce
this feature by adding another carrier, namely the bulk
holes, to Eq. (1) and performed the fitting. This,
however, did not give satisfactory results and is also
not consistent with the fact that bulk carriers should
have frozen out below 30 K as was shown in Fig. 3(b).
While the origin of this peculiar behavior cannot be
directly identified now, a plausible explanation may be
that there is another type of Hall effect arising, namely
the topological Hall effect due to skyrmion formation.
It has been suggested in Ref. [40] that skyrmions can
start to form at lower magnetic field when the
temperature is increased for Gd,PdSi;. Since the Mn
atoms are localized at the surface, the Dzyaloshinskii-
Moriya interaction may play a role to create skyrmions
in this system. As this anomaly is only clearly observed

; (i = 1,2 for electrons and
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at 20 K, applying higher fields may help to clarify the
real situation.

TABLE I. Carrier Density and Mobility obtained from
the two-carrier fitting and ARPES for Mn(2ML)-SnTe.

Two-carrier fitting ARPES
35K | 45K | 11K 16K | 20K Ssz“;‘e
ﬁlle[cctx'z’]s 6.0%10"]5.8 X 1013|5.8 X 10'3(5.7x 103]5.9 x 1013[3.5 x 10'3
wi [em*Vs] |5.5%10% 5.6x10°| 5.4 x10°| 5.5%x 10| 4.9x10°
nzﬂ[‘élr;i] 3.4%105/3.4x 108)3.5% 103|3.5x 10'3[3.8 x 10'3[3.3 x 103

wy [em?/Vs] | 7.4%10% 7.4%10°| 7.0 X 10°| 7.0 X 10°| 5.7 X 10°

We can say that we have experimentally demonstrated
for the first time that, when polarity is cancelled due to
Bi and Mn segregation at the surface of SnTe, the
conventional surface states disappear, leaving only
topological surface states at Er, thereby realizing a bulk
insulating, multi-carrier Dirac system. Furthermore, the
system becomes ferromagnetic. This shows the
successful combination of topology and magnetism
with multiple carriers in a rather simple setup. It
suggests the potential for a new Chern number-
controlled QAHE by applying strain, which goes
beyond the conventional QAHE where the Chern
number is =1. All the measurements in this study were
conducted in-situ with low magnetic field. Future
experiments on Shubnikov-de Haas (SdH) oscillations
at high-magnetic-field can further confirm the
underlying physics picture.

In summary, doping of the topological crystal
insulator SnTe with Mn, fabricated on Bi.Tes,
successfully demonstrated the two prerequisites for the
QAHE: bulk insulating properties and out-of-plane
ferromagnetism. Results from both ARPES and Hall
measurements confirm that the transport properties
originate from surface states. This work provides the
first experimental demonstration of a bulk insulating
multi-carrier Dirac surface-state system in a TCI,
paving the way for the realization of a high-Chern-
number QAHE in a simple setup.
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I. Experimental

SnTe and Mn-doped SnTe were fabricated by molecular beam epitaxy (MBE) using a reflection high-
energy electron diffraction (RHEED) system. Initially, a clean Si (111)-7 x 7 surface was prepared on an
n-type Si (111) substrate via a cycle of resistance heating. Bi was then directly deposited onto this 7 x 7
surface under Te-rich conditions at approximately 200°C to grow a Bi.Tes thin film. The thickness of the
material was monitored by RHEED oscillations. SnTe was fabricated by co-evaporating Sn and Te onto
Bi.Tes/Si (111) substrates under Te-rich conditions. Subsequently, Mn and Te were co-evaporated onto
SnTe(111) film to produce the Mn-doped SnTe samples, Mn(2ML)-SnTe and Mn(4ML)-SnTe. The in-
plane lattice constant of the (111) surface of the prepared SnTe and Mn-doped SnTe samples was found
to be 4.44 A, which is consistent with the reported value [1].

ARPES measurements were performed in situ after sample preparation using a commercial
hemispherical photoelectron spectrometer (Scienta Omicron R4000) equipped with multi-detector
capabilities for both angle and energy. Measurements were performed at room temperature with He Ia
radiation (21.2 eV).

Then, transport measurements were performed in our custom-made system which has four probes that
can move independently and by touching the surface of the sample, four-point probe (4PP) resistance
measurements can be performed in ultrahigh vacuum [2-4]. In this study, the sample was cooled to
approximately 3 K, and a magnetic field of up to 0.5 T was applied perpendicular to the sample surface.
The longitudinal and Hall resistance was deduced as described in the next section.

The specimen was capped with approximately 10 nm of Te before its removal from the UHV chamber
for scanning transmission electron microscopy (STEM) measurements. The electron-transparent
specimen for STEM observation was prepared using a standard lift-out method with an FEI Helios G4-

UX dual-beam system. A probe spherical aberration-corrected STEM instrument, the Thermo Fisher
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Scientific Spectra Ultra, was used. Energy-dispersive X-ray spectroscopy (EDS) was employed for

chemical composition measurements.

II. Reproducibility of Mn-Doped SnTe thin-film growth

Mn(2ML)-SnTe (111)

Mn(4ML)-SnTe (111)
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FIG. SI. (a, b) Fermi surface (a) and band dispersion along the T'-M direction (b) of Mn(2ML) -SnTe
measured on a different sample from that used in the main text, respectively. (c, d) Fermi surface (c) and
band dispersion along the T'-M direction (d) of Mn(4ML)-SnTe measured on a different sample from that

used in the main text, respectively.

To verify the reproducibility of the samples used in this study, ARPES measurements were performed
on separately prepared Mn(2ML)-SnTe and Mn(4ML)-SnTe samples. The obtained Fermi surfaces and
band dispersions along the T-M direction were in good agreement with the results presented in the main

text, confirming the excellent reproducibility of the samples (see Fig. S1).

III. Extraction of the Hall Resistance Ry and the longitudinal resistance Ry from the raw data

Figures S2(a)-(c) show the raw data R =V /I for the SnTe (a), Mn(2ML)-SnTe (b), and Mn(4ML)-
SnTe (c) respectively, measured at ~3 K. One can notice that there is slight asymmetry between the
data points at positive and negative magnetic field due to the misalignment of the voltage probes.
Therefore, the longitudinal resistance Ry« is deduced by symmetrizing the raw data [(d)-(f)] and the
Hall resistance Ryy is derived by asymmetrizing the raw data [(g)-(i)], respectively.

By comparing Figs. S2(a), (d), and (g), R resembles Ry rather than Ryy. Therefore, we can say that
the temperature dependence of R for SnTe shown in Fig. 3(a) is reflecting the behavior of Ry. The
same holds for Mn(2ML)-SnTe in Fig. 3(b). The situation is a bit different for the Mn(4ML)-SnTe
sample shown in Figs. S2(c), (f), and (g) and R resembles Ry rather than Ry. Therefore, we consider
the temperature dependence of Ry and Ryy in detail as shown in Fig. S3. One can see that the magnetic
field dependence of Ry« diminishes with increasing temperature, while the slope of Ry, becomes ~2/3
by raising the temperature to 20 K. This change is presumably due to a delicate balance between the
transport of surface electrons and holes. The important point is that Ry at zero field is nearly zero in Figs.

S3(e)-(h) since the anomalous Hall signal seems to be absent above 4.5 K. Thus, we can safely say that



temperature dependence of R of Mn(4ML)-SnTe shown in Fig. 3(c) is reflecting the behavior of Ry in this

case too.
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FIG S2. (a, b, c) Magnetic-field dependence of the measured resistance (R) for the SnTe(111) film (a),
Mn(2ML)-SnTe (b), and Mn(4ML)-SnTe (c), respectively, measured at 3.5 K. (d, e, f) Magnetic-field
dependence of the longitudinal resistance Ry« derived by symmetrizing the raw data for the SnTe(111) film
(d), Mn(2ML)-SnTe (e), and Mn(4ML)-SnTe (f), respectively. (g, h, i) Magnetic-field dependence of the
Hall resistance Ryy derived by asymmetrizing the raw data for the SnTe(111) film (g), Mn(2ML)-SnTe (h),
and Mn(4ML)-SnTe (i), respectively.
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FIG S3. (a-d) Magnetic-field dependence of the longitudinal resistance Ry derived by symmetrizing the
raw data for the Mn(4ML)-SnTe at 3.5 K (a), 4.5 K (b), 11 K (c), and 20 K (d), respectively. (e-h)
Magnetic-field dependence of the Hall resistance Ry derived by asymmetrizing the raw data for the

Mn(4ML)-SnTe at 3.5 K (e), 4.5 K (f), 11 K (g), and 20 K (h), respectively.



IV. Isolation of the bulk contribution in the temperature-dependent resistance

Mn(2ML)-SnTe
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FIG S4. The conductivity (o) plotted as a function of the inverse of temperature for the data sets shown in

Fig. 3(b). The solid lines show a fitting to Eq. (1).

Figure S4 shows the temperature dependence of the conductivity (¢ = 1/R) of Mn(2ML)-SnTe plotted as
a function of the inverse temperature. To isolate the bulk and surface contributions to the conductivity at
low temperatures, the data at 35-50 K were fitted using a simple thermal activation conduction model

described by Eq. (1).

0 = 0yexp (_—A) 1)

kT

where g, isthe pre factor and A isthe activation energy. The extrapolated conductivity down to 3 K was
estimated to be 0.029 mS/[]. In contrast, the actual conductivity at 3.5 K is 13 mS/[]. The significantly
higher conductivity compared to the value expected from bulk conduction in the 35-50 K range suggests a
dominant contribution from surface states. Meanwhile, the slight increase in resistance observed below 10
K for Mn(2, 4ML)-SnTe (see Fig. 3(b, c)) can be attributed to weak localization effects in the two-

dimensional metallic states [5].
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