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GROWTH AND CHARACTERIZATION

Single crystals of SmBg were grown with Al flux, start-
ing from pre-grown powdered SmBg (samples #1 and
#2) and from elemental Sm and B with the stoichiome-
try of 1 to 6 (#3, #4, #5, and #6) in a ratio of SmBg :
Al = 1: 200 - 250. The starting materials were placed
in an alumina crucible and sealed in a quartz ampoule
or loaded in a tube furnace under Ar atmosphere. The
whole assembly was heated to 1250 - 1400°C and main-
tained at that temperature for 70 - 120 hours, then cooled
at -2°C/hr to 600 - 900°C, followed by faster cooling.
After growth, some of batches were annealed at 1000 °C
for 24 - 72 hours. The typical size of resulting crystals is
~1x1x1mm3. The obtained samples were etched to
remove the flux by hydrochloric acid or sodium hydrox-
ide, sanded down by 400 grit paper and polished by 1000
grit one to clean the possible oxide layer or aluminum
residues. Polished surfaces were shiny and smoothly flat.

We study the magnetotransport properties of slab-
shape samples with different surface conduction, apply-
ing the electrical contacts by silver paint on one side
of the samples. We also applied the contacts by spot-
welding (written explicitly in the text, otherwise ap-
plied by silver paint). The resistance was measured with
Lakeshore 370 AC resistance bridge. In Fig. S1, tem-
perature dependence of sheet resistance Ry = R x w/¢
at zero field, where R is the measured 4 wire resistance,
w and [ are the width and distance between electrical
contacts, is plotted for sample #1 corresponding to the
sample shown in the main text (annealed, the thickness
t =75 pm, w = 525 pm, £ = 250 pm) and #2 (¢t = 40
pm, w = 450 pm, ¢ = 250 pm). Note that these sam-
ples are obtained from different batches. We apply the
current along [100] direction of the cubic crystal struc-
ture. On decreasing T', Ry steeply increases below 10 K,
showing insulating behavior, and the surface conductance
dominates the charge transport below 3 K exhibiting sat-
uration in the resistance. The inset of Fig. S1 shows
the normalized resistance R/R(300 K) as a function of
temperature for sample #1 and #2. At low tempera-
tures, R/R(300K) of sample #2 is an order of magni-
tude smaller than that of #1, which indicates that the
surface conduction of #2 is more dominant over the bulk
conduction compared to #1.[1].
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OSCILLATORY MAGNETORESISTANCE

We observe prominent oscillatory behavior in magne-
toresistance (MR) in perpendicular field orientation (I ||
[100], H ||[001]) for the samples obtained from different
batches, as shown in Figs. S2a and b. The amplitude of
the oscillatory behavior decreases with temperature. By
contrast, the oscillatory behavior is strongly reduced in
the sweep-down MR shown in Figs. S2c and d compared
to the sweep-up MR. In both samples, below 300 mK MR
drops abruptly at very low fields on sweeping down field.

Assuming the oscillatory component is due to quantum
oscillations gives us frequencies of 23 T for sample #1 and
17 T for #2 corresponding to the Fermi wave number
kr = 0.26 and 0.22 nm~', respectively. The obtained
frequencies are close to the de-Haas van Alphen frequency
for o pocket [2].

ANISOTROPY AND SHAPE OF HYSTERESIS

The observed hysteresis in MR shows strong
anisotropy, depending on the field orientation to the sur-
face with electrical contacts. In Figs. S3a and b, we
display full "four quadrant” MR in perpendicular field
orientation at 100 mK showing obvious hysteresis in MR
of both samples below 10 T. The shape of the hystere-
sis strikingly differs from the shape of conventional fer-
romagnets, where the sweep-down MR is more conduc-
tive than the sweep-up and overshoots zero field. On
the other hand, the hysteresis in parallel field orientation
(I || [100], H ||[010]) plotted in Figs. S3c and d van-
ishes or becomes negligibly small. The strong anisotropy
of hysteresis in magnitude of MR is responsible for the
surface conduction.

The shape of hysteresis (Fig. S4) is quite inconsistent
with the usual overshoot that requires to overcome a co-
ercive field, but is indeed observed in certain situations,
for instance, in exchange bias [3, 4] or ‘negative’ hys-
teresis [5] systems. In particular, the off-centered, sym-
metric shape of hysteresis in the magnetoresistance of
SmBg is reminiscent of that of a randomly distributed
exchange bias system, where the offset hysteretic loops
originate from the intercoupling between a ferromagnetic
layer and randomly oriented polycrystalline antiferro-
magnetic grains, yielding a rather exaggerated field re-
sponse of magnetization as shown schematically in the
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inset of Fig. S4 [6]. This situation would imply a field-
polarized state above the hysteretic region, and thus the
appearance of an anomalous Hall effect (AHE), and a
magnetically ordered state at zero field. As discussed be-
low, we do indeed observe an AHE component above the
hysteretic range of magnetic field, consistent with this
picture. However, considering the presence of a weak an-
tilocalization (WAL) effect (see below) and lack of any
anomaly in the temperature dependence of resistivity, the
abrupt phase transition-like return of the MR to its virgin
curve on down-sweep suggests that the zero-field surface
state is paramagnetic and not long-range ordered, incon-
sistent with an exchange bias picture. It is worth con-
sidering a scenario where a similar random exchange bias
interplay occurs between the surface ferromagnetism and
bulk antiferromagnetic fluctuations or correlations, such
as those observed by neutron scattering [7] and muon spin
resonance experiments [8]. In any case, the nature of the
magnetization must be directly experimentally verified
before proceeding with any particular model as discussed
here. More important, our conclusions about the role of
ferromagnetic domain walls in yielding quantized conduc-
tance are not influenced by the details of the evolution
of surface magnetism with field.

HYSTERESIS WITH DIFFERENT TURNING
FIELDS

The turning field determines the shape of hysteresis in
MR of SmBg as in ferromagnets. The hysteresis in MR
of SmBg¢ in perpendicular field orientation with different
turning fields at 100 mK is shown in Figs. S4a and b. The
hysteresis loop narrows with decreasing turning field less
than 10 T, and the loop ends up disappearing below the
turning field of 4T. Figures S4c and d show the difference
between sweep-up and sweep-down magnetoconductance,
AG = Gyp — Gaown, obtained from the data shown in
Figs. S4a and b. With decreasing the turning field, the
peak of AG is strongly suppressed, and its position shifts
to lower field.

ANOMALOUS HALL EFFECT

The Hall resistance Ry, is obtained by the antisym-
metrization of the measured resistance Riq (Ra3) be-
tween spot-welded transverse voltage probes V1 (V2) and
V4 (V3) with I || [100] and H || [001] as shown in the
inset of Fig. Sha, given by,

_ RU(H) — Ri"(—H)
_ 5 ,

RUZ(H) (1)

RIM(H) = R (H) _QRW(_H)7 (S2)

where R“P (R9") is the up-(down-)sweep magnetoresis-
tance. Note that the longitudinal resistance R, is sym-
metric with the following relation originating from the
hysteretic behavior, RY2(H) = RI"(—H) and RI"(H) =
R¥?(—H) (Figs. Sha-d).

As shown in Figs. S6a-d, the anomalous Hall effect can
be confirmed as a discernible kink around a closing field
of ~ 8T at 100mK, clearly exhibited in the difference of
the Hall resistance ARy, = Ry, —AH (the lower insets of
Figs. S6a-d), where A is a linear coefficient obtained from
fitting R, below 5 T, which strongly indicates the pres-
ence of surface ferromagnetic order. Although this ferro-
magnetic order induces the hysteresis in the longitudinal
resistance, we observe no discernible hysteretic behavior
in the Hall resistance, as shown in the deference between
Ry% and RZ; within our experimental resolution (the up-
per insets of Figs. S6b and d). The lack of observation
of hysteresis in the Hall resistance can be attributed to
substantial contribution from the massive Dirac surface
states at the X/Y points, illustrated in Fig. 4d in the
main text. Since the observed magnitude of Hall resis-
tance is on the order of 0.1 Q as shown in Fig. S6a-d, a
rather sizable contribution of the massive surface states
to the Hall conduction would easily mask a hysteretic
component with magnitude of order ~ €?/h.

DOMAIN WALL DYNAMICS

We observe domain wall dynamics in relaxation of MR.
Figure S7 presents evidence of an asymmetric relaxation
in the MR of SmBg sample #3 (contacts applied by
spot welding) at 9 T between ascending and descending
sweeps. The procedures to obtain the relaxation data
are as follows: we fixed the base temperature (30 mK),
and then, 1) for the ascending sweep, swept field up to
9 T, stopped, and measured the relaxation in the resis-
tance as a function of time; 2) for the descending sweep,
we swept field from 9 T up to 15 T, then down to 9 T,
stopped, and measured the relaxation in the resistance.
In both field sweeps, the sweep rate was 0.15T /min. As
shown in Fig. S7, surprisingly, the relaxation after as-
cending sweep is much slower than that measured after
descending sweep, although the sweep conditions in both
the cases are identical. (It should be noted that the re-
sistance change is not due to heating by eddy currents
measured to be at most 1-2 mK — but mainly magnetore-
sistance.) This asymmetric relaxation between ascending
and descending sweeps can be explained by domain wall
dynamics in ferromagnetism. In the ascending sweep,
majority domains develop with field along with minority
domains and domain walls. The domain walls tend to
move into an equilibrium state after stopping the sweep,
showing a long relaxation time in the resistance. By con-
trast, in the descending sweep, all the domains are ori-
ented with the large applied field, leading to no domain
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walls, and therefore no dynamics and the absence of any
measurable relaxation after stopping the sweep. This ob-
servation provides unequivocal evidence for the existence
of ferromagnetic domains and domain walls that directly
affect MR transport on the surface of our crystals.

NEARLY QUANTIZED
MAGNETOCONDUCTANCE AND RANDOM
RESISTOR NETWORK

The observation of nearly quantized magnetoconduc-
tance in several samples with different total absolute con-
ductance values, surface quality and contact geometries
and methods of contact preparation strongly suggests
that the quantized magnetoconductance is intrinsic, not
coincidental. We plot the difference of sweep-up and
sweep-down magnetoconductance AG = Gyp—Gown for
sample #1 and #2 (contacts applied with silver paint),
and #3 - #6 (spot-welded) as a function of magnetic field
in Fig. S8. Surprisingly, in all the samples, AG shows
a nearly quantized conductance of e?/h at characteris-
tic field H* ~ 5 T. The observation of nearly quantized
magnetoconductance can be attributed to a grid-shape
domain structure forming a virtual infinite resistor net-
work with conductance component GG = €2 /h in the pres-
ence of dissipation (Fig. 4c in the main text). The dis-
sipation due to inelastic scattering at finite temperature
and/or spatial variation of electronic structure, or ”pud-
dling” effect [9], virtually remove resistors at random
from the infinite network, yielding the formation of a ran-
dom resistor network with two conductance components
of G = €?/h and G = 0, distributed randomly with the
probability of p and that of 1 — p, respectively. Described
by the percolating conduction theory [10], the equivalent
conductance Gy between any non-adjacent points in the
random resistor network is Gy = (2p — 1)G; in the case
of two dimensional system, consistent with the observed
variation of nearly quantized magnetoconductance.

WEAK ANTILOCALIZATION

The observation of the WAL is one of the strong evi-
dence for existence of the surface state. Figure S9a shows
field dependence of sheet resistance R in parallel field
orientation. We observe a sharp dip around zero field at
low temperature. The dip becomes less prominent with
temperature and vanishes at 400 mK, which is consistent
with the signature of WAL. The WAL, destructive in-
terference between time-reversed quasiparticle paths, is
suppressed by magnetic field perpendicular to plane, as
described by the Hikami-Larkin-Nagaoka (HLN) equa-
tion [11],

AG, = —ae?/2m*h[In(Hy/H) — U (Ho/H + 1/2)], (S3)
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where AG, is a correction of sheet conductance, « is a
WAL parameter, ¥(z) is the digamma function, Hy =
7'1/461)2s and Ly is the dephasing length.

However, the WAL is also observed in parallel field ori-
entation, indicating the finite penetration depth A of the
surface states into bulk. In weak correlated topological
insulators, such as BisSes, the penetration depth is negli-
gibly small compared with the dephasing length [12]. By
contrast, in SmBg, the penetration depth A ~ hvp/A,
where A is the bulk gap size, can be longer due to the
small gap size of A ~ 40 K [13, 14]. Indeed, the long pen-
etration depth in SmBg is consistent with an extremely
high surface carrier concentration of nop ~ 10 cm™2
observed in gating studies [1], in fact much higher than
that of known confined electron systems [14]. Therefore
a finite value of \ allows orbital motions of electrons even
in H field orientation, leading to a WAL correction in
the sheet conductance given by,

AG, = —ae® /2n”h[In(1 + (H/H))?)], (S4)

where H| = I/v2eLyA [15]. The extracted parameters
for H) (Fig. 3d in the main text) yield a penetration
depth of A\ =142 nm, which is indeed much larger than in
weakly correlated TIs and comparable to the dephasing
length.

We display the sheet conductance at low fields given
by AGs = Gs(H) — G4(0) in Fig. S9b, and fit the data
to the in plane WAL formula to extract «, Lg, and A.
Using Ly = 1.2pum at 20 mK obtained from fitting per-
pendicular field data to the HLN formula, we extracted
A = 142 nm. Obtained « is 0.29, which is much smaller
than the expected & =1/2 x 2 =1 from top and bottom
surface channels per Dirac cone. We show the tempera-
ture dependence of Ly extracted from the fitting assum-
ing temperature independent A in Fig. S9c. L4 varies as
T o T7%% attributed to electron-electron scattering in
two-dimensional system at low temperatures, very simi-
lar to Ref.16. However, L starts deviating from 79
dependence as approaching A, suggesting breakdown of
two dimensional analysis of the WAL (Lgy ~ ).

POSITIVE MAGNETORESISTANCE

We comment on positive MR observed in several re-
ports [16, 17]. According to Ref. 16, orbital motion of
the surface Dirac electrons under magnetic field gives rise
to linear positive MR. The recent photo emission [18] and
angular MR [17] studies suggest the existence of a topo-
logically trivial surface channel with peculiar anisotropy
showing two fold symmetry [17], and the surface channel
strongly depends on a surface treatment. The positive
MR with two fold symmetry in Ref. 16 could be re-
sponsible for the trivial channel. Actually, we observe
positive MR with hysteresis in several samples. Typical
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MR data taken for SmBg sample #4 with electrical con-
tacts applied by spot-welding is shown in Figs. S10a and
b, showing strong anisotropy of not only positive MR
and hysteresis. Note that both perpendicular and paral-
lel filed data is taken without reapplying contacts. Al-
though we took data without reapplying contacts, slight
discrepancy in the resistance at 0 T is observed, indi-
cating a thermal cycle causes modulation of the current
path and/or a subtle change of surface states. Observa-
tion of positive MR with (our data) and without (Ref.
16) hysteresis indicates that the positive MR has noth-
ing to do with chiral transport due to FM domain walls,
supporting the presence of a trivial conduction channel.

We also observe strong anisotropy of weak antilocal-
ization in SmBg sample #4 without reapplying electrical
contacts (spot-welded) as shown in Figs. S10c and d.
Using Eqgs. 1 and 2, we extracted a; =0.30 for perpen-
dicular and o) =0.49 for parallel field orientation. The
extracted penetration depth A = 161 nm is comparable
to #1 since A is an intrinsic parameter.
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Figure S1: Surface conduction in two different samples of SmBg. Main panel: Temperature dependence of the sheet
resistance R, for sample #1 (the thicker sample with the thickness t = 75 pm) and #2 (the thiner sample with ¢ = 40 um) of
SmBg. Inset: Normalized resistance R/R(300K) versus temperature for #1 and #2. At low temperatures, R/R(300K) of #2
is much smaller by an order of magnitude compared to #1, indicating the surface conduction of #2 is more dominant.
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Figure S2: Magnetoresistance in perpendicular field orientation of two different samples at low temperatures.
a, b, Sweep-up magnetoresistance in perpendicular field orientation (I || [100], H || [001]) for #1 and #2. In both samples,
oscillatory behavior is observed at low temperatures, and vanishes above 500 mK. ¢, d, Sweep-down magnetoresistance in
perpendicular field orientation for #1 and #2. The oscillatory behavior observed in sweep-up magnetoresistance is strongly
suppressed. Below 200 mK, we observe a sudden drop in magnetoresistance at low field.
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Figure S3: Strong anisotropy of hysteresis in magnetoresistance. a, b, Full "four quadrant” hysteresis loop in field
perpendicular orientation (I || [100], H || [001]) for sample #1 and #2 at 100 mK. We observe a butterfly shape but sign-reversal
hysteresis in contrast to conventional ferromagnetic materials. ¢, Hysteresis loop in field parallel orientation (I || [100], H ||
[010]) for sample #1 and #2 (with contacts reapplied) at 100 mK. The hysteresis observed in field perpendicular orientation
is strongly suppressed, showing strong anisotropy.
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Figure S4: Off-centered hysteresis and schematic magnetization. Full “four quadrant” magnetoresistance hysteresis

loop of sample #1 in field perpendicular orientation (I || [100], H || [001]) measured at 100 mK. The inset presents a schematic
of the magnetization hysteresis curve of an exchange bias system (see text).
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Figure S5: Hysteresis in magnetoresistance and magnetoconductance with different turning fields. a, b, Hysteresis
loop in field perpendicular orientation (I || [100], H || [001]) for sample #1 and #2 at 100 mK with different turning fields.
The hysteresis loop shrinks with decreasing turning field, and disappears blew 4 T. ¢, d, Difference between sweep-up and
sweep-down magnetoconductance AG = Gup — Gaown obtained from the data shown Figs. S4a and b. The peak of AG is
suppressed with decreasing turning fields.
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Figure S6: Longitudinal and transverse resistance for sample #1 as a function of magnetic field at 100 mK. Field
dependence of longitudinal resistance Ri2 a, between voltage probes V1 and V2, and b, Rss between V3 and V4 shown in the
inset. Contacts were applied with spot welding. Field dependence of transverse resistance Ris4 ¢, between V1 and V4, and d,
Ro3 between V2 and V3.
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Figure S7: Anomalous Hall effect. a, up-sweep and b, down-sweep Hall resistance Ry, for sample #1 at 100 mK and 1K,
obtained from transverse resistance Ria between V1 and V4 using egs. (S1) and (S2). Contacts were applied with spot welding.
c, up-sweep and d, down-sweep Hall resistance R, for sample #1 at 100 mK and 1K, obtained from transverse resistance
Ra3 between V2 and V3. Lower insets show the difference of the Hall resistance ARy, = Ry, — AH at 100 mK, where A is a
linear coefficient obtained from fitting R,. below 5 T. Upper insets of b and d show the difference between Ry%? and RZZ at
100 mK, indicating indiscernible hysteresis in the Hall resistance, in spite of the presence of prominent hysteresis in longitudinal
resistance (see text).
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Figure S8: Asymmetric relaxation of magnetoresistance. Relaxation at 9 T in a, ascending and b descending field sweeps

at 30 mK for SmBg sample #3 (spot-welded). The relaxation of magnetoresistance in ascending field sweep is much slower
than that in descending one, which strongly indicates the presence of magnetic domains.
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Figure S9: Nearly quantized magnetoconductance in various samples. Field dependence of deference of sweep-up and
sweep-down AG = Gup — Gown in field perpendicular orientation (I || [100], H || [001]) for various samples at 100 mK. The
peak of AG reaches order of €?/h, attributed to a grid-shape ferromagnetic domain structure (see text).
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Figure S10: Weak antilocalization in low field magnetoresistance of SmBg. a, Field dependence of sheet resistance
R, estimated from the top surface in parallel field orientation (I || [100], H || [010]) for sample #1. b, In-plane WAL fit to
the magnetoconductance with a = 0.29 and the penetration depth A = 142 nm (see text). Each curve is offset by 0.2¢?/h. c,
Temperature dependence of dephasing length L. The dephasing length varies as Lg ~ 705 (dashed line) at low temperatures,
but starts deviating from the T77°5 dependence as approaching the penetration depth ), indicating the finite penetration depth
approximation is not valid at high temperatures.
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Figure S11: Positive magnetoresistance with hysteresis and weak antilocalization. a, Magnetoresistance in perpen-
dicular field and b in parallel field to conduction surface for SmBg sample #4. Positive magnetoresistance and hysteresis are
suppressed in parallel field orientation. d, e, Weak antilocalization fit for sample #4 without reapplying electrical contacts
(spot-welded), showing strong anisotropy similar to sample #1. Obtained o =0.30 for perpendicular and a;=0.49 for parallel
field orientation are different from that of #1, but the penetration depth A is comparable (see text).
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