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Considerable evidence suggests that variations in the properties of
topological insulators (TIs) at the nanoscale and at interfaces can
strongly affect the physics of topological materials. Therefore, a
detailed understanding of surface states and interface coupling is
crucial to the search for and applications of new topological
phases of matter. Currently, no methods can provide depth pro-
filing near surfaces or at interfaces of topologically inequivalent
materials. Such a method could advance the study of interactions.
Herein, we present a noninvasive depth-profiling technique based
on β-detected NMR (β-NMR) spectroscopy of radioactive 8Li+ ions
that can provide “one-dimensional imaging” in films of fixed thick-
ness and generates nanoscale views of the electronic wavefunc-
tions and magnetic order at topological surfaces and interfaces. By
mapping the 8Li nuclear resonance near the surface and 10-nm
deep into the bulk of pure and Cr-doped bismuth antimony tellu-
ride films, we provide signatures related to the TI properties and
their topological nontrivial characteristics that affect the electron–
nuclear hyperfine field, the metallic shift, and magnetic order.
These nanoscale variations in β-NMR parameters reflect the uncon-
ventional properties of the topological materials under study, and
understanding the role of heterogeneities is expected to lead to
the discovery of novel phenomena involving quantum materials.

topological insulator | nuclear magnetic resonance | depth profiling |
condensed matter physics | nanoscale physics

Topological insulators (TIs) are narrow-gap semiconductor
materials that are insulating in the bulk and conductive on

their surface. The constituent atoms are typically heavy elements
with large spin–orbit coupling (SOC). In time-reversal–invariant
materials, the electronic structure of TIs is characterized by band
inversions from strong SOC at an odd number of time-reversal–
invariant momenta in the bulk Brillouin zone. Unlike metals or
ordinary insulators (OIs), charge carriers in TIs evolve from
metallic to insulating as a function of depth from the surface.
The surface-state electrons are characterized by a suppression
of backscattering and an intrinsic chirality of spin-momentum
locking, making them of interest in spintronics. A number of
theoretical predictions of experimental observations have been
made including Majorana fermions, condensed-matter axions,
and quantized Hall conductance (1, 2). Heterostructure engi-
neering, where a crystal is formed consisting of a sequence of dif-
ferent building blocks (for example, alternating TI and OI layers),
can trigger new physical phenomena such as TIs with enhanced
bulk band gaps (3) or Weyl semimetals (4).
Because topological materials are characterized by sharp

changes in electronic properties at their surfaces and at inter-
faces with other materials, sensitive techniques are required to
probe electronic and magnetic properties in a spatially resolved
manner down to the atomic length scale. It has become clear that
TI properties are spatially dependent (both in-plane and as a fun-
ction of depth or film thickness). Magnetic phenomena are accom-
panied by inhomogeneities within the material and interactions at

interfaces that cannot be explained by simple models. To date,
the observation of metallic surface states has been accomplished
with transport measurements, scanning tunneling microscopy
(STM), and angle-resolved photoemission spectroscopy (ARPES)
(5, 6). The depiction of the Dirac dispersion with ARPES requires
n-type samples. Likewise, transport and STM require sufficiently
conductive samples. Moreover, such experiments require the
growth of high-quality samples (ideally, thin films or cleaved
crystals exposing atomically flat surfaces) and often are most
effective at low temperatures (<30 K) and for thin (<15 nm)
layers. In addition, these techniques do not provide depth-
resolved information. These factors limit their applicability in the
study of complex heterostructures. Consequently, spatially re-
solved, noninvasive measurements of material properties would
be an important asset in the study of physics at interfaces.
NMR has the potential to overcome some of the challenges

associated with traditional characterization methods. Because it
acts as a local probe of electron–nuclear hyperfine interaction
with electrons near the Fermi level, it can depict the electronic
and magnetic properties of insulating or metallic materials (p-type
or n-type), does not require long-range crystal order, and does
not rely on electron transport. NMR has been regarded as an
unlikely candidate for the study of topological states because of
the low dimensionality of thin films and associated sensitivity
issues: the detection of solid-state NMR signals typically requires
at least 1015 nuclear spins, whereas the nanometer-thick layers
associated with topological surface states contain significantly
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fewer spins. A potential solution to the sensitivity problem is the
technique of β-detected NMR (β-NMR) (SI Results, β-NMR ex-
periments). β-NMR enables us to interrogate the wavefunction of
the charge carriers while varying the energy of incident ions to
control implantation depth. β-NMR is similar to muon-spin ro-
tation spectroscopy, except that a 8Li+ ion is used rather than a
muon. The heavier mass of 8Li+ enables better control of the ion
position by controlling the energy of the incident ions. The im-
plantation profile of the ions in high-Z materials is sharp and
localized to layers that are tens of nanometers thick. The signal
from such thin layers can be detected with β-NMR using highly
polarized nuclear spins (>60%) and the high-efficiency detection
of β-emissions. Furthermore, the longer half-life of the 8Li iso-
tope (838 ms) can reveal dynamics of magnetic field fluctuations
or spin precessions over timescales longer than muons (half life,
2.2 μs) would allow. The only NMR studies of TI surface states
published to date were done on nanocrystals (7) and nanowires
(8), by inferring the TI properties in the limit of high surface-to-
volume ratios. A recent study on Bi2Se3 performed at high
magnetic fields provides the means of approaching the quantum
limit in TIs via NMR (9). Because films grown by molecular
beam epitaxy (MBE) and cleaved surfaces from single crystals
are universally studied by most researchers, NMR experiments
that directly interrogate TI properties in a depth-resolved man-
ner beneath the surface of epitaxial TI films would be preferred,
as they would enable comparison with the literature. Noninvasive
NMR measurements of TI properties reflect intrinsic material
properties and could even help in the study and control of spin-
polarized electron states. Herein, we investigate the possibility of
depth-resolved measurements of both electronic and magnetic
properties of epitaxial TI films using the technique of β-NMR.
This technique may enable sensitive, noninvasive studies of sur-
faces and interfaces in topological phases. Additional advantages
of the β-NMR technique may include less stringent requirements
in terms of carrier type and concentration, operating temperature
(T), film thickness, and film quality, compared with existing tools.

Experimental Procedure
Epitaxial thin films of the TI bismuth antimony telluride (Bi,
Sb)2Te3, and Cr-doped (∼8%) (Bi,Sb)2Te3 (denoted CrTI below)
with Bi/Sb ratios of 0.51/0.49 and 0.54/0.38, respectively, were
grown on GaAs substrates (Fig. 1 A and B). The Bi-to-Sb ratio and
the Cr doping level were deliberately chosen so that Fermi level
positions of the as-grown samples are already close to the Dirac
point (SI Results, section A). Accordingly, we were able to dem-
onstrate and realize electrical conduction dominated by spin-po-
larized surface states (SI Results, section A), quantum interference
competition (Fig. S1), quantum oscillation (SI Results, Magneto-
Transport Measurements), quantum Hall effect (SI Results, Magneto-
Transport Measurements), and quantum anomalous Hall effect
(SI Results, Magneto-Transport Measurements) in the quantum
limit regime. In this study, GaAs was chosen for two reasons. First,
it is a suitable substrate for growth of this TI. Second, GaAs is
a diamagnetic OI layer that provides an in situ reference for
the β-NMR experiment, as probed by the beam energy of 19.9 keV.
Its frequency shift as a function of depth and T via β-NMR ex-
periments is well studied and understood (10). β-NMR measure-
ments were conducted at the ISAC-I Facility (Isotope Separator
and Accelerator) in TRI University Meson Facility (TRIUMF)
(Vancouver, Canada) using a beam of highly polarized radioactive
8Li+ ions. Beam energies in the range 0.4–19.9 keV were selected
to probe the film properties as a function of depth (Fig. 1A). In the
present study, the beam energy of 0.4 keV was used to probe
primarily the surface layer of the TI film (∼3–5-nm implantation
depth), whereas the 1-keV beam probed the bulk of the TI (ions
implanted ∼10–20 nm deep). Higher beam energies were used to
probe deeper layers into the OI substrate. For additional details of
the experimental procedure, see SI Results, β-NMR experiments.

Results and Discussion
Electronic Properties. The Knight shift is an NMR parameter that
probes the local polarization of conduction band electronic
spins induced by an external field. The nuclear spins are coupled to
the conduction band electrons through the hyperfine interaction,
which is a measure of carrier density (11–13). Quantitative values of
the Knight shift Kd are obtained by correcting the NMR resonance
frequency shift, K = ðν− νref Þ=νref   , for the demagnetization field,
ð8π=3Þ · χ, in the thin film (Fig. S2) according to

Kd =K +
�
8π
3

�
· χ, [1]

where χ is the magnetic susceptibility. K arises from coupling the
8Li+ to the temperature (T)-independent Pauli susceptibility of
the host nuclei, relative to the GaAs in situ reference. Similar to
GaAs, (Bi,Sb)2Te3 is diamagnetic and exhibits a weak T-depen-
dent magnetic susceptibility. Using the value of χ for (Bi,Sb)2Te3
reported by Stepanov et al. (14) and Van Itterbeek et al. (15),
we note that in the data from refs. 14 and 15 χ follows a dia-
magnetic behavior over the range 2–300 K. The values of the
Knight shift are plotted in Fig. 2A (Upper Inset) relative to the
GaAs reference (SI Results, β-NMR experiments). An alternate
graphical presentation of these results for the pure TI is also
shown in Fig. S3. The salient feature of this result is the sub-
stantially larger (negative) Knight shift near the surface of the
TI film compared with the bulk (Figs. S4 and S5). Such in-
creased metallic shifts when approaching the surface of a TI
are consistent with results from a previous study of diamagnetic
Bi2Te3 nanocrystals (7). Knight shift measurements on Bi0.5Sb1.5Te3
nanocrystals with conventional NMR (Fig. S6A) also confirm
the emergence of a negative Knight shift (SI Results, β-NMR
experiments) at the exposed surface. In the case of a metal, the
wavefunction of delocalized charge carriers interacts with the
nuclear spins through the electron–nuclear hyperfine interac-
tion. Therefore, nuclear spins experience the average field of
the electronic spin polarization, which leads to the Knight shift.

Fig. 1. Schematic diagram of the β-NMR experimental setup. The di-
rection of the 8Li+ ion beam and the different epitaxial layers are shown in
A. Structure of the TI-OI multilayered (Bi,Sb)2Te3 sample [capping layer
(<3nm Al2O3)], TI [50-nm (Bi,Sb)2Te3], and OI (350-μm GaAs) as a function
of depth (nm) (B).
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The expression for the Knight shift in a degenerate semiconductor
is (16–18)

K =
4π
3
g · g* · μ2Β ·

D
jukð0Þj2

E
E0

ρðEFÞ, [2]

where g,   g* are electron g factors (vide infra), ρðEFÞ is the density
of states at the Fermi level, and hjukð0Þj2iE0

is the single-particle
free-electron probability density at the nucleus. The latter is
averaged near the bottom of the conduction band for electrons
or near the top of the valence band for holes (17) and depends
on the origin of the hyperfine interaction (Fermi contact, dipo-
lar, or orbital) (16). In our case, the nuclei are high-Z elements,
and the relativistic effects on the hyperfine coupling are of major
importance (16). Therefore, the term hjukð0Þj2iE0

should be rel-
ativistically expressed as   ðcos2θ+ÞhRjΔð~rÞjRi, where cos θ+ is a
spin–orbit mixing parameter, R is the spatial atomic wavefunc-
tions near the nucleus, and Δð~rÞ  replaces the Dirac function δð~rÞ.
The typical Knight shift is proportional to the paramagnetic sus-
ceptibility, although this proportionality is valid only for a scalar
g matrix (16). The spin–orbit parameter mixes the electronic
wavefunctions, thus mixing the hyperfine contributions that gen-
erate the Knight shift. In the nonrelativistic approximation the
hyperfine Hamiltonians use the free-electron g factor rather than
the modified gp because of the spin–orbit interaction and the
crystalline potential (16). The magnitude and sign of the Knight
shift in a narrow-gap semiconductor are governed by the carrier
density and the (large) gp factors of the carrier types, respec-
tively. Eq. 2 underestimates the Knight shift because it neglects
demagnetization field effects near the TI surface and the non-
parabolicity of the multivalley band structure, which modulates
the dependence between the Knight shift and the carrier den-
sity (16–18).
The electron–nuclear hyperfine coupling constant Ahf and the

Knight shift K are related by

Ahf =
K ·NA · μe

n · χ
, [3]

where NA is Avogadro’s number, n is the average coordination
number at the implantation site, and μe is the magnetic moment
of the charge carriers (19). We use the value n = 2.4 reported for
lattice sites in Bi2Te3 (20). The hyperfine coupling, which is a
local probe of the electronic wavefunctions in the vicinity of
implanted 8Li+ ions, is mediated by the strong SOC between

the nuclei and the p-band carriers (11, 16, 21, 22). The hyperfine
constants are plotted in Fig. 2A. We observe a T-dependent    Ahf ,
which approximately doubles from the TI bulk (1 keV) to the TI
surface (0.4 keV) that holds over the entire temperature range.
This doubling indicates a higher (2×) carrier concentration at the
TI surface compared with the TI bulk. We note that the hyper-
fine coupling constant of 8Li+ measured near the surface of the
TI approaches the value measured in a thin metallic silver film
(19), 20.5 kG/μB (octahedral site) at low T. These results are
consistent with transient reflectivity studies of Bi2Se3 thin films
with varying thicknesses. These previous studies revealed a sim-
ilar insulator (bulk TI) to metal (surface TI) cross-over with the
film thickness decreasing from 25 to 6 nm. In addition, the ul-
trafast carrier dynamics at the surface (∼6 nm) reached values
comparable to those observed in noble metals (23).
Similarly, the behavior of a trivial insulator under β-NMR is

qualitatively different from that of the TI. In contrast with the
observed increased metallic shift when approaching the surface
of a TI, β-NMR studies of MgO (a trivial insulator) thin films
yielded no evidence of depth dependence of its resonance fre-
quency as a function of beam energy (Fig. S5). Other detailed
NMR studies of the Knight shift and relaxation in PbTe (Eg =
0.32 eV, 300 K) and Tl2Se (Eg = 0.6 eV, 300 K) were consistent
with a decrease in carrier concentration in nanoscale materials
compared with bulk materials (24, 25), in contrast with the be-
havior observed in TI nanocrystals. Furthermore, in the case of
ZnTe (Eg = 2.23 eV, 300 K) the 125Te frequency shift of nano-
ZnTe remains unshifted relative to micrometer-sized samples
(Fig. S6C). Finally, in a β-NMR investigation in GaAs (Eg = 1.4
eV, 300 K) in which the effect of implantation energy was
studied, no detectable Knight shift was reported in the case of
n-GaAs, as the beam energy decreased from 28 to 3 keV (26). In
that same study, no concomitant line broadening was observed,
as would be expected of a transition to a metallic state. The
lack of line broadening is in clear contrast with the TI layer
depth-resolved properties measured in this study. This col-
lection of experiments on trivial insulator surfaces and nano-
crystals (see also Figs. S7–S9) clearly indicates distinctly different
and nonmetallic behavior compared with the phenomena ob-
served at the surface of the TI.
The estimates of the Knight shift by Eq. 2 (Fig. 2, Inset) are

reasonably close to values previously reported (27, 28) in trans-
port studies, namely, ∼1019 cm−3 for Bi2Te3 and ∼1018 cm−3 for
(Bi,Sb)2Te3 thin films. Surface carrier concentrations were
reported to be in the range 1011–1012 cm−2 (27–29), of the same

Fig. 2. Depth and temperature (T) dependence of the hyperfine coupling constant (Ahf). Surface and bulk measurements were made at beam energies of the
surface (0.4 keV) and bulk (1 keV), respectively. (Upper Inset) The Knight shift (K) as a function of T for surface (red circles) and for 1 keV (black polygons) with
respect to the resonance position of GaAs (19.9 keV, an in situ reference) (A). (Lower Inset) Estimates of the local carrier density. β-NMR response of the CrTI
film compared with undoped TI as a function of depth and inverse temperature (B). Error bars are smaller than the symbol sizes for all figures.
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order as observed here. Higher carrier concentrations at higher
temperatures (150–288 K) have been commonly observed in
narrow-gap semiconductors and are attributed to a cross-over
from a thermally activated regime to a saturation regime.
A plot of the linewidth as a function of T and beam energy is

shown in Figs. S2 and S3B. In the GaAs layer, the dependence of
the linewidth on temperature is considerably small, similar to
results from previous β-NMR studies in intrinsic GaAs (10).
However, in the TI layer (0.4–1 keV), the linewidth is more than
three times greater than in GaAs. We also note that the line-
width in the TI layer increases with decreasing T, in contrast with
the non-TI material, GaAs (10). Another feature we observe is a
considerably broader linewidth for the TI surface layer compared
with the TI bulk, a result that is opposite of that observed for
trivial (non-TI) semiconductors (26).

Magnetic Properties. We now turn our attention to the magnetic
properties and examine the case of the Cr-doped TI thin film.
The ability of β-NMR to differentiate pure TI from magnetic TI
is clearly demonstrated by the T dependence of the Knight shift
(Fig. 3A) and linewidth (Fig. 3C), which is substantially different
for these two films, from 20 K up to ambient T. This trend is
compatible with the development of magnetic correlations, which
grow progressively stronger as T is lowered.
The second observation is that in the undoped TI, signals near

the surface exhibit a larger negative Knight shift than in the TI
bulk, whereas with Cr doping the opposite is true; no increase in
Knight shift is apparent at the surface (Figs. S2 and S4A), con-
sistent with the behavior of gapped surface states. In the Cr-doped
TI, the Knight shift is promoted by the 3d spins (transferred
field), diamagnetic core contributions, as well as s-like contri-
butions from conduction electrons. The 8Li β-NMR frequency
as a function of temperature describes the influence of the Cr
dopants. We observe an inflection point near 75 K for the
surface layer and 150 K for the bulk-like layer that is due to the
loss of magnetic order. Previous studies via magnetic and
transport characterizations have predicted a robust ferromag-
netism close to room temperature for Cr–Bi2Te3, ∼100 K for
Bi2Se3:Mn, and up to 190 K for Sb2-xCrxTe3 (30–34). In non-
zero external magnetic fields, the loss of magnetic order tends
to be more extensive and shifts to higher temperatures com-
pared with the case of a zero external field (31–36) owing to the
creation of large local fields both above and below the critical
temperature. Although no proper phase transition occurs
in nonzero external fields in terms of critical phenomena (37),

demagnetization nonetheless occurs, and we write “Tc” to refer
to the region of inflection.
We now discuss the line broadening. In the β-NMR experi-

ment, the presence of magnetic moments at the dopant sites will
generate local internal fields that broaden the 8Li β-NMR res-
onance. This broadening is proportional to the magnitude of the
local magnetic moment density and reflects the distribution of
this field. Whereas the frequency shift reflects the average field
within the measurement region, the linewidth reflects the rms
field fluctuation. To exclude nonmagnetic sources of line broad-
ening such as a quadrupolar broadening (because 8Li+ has a small
quadrupole moment), power broadening, etc., we perform the
analysis of the fractional broadening as defined by the relative
linewidth parameter [Δw= ðWCrTI −WTIÞ=WTI �, where WTI is
the linewidth of the 8Li resonance in the TI film and WCrTI is its
linewidth in the Cr-doped TI film.
The results for Δw are shown in Fig. 3B. For the surface

layer, the temperature dependence of linewidth, in accordance
with the resonance shift, unveils the onset of a disparity near
75 K (Fig. 3B). Notably, the 8Li β-NMR line broadens in the
surface and bulk regions by approaching the transition tem-
perature from below. This important observation may be as-
sociated with the presence of a small amount of local ordering
that causes appreciable dipolar broadening above Tc. However,
the possible presence of lattice distortions and strain effects in
thin films cannot be completely excluded. At 1-keV energies (in
the CrTI bulk), Δw suggests that the magnetic transition Tc
occurs near 150 K, approximately two times higher. This result
is consistent with the prediction of molecular-field theory that
Tc should be proportional to the number of nearest neighbors,
which is two times larger in the bulk than on the surface (35).
Zhang and Willis (38), Voigt et al. (39, 40), and Rausch and
Nolting (41), using differential perturbed angular correlation
measurements of the magnetic hyperfine field in the topmost
Ni monolayer and that in the deeper layers, also reported a
similar increase in Tc. Similarly, we observed the transition
temperature to decrease with decreasing penetration depth.
This decrease in temperature could be due to the reduced
disorder-causing fluctuations and smaller coordination number
at the surface relative to the bulk.
The T dependence of Δw yields an estimate of the magnitude

of the effective s–d exchange integral (J) by the relation
ðWCrTI −WTIÞ=WTI = ðJp2C=3gkBÞ · ð1=TÞ+  D, where p is the ef-
fective number of Bohr magnetons, C is the atomic fraction of
paramagnetic atoms, D is a temperature-independent term, kB is the
Boltzmann constant, and g is the g factor (39, 40). This relationship

Fig. 3. Temperature dependence of Knight shift and relative linewidth at the surface of TI and CrTI. (A) Temperature dependence of Knight shift at the
surface of pure TI (open red stars) and Cr-doped TI (filled black stars) measured with β-NMR. (Inset) β-NMR spectra at 20 K. (B) Temperature dependence of the
relative linewidth parameter of 8Li+ for beam energies 0.4 keV (blue squares) and 1 keV (green circles). (C) The temperature dependence of the linewidth for
surface of undoped (black squares) and Cr-doped TI (red circles) reflects the effect of Cr dopants below 75 K. Experimental uncertainties are smaller than the
symbols for all displayed figures.
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provides the value of    J that emerges from the Cr localized mo-
ments in the (Bi,Sb)2Te3 matrix. The slopes ðJp2C=3gkBÞ  were
found to vary slightly from ðJp2C=3gkBÞbulk = 5.07 ± 1.76 K for
the bulk to  ðJp2C=3gkBÞsurface = 4.53 ± 1.05 K for the surface layer;
specifically, we observed that  Jsurface = 0.9 · Jbulk. The value of the
J ratios (0.9) suggests that not only the chromium density but also
the carrier density should be considered when describing the line
broadening on the surface and in the bulk layer. The Rudermann–
Kittel–Kasuya effect is approximately the same order of magni-
tude as the nuclear dipolar interaction. Therefore, the present
results do not rule out the possibility of a contribution from car-
rier-mediated ferromagnetism because both the hole/electron
concentration and the chromium density drastically affect the Tc
values independently (30–33). The presence of Cr in chalco-
genides likely functions as a donor and increases the charge
carrier concentration; therefore, our results are consistent with
carrier-mediated magnetism in the surface of the Cr-doped TI
film. In the case of different dopants, trends for Tc as a function
of film thickness were reported by using different techniques.
For comparison, we mention the results of Zhang and Willis
based on measurements of bulk film magnetism through the
magneto-optical Kerr effect (38), which were theoretically
verified by Rausch and Nolting (41) in the molecular field
approximation (Weiss mean-field theory) of the Heisenberg
model. Furthermore, a recent ferromagnetic resonance study of
Bi2Se3:Mn has revealed a stronger ferromagnetic order in the
bulk than on the surface, which was attributed to the bulk layer
being more homogeneously doped than the surface layer (34),
in agreement with our observation. This result is also consistent
with the larger fractional broadening Δw for the 1-keV beam
(bulk of the TI) compared with the 0.4-keV beam (near TI
surface), recalling that the fractional broadening is indicative of
local moment density.
Compared with other techniques, our experimental pro-

cedure differs mainly in that rather than varying the film
thickness, the reading is performed noninvasively, that is, as a
function of depth, and in a film of fixed thickness. This exper-
imental aspect is missing, for example, in ARPES and STM.
Therefore, the β-NMR spectroscopy is an efficient and valuable
tool for TIs whose topological properties depend strongly on
film thickness or for TI layers that are part of a nanoscale device
or heterostructure.

Conclusions
This depth-dependent study of electronic and magnetic prop-
erties of TI epitaxial layers using implanted 8Li+ ions reveals
important details about nanoscale layers. Namely, transitioning
from bulk to the surface of the TI across a distance shorter than
10 nm, the electron–nuclear hyperfine coupling constant Ahf
approximately doubles, reaching a value ∼16 kG/μB at 20 K,
which is comparable to certain pure metals, intermetallic and
cuprate compounds. This Ahf   doubling is accompanied by a
large negative Knight shift and line broadening, both of which
phenomena approximately double from bulk to surface. The
advantage of the β-NMR output was most effectively illustrated
by noninvasively extracting the magnetic properties of the TI as
a function of depth. As a function of temperature, the linewidth
of the TI departs from that of the CrTI at ∼75 K (for the
surface region) and 150 K (for the bulk region) because of the
presence of Cr dopants, a result consistent with a gapped TI
surface. The CrTI exhibited a 10% decrease in the effective s–d
exchange integral when moving from the bulk to the surface, a
decrease that is explained by carrier-mediated magnetism. This
experimental approach could prove useful to understanding
depth-dependent interactions, proximity-induced phenomena
across interfaces and heterostructures in TIs, crystalline in-
sulators, topological superconductors, and interaction-driven
topological phases.

Materials and Methods
Thin-Film Heterostructures Growth. (Bi,Sb)2Te3 thin films were conducted in a
Perkin-Elmer MBE system under ultrahigh vacuum conditions. Intrinsic GaAs
(111)B wafers (ρ > 106 Ω·cm) were cleaned by a standard Radio Corporation
of America procedure before being transferred into the growth chamber.
GaAs substrates were annealed in the chamber under Se-protective envi-
ronment at ∼580 °C for 30 min. During growth, Bi, Sb, and Te cells were kept
at 470, 395, and 320 °C, respectively, while the GaAs (111) substrate was kept
at 200 °C (growth temperature). After growth, 1.5 nm of Al was sub-
sequently deposited in situ at 20 °C to protect the epilayer from un-
intentional doping in the ambient environment. Al film was later naturally
oxidized to form Al2O3 after the sample was taken out of the chamber and
exposed to air. After oxidation, the final thickness of the Al2O3 capping layer
was ∼3 nm. The samples were cut to size 8 mm × 8 mm × 0.35 mm and
mounted on sapphire substrates to provide good thermal contact and en-
able alignment of the 8Li+ beam.

Magneto-Transport Measurements. Four-point Hall measurements were con-
ducted using a Quantum Design physical property measurement system
(PPMS) at the base temperature of 1.9 K. This setup enables us to system-
atically adjust several experimental variables such as temperature, magnetic
field, measurement frequency, external gate bias, etc. Multiple lock-in-
amplifiers and Keithley source meters were connected to the PPMS system,
enabling compressive and high-sensitivity transport measurements. The
samples used for transport measurements were patterned as thin-film Hall
bar devices.

ARPES. The electronic structure of the (Bi,Sb)2Te3 thin film was studied by
ARPES. The measurements were performed at BL12.0.1 of the Advanced
Light Source Division (Lawrence Berkeley Laboratory, Berkeley, CA). Samples
(without Al capping) for ARPES were further conditioned by mild annealing
at T = 200 °C in the experimental chamber for 2 h. All photoemission data
were collected from the samples at 10 K.

β-NMR. The β-NMR experiment was performed at the ISAC-I Facility radio-
active ion beam facility (TRIUMF, Vancouver, Canada) using a beam of highly
spin-polarized radioactive 8Li+ ions (lifetime τ = 1.2 s, I = 2, gyromagnetic
ratio γ/2π = 6.3015∼MHz/T). The high magnetic field spectrometer (up to 9 T)
is mounted on a high-voltage platform allowing the application of a
retarding electrostatic potential, slowing the incoming 8Li+ ions before
implantation into the sample. Beam energy can be adjusted from 20 keV
down to 0.33 keV for depth-resolved investigations. Samples were mounted
on a coldfinger cryostat situated at the center of the magnet and in vacuum
of 10−10 mbar. Nuclear polarization––initially antiparallel to beam mo-
mentum––was monitored via the parity-violating β-decay of the 8Li nu-
cleus (8Li → 8Be +  e− + ve) in which the momenta of outgoing betas are
correlated with the instantaneous orientation of nuclear spin. Two beta-
particle detectors situated upstream (B) and downstream (F) with respect to
the sample recorded the decay events. The experimental signal proportional
to nuclear polarization is the asymmetry in decay events counted by the
two beta detectors, P ∝ ðnB −nFÞ=ðnB +nFÞ. β-NMR spectroscopy was carried
out at a fixed magnetic field (H0 = 6.55∼T, applied normal to the sample
face) by slowly stepping the radiofrequency (rf) magnetic field (H1 = 35 μT
parallel to the sample face) repeatedly up and down through the resonance
condition at a rate of 2 kHz/s. Each run accumulated ∼5 × 109 events. Near
resonance, incoherent transitions among the nuclear spin states driven by
the continuous rf result in the destruction of nuclear polarization and a dip
in asymmetry. The β-NMR lineshape reflects the magnetic field distribution
probed by the 8Li within the thin film.
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