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Resistively detected NMR as a probe of the topological nature of conducting edge/surface states
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Electron spins in edge or surface modes of topological insulators (TIs) with strong spin-orbit coupling cannot
be directly manipulated with microwaves due to the locking of electron spin to its momentum. We show by
contrast that a resistively detected nuclear magnetic resonance (RDNMR) based technique can be used to probe
the helical nature of surface conducting states. In such experiments, one applies a radio frequency (RF) field to
reorient nuclear spins that then couple to electronic spins by the hyperfine interaction. The spin of the boundary
electrons can thereby be modulated, resulting in changes in conductance at nuclear resonance frequencies. Here,
we demonstrate that the conductivity is sensitive to the direction of the applied magnetic field with respect to the
helicity of the electrons. This dependence of the RDNMR signal on angle probes the nature of the conductive
edge or surface states. In the case of 3D TI in the quantum Hall regime, we establish that the dominant mechanism
responsible for the conductance change in a RDNMR experiment is based on the Overhauser field effect. Our
findings indicate that the same physics underlying the use of RDNMR to probe TI states also enables us to use
RF control of nuclear spins to coherently manipulate topologically protected states, which could be useful for a

new generation of devices.
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I. INTRODUCTION

The discovery of time-reversal-invariant topological in-
sulators (TIs), which possess finite band gaps in the bulk
and have gapless helical states on boundaries, has attracted
much attention in recent years [1-3]. The novel features
of TIs are intimately related to the underlying topology
of the single-particle spectrum in momentum space, and
are robust as long as the time-reversal symmetry is un-
broken [4-8]. The first two-dimensional TI was realized in
HgTe/CdTe quantum well [9,10]. The existence of topo-
logical edge state was confirmed by observing quantized
longitudinal conductance. Later three-dimensional (3D) TIs
were also discovered in various materials, such as in Bi;_,Sb,
and Bi,_,Sb,Te;_,Se, compounds [7,11-18]. Angle-resolved
photoemission spectroscopy (ARPES) and scanning tunneling
microscopy/spectroscopy (STM/STS), provide direct evi-
dence of the two-dimensional (2D) Dirac fermions on the
surface [11,13-16,18].

NMR techniques are a powerful probe of the electronic
degrees of freedom due to the existence of hyperfine coupling.
Spin polarized electrons create an effective local magnetic
field that changes the nuclei resonance frequency, an effect
that is easily detected. The technique has been applied to study
the physics of quantum Hall effect, and electronic polarization
in quantum wells of 2D electron gases and in quantum wires
[19-37]. NMR has also been used to investigate bulk prop-
erties of topological materials with nonlocal order [38—44].
The use of traditional NMR techniques to study properties of
reduced dimensionality systems, such as GaAs heterostruc-
tures and surface states, is precluded as relatively few nuclear
spins participate, making the signal of RF response weak.
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Various methods have been proposed to remedy the low sen-
sitivity [19-24]. Resistively detected NMR (RDNMR) has
been the most powerful tool developed thus far to probe the
fundamental physics of the reduced dimensionality systems.
In confined geometries the overlap of the electronic degrees
of freedom with the nuclei can be relatively large result-
ing in strong hyperfine interaction between electronic and
nuclear spins. Strong hyperfine coupling in quantum wells
was exploited in RDNMR to probe the quantum Hall-regime
[19,23,28-32,45,46]. In quantum Hall systems, the nuclei are
first polarized statically by application of a strong magnetic
field, or dynamically, for instance through the spin flip-flop
processes at quantum point contacts [47]. The nuclei are then
depolarized by irradiation with a resonant RF field, which
can then be seen in a variation of the resistance that may be
attributed to either nucleus-electron scattering or a change of
the Overhauser field [48]. Sensitive RDNMR measurements
can thus uncover rich structures of electronic states and the
interplay between electrons and nuclei.

In this paper, we propose RDNMR experiments that can
be performed in TI systems as a new tool to identify and
characterize the Dirac fermions on the edges or surfaces.
An advantage of RDNMR, compared to the ARPES and
STM/STS experiments, is that it also provides a way to
directly control the Dirac fermions. The local nature of hy-
perfine interaction permits the direct manipulation of the
electronic spin, even when the electronic spin is coupled to
its orbital motion, as is the case in the TIs. This is partic-
ularly useful because electronic spin is not a good quantum
number when there is strong spin-orbit coupling, and resonant
microwaves cannot control the electron spin polarization.
Here we identify two different mechanisms giving rise to
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RDNMR in TIs. These are spin flip-flop processes and the
Overhauser field effect. For the former type, because of the
helical nature of the edge states, nuclei on the edge are dy-
namically polarized along the quantization axis determined by
a weak external magnetic field when bias is applied [49-51].
When subjected to a RF field, the depolarized nuclei backscat-
ter the Dirac fermions on the edge/surface and change the
current. The second mechanism can be applied to a 3D TI
under a strong magnetic field, that is, in the quantum Hall
regime, which is analogous to the mechanism found in Ref.
[23]: The effective magnetic field produced by nuclei, the
Overhauser field, varies when nuclei are in resonance and this
modifies the gap between adjacent Landau levels, which leads
to a change of surface carrier densities and hence the transport
properties.

The paper is organized as follows. In Sec. II, we introduce
the dynamic nuclear polarization on the edges of a 2D TI,
discuss how RDNMR works through spin flip-flop processes
and compare the experimental signals that could distinguish
helical edge states and nonhelical edge states. We then gener-
alize this idea to a clean 3D TI wire in Sec. III and demonstrate
similar results. In Sec. III, we also discuss how RDNMR
based on Overhauser shift effect can be realized in 3D TIs
in the quantum Hall regime. Discussions and conclusions are
presented in Sec. IV.

II. TWO DIMENSIONAL TOPOLOGICAL INSULATORS

In this section, our calculations regarding the presence of
the RDNMR response in 2D TIs is described. We find that
RDNMR response exists and exhibits a dependence on the
orientation of the applied magnetic field only if the edge states
are helical.

In 2D TIs, there are fermions with opposite spins coun-
terpropagating on the edges of the system, which are called
helical edge states. Although the details of the edges and
microscopic parameters vary from systems to systems, the
helical edge state can be well described by a minimal
Hamiltonian at low energies

Hedge = hvrpko, (D

where o, is the Pauli spin matrix and v is the Fermi velocity.
We assume that Eqgs. (1) and (5) (see below) can still serve
as minimal Hamiltonians that capture the essential physics
even in the presence of a weak external magnetic field or the
Overhauser field due to polarized nuclei.

We now discuss the meaning of the “weak” and “strong”
magnetic fields terminology that is used in this paper. A
magnetic field is weak if it does not drastically change the
low-energy physics on the edges or surfaces of a TI. The field
only determines the quantization axis of nuclei and is used
to perform NMR experiments. For 2D TIs, we assume that
the edge physics is still well described by helical edge states
upon the application of such weak field. We do not consider,
for example, edge excitations that become gapped or helical
edge states that transition to chiral edge states at the Fermi
level [52—54]. For 3D TIs considered later, the magnetic field
may be considered to be weak if the temperature is much
larger than the Landau gap or Zeeman gap so the surface
states may still be approximately described by gapless 2D
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FIG. 1. Schematic of RDNMR for a 2-D TI. When a RF field is
applied to depolarize/flip the nuclei, the nuclei continuously back-
scatter the helical Dirac fermions through the hyperfine interaction.
The static weak magnetic field is applied along the 2’ direction.

Dirac fermions. In contrast, a strong magnetic field not only
polarizes nuclei but also drastically changes the low-energy
physics of a TI. In our work this is the case for 3D TIs in the
quantum Hall regime, where the conducting surfaces that is
perpendicular to the magnetic field become gapped due to the
formation of Landau levels.

The interaction between helical fermions and nuclei on the
edge is modelled by the Fermi-contact-type hyperfine interac-
tion,

s s

Hy =Y <A§1§Sz +A, LS+ 565 JZFI+S_

i,s

)a“’)(? -R), (2

where féi is the coordinate of nuclei, s labels the isotope
species, A, is the anisotropic out(in)-plane hyperfine cou-
pling constant for isotope s, IZ“" 4, are the dimensionless
nuclear spin operators, and S, 4 _ are the dimensionless elec-
tronic spin operators. For a 2D TI, the nuclei interact with
electrons only on the 1D edge so D = 1, while for a 3D TI D
equals 2 since the Dirac fermions live on the 2D surface. Note
that although in this paper we assume the electronic density to
be constant on the edge/surface for convenience, any variation
of it can be absorbed into the A}, and hence does not affect
the final results.

When the edge is short and a voltage bias is imposed
there will be unequally populated right (spin-up) and left
(spin-down) movers. The imbalance would tend to equilibrate
through spin-flip processes by the hyperfine interaction, as
illustrated in Fig. 1 by the blue interaction lines. Due to
the helicity of the edge state and the conservation of total
angular momentum, such process would gradually polarize
the nuclear spins at the edges, which is referred as dynamic
nuclear polarization (DNP), until the whole system reaches
nonequilibrium steady state (NESS) [49-51]. For the case that
the nuclear spins relax only through hyperfine interaction with
Dirac fermions at the edges, which we assume throughout
this paper, it may be shown that for spin-1/2 nuclei in the
absence of external magnetic field, its magnetization is M =
%tanh(#), where V = p; — ug and pp gy is the chemical
potential of left (right) reservoir [49]. On the other hand,
although there would be finite backscattering current during
the transient period due to the electron-nucleus backscattering
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FIG. 2. (a) The change of conductance at the NMR resonance frequency vs V/kgT at different angles 0 in a two-terminal experiment,
for isotropic hyperfine coupling |A,| = |A,,|. (b) The change of conductance at the NMR resonance frequency versus angle ¢ for different
anisotropic hyperfine coupling |A;/A,,|. The solid line represents |A./A,,| = 1, the dashed line represents |A,/A,| = 4, and the dotted line is
for |A;/A.y| = 0.25. The blue lines show the 2D TI while the red lines represent the case when there is one spin-degenerate conducting channel
on the edge, as depicted in the insets of (b). In the insets, the black lines represent the edges of the sample while blue and red lines show the
counterpropagating conducting channels. o, = 72N, |Ay|*/h*v2, ap, = 72N, J*|ALy|*/16. Parameters: I = 9/2, A/kT = 0.05.

process, in the NESS there would be no backscattering current
because the spin-flop rate of nuclear spins, which is also the
scattering rate of right or left movers, vanishes in the absence
of other nuclear relaxation mechanisms.

However, such a backscattering current can be maintained
by performing a NMR experiment. (Throughout this paper,
the phrase “performing a NMR experiment” implies that the
polarized nuclear spin systems is subject to the resonant RF
field.) That is, suppose that the static magnetic field By =
BZ is sufficiently weak not to affect the effective electronic
Hamiltonians in Egs. (1) and (5), and a weak radio-frequency
(RF) magnetic field perpendicular to Bj at the resonance fre-
quency of isotope s are applied, the nuclei of kind s will
be depolarized and may be regarded to have infinite spin
temperature at NESS, if one assumes that the driving is much
stronger than the relaxation for nuclei and nuclei have satu-
rated. In this case, because these nuclei are no longer polarized
and are allowed to scatter with the helical fermions, the helical
fermions at edges would be continuously backscattered by
those nuclei at resonance, as indicated in Fig. 1. The backscat-
tering current Iy, on a single edge in this case can be found
using Fermi’s golden rule (see Appendix A), that is

Iy ~ a;%us )+ + 1)V, 3)

which leads to suppression of the conductance given by

2

2
5G~ - P+ 1, (4)
h 3

compared to the ideal quantized conductance Gy = % in
a two-terminal experiment, if kzT < V is assumed and the
Zeeman splitting of nuclei is neglected. We use (...) to de-
note the average vzalue vzvith respect to specific population of
N, IAY

isotope s, o) = am

, and N; is the number of specific

isotope s covered by edge state on the single edge. /° and m*
are the spin quantum number and magnetic quantum num-
ber of nuclear species s in the direction of magnetic field,
respectively.

In general, the weak static magnetic field Es = B? can be
applied along arbitrary direction, and in this case the nuclear
spins would not always be fully polarized by the current [50].
The population ratio of nuclei can be found to be P!, /P =
cot*(6/2) using Fermi’s golden rule (see Appendix A), where
0 is the angle between 2 and 2’ (see Fig. 1), if again kT < V
is assumed and the Zeeman splitting of nuclei is neglected.
One could therefore conclude that at angle 6 = 7 /2 ideally
no change of conductance would be expected when RF field
at resonance frequencies is applied, since the configuration of
nuclear spins does not change before and after the application
of RF field. Therefore, one would infer that the change of con-
ductance when RF field is applied is anisotropic with respect
to 6, even when the hyperfine coupling constant is isotropic,
ie., A}, = AJ. A full calculation with parameters 6, |A;/A,, |,
and V/kgT (see Appendix A), which also takes into account
the effect of nuclear Zeeman energy A, shows that for the
two-terminal setup where the conductance is provided by both
edges, the conductance change is in fact strongly anisotropic
as displayed in Fig. 2.

To compare, we also consider the case in which nonhelical
fermions live at the edge of a 2D trivial insulator, where each
edge has one spin-degenerate conducting channel and bulk
is insulating, as depicted in the inset of the right panel of
Fig. 2(b). As evident in Fig. 2, if the edge state is nonhelical
ideally there would be no angular dependence in the RDNMR
signal if the hyperfine coupling is isotropic, which is due to
the spin degeneracy of particles at the edges. Furthermore,
due to the absence of effective DNP the conductance change
of a nonhelical fermionic system when NMR is turned on is
much smaller than that of a helical system. Even though our
result assumes that nuclei are depolarized by continuous-wave
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FIG. 3. (a) Schematic of the setup in our model. The arrows denote the directions of the magnetic field B, current /, and the nuclear
polarization P, respectively. The double arrows on the magnetic field B indicate that it can be aligned along either direction. In this case P
is nonvanishing only on top and bottom surfaces. (b) The surface spectrum of a rectangular wire under the quantization condition. (c) The
schematic of the distribution of Dirac fermion when biased, where solid blue lines denote the occupied states while dashed blue lines represent
the unoccupied ones; the full circle is the Fermi surface at equilibrium while the two hemi-circles denote the Fermi surface of the reservoirs

when bias is present.

NMR, the results should be qualitatively the same if nuclei are
flipped by pulse techniques.

III. THREE DIMENSIONAL TOPOLOGICAL INSULATORS

It is an interesting question whether similar physics could
also exist in a 3D strong TI that hosts a single Dirac cone
on the surface. This question is addressed in the calculations
below. Our main finding indicates that RDMNR response in
3D TIs is present but may be weaker than in the 2D case as
the current-induced DNP is feeble. Furthermore, in a 3D TI
that is in the quantum Hall regime, we demonstrate that the
effect of the Overhauser field is to modify the Landau levels
spectra and thereby induce an RDNMR response.

We consider a 3D rectangular TI wire, as shown in
Fig. 3(a), with simplified surface Hamiltonian on all the
surfaces:

Hut = hwp (G x k) - i, )

where 7 is the unit normal vector of the corresponding surface
and we have neglected the hybridization between opposite
surface states across the bulk. Note that Eq. (5) is a highly
simplified surface Hamiltonian, which may give a very differ-
ent spectrum from the real one in a nanowire [55]. This is not
only because higher order terms are absent, but also due to the
fact that in reality surfaces with different orientations typically
have different Hamiltonians attributed to the bulk anisotropy
of commonly used TI materials [56-58]. Furthermore, the
pseudo-spin & in Eq. (5) may be very different from the real
spin S on some surfaces, although we simply assume § = G /2
throughout this paper [56]. Nevertheless, the Hamiltonian
Eq. (5) is the simplest model that captures the key physics
and allows us to make explicit analytic calculations. In such
ideal model the surface state may be labeled by longitudinal
momentum k, and the transverse momentum k, along the y-z
direction, which is quantized as k, = ;%Z"::L)”) n € 7 [59,60].
Therefore series of subband are developed, as depicted in

Fig. 3(b). Note that this quantization condition is attributed to
the accumulated = Berry phase when a Dirac fermion travels
around the cross section.

We consider the coherent transport along x direction in a
clean sample. For the two-terminal setup shown in Fig. 3(a),
if there is no reflection at the contacts, the conductance is
G = Mée?/h according to the Landauer formula, where M is
the number of transverse modes. Comparable to the 2D case,
due to the unequally populated right and left movers, the
nuclei would be polarized in a similar manner when bias is
applied. In fact, take the top surface shown in Fig. 3(a) as an
example, the nuclei on the top surface would not be polarized
at all by the current if the external magnetic field is along the
X or z axis, but could be partially polarized if the external field
is along the y axis. Such anisotropy is due to the helicity of the
Hamiltonian Eq. (5): The spin is always in-plane and perpen-
dicular to the momentum. When the magnetic field is along
y direction, the current-induced population imbalance prefers
to flip the nuclei from 43 direction to —y direction since the
majority of right(left)-movers have considerable spin compo-
nent along the —¥(49) direction [see Fig. 3(c)]. It should be
emphasized again that here the external magnetic field affects
neither the electronic spectrum nor the nuclear polarization
directly, instead it only determines the quantization axis of
the nuclear spin. With detailed calculation based on Fermi’s
golden rule (see Appendix B) and simplification V > kzT >

AA =A] = A;y, it can be shown that the population ratio of
nuclei in thlS case is given by
2.sgn(vpV
Pt (1) - ©
Pm I - 14
where m  labels the eigenstate of [, y =

> J,sin%(6,/2)/ 3 J, depends on the Fermi energy and
the size of the sample, J, = [hvp (L, + L;) cos 0,17" is the
DOS of subband n per surface area at Fermi level, and
6, is the angle between k and k, axis that ranges between
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—m /2 and 7 /2 [see Fig. 3(c)]. In the case when M > 1, one
could transform sum to integral and obtain y = 1/2 — 1/7
so that P,/P,_; ~ 0.05. This suggests that considerable
nuclear polarization on the top surface may be achieved if the
magnetic field is in-plane and normal to the electric field. One
could deduce that in this case opposite nuclear polarization
would appear on the bottom surface and no current-induced
nuclear polarization would exist on the side surfaces, as
shown in Fig. 3(a).

The possibility of having considerable DNP indicates that
relatively large conductance change may be observable in 3D
strong TIs when NMR is performed. We continue assuming
the external field is applied along y direction. Similar to the
2D case, the backscattering current due to the nuclei can be
calculated in a similar manner and in fact we are only inter-
ested in the scattering due to the nuclei on the top and bottom
surfaces, because only those nuclei could change appreciably
when NMR is performed. The suppression of conductance due
to the scattering with specific isotope s on the top and bottom
surfaces can be calculated to be

ANS A’ 272 2 _—
T 1\]11(4 ) Jsurf% X [2([51)21/(1 _ y)

+ LD+ A =y )], )
where Jour = Zn J, is the DOS of surface-state per surface
area at Fermi level, N; is the number of specific isotope s
on the top and bottom surfaces and for simplicity we have
assumed isotropic hyperfine coupling. We have defined I= =
ImxL,m)=VUFm)I£m+1) and IZ, =m —m.
The first term in the above equation is due to the nuclear-spin-
conserving scattering while the last two terms correspond to
the nuclear-spin-flipping scattering. Similar to the 2D case,
the change of conductance when the nuclei is at resonance
can be calculated by computing the difference of conductance
when nuclei are polarized and depolarized using Eqgs. (6) and
(7), which is approximately

jTZN;i(AS)z‘]szurf ST 62
G P +1) " ®)
in the limit y — 0, i.e., the nuclear spins are fully polarized
by the current.

We propose an alternative mechanism, based on the Over-
hauser field effect, to control the conductivity by performing
NMR in 3D strong TIs in the presence of strong magnetic
field. In this case, the magnetic field not only determines
the quantization axis of nuclear spin but also modifies the
Hamiltonian Eq. (5) drastically [57,61-65]. Under an external
magnetic field B, along z direction, as depicted in Fig. 4, due
to both the orbital effect and Zeeman effect of the magnetic
field, the spectrum of Dirac fermion on the top and bottom
surface quantizes to well-known Landau levels [61]:

8G = —

G ~

2 2
Eiy = {i\/(gzMBBeff/z) +2hviNe|B,|, N >1 ©

—8:1B|Bettl /2, N=0

while the spectrum on the side surface only shifts by a fi-
nite amount in momentum space. In Eq. (9) Begs = B, + B,
incorporates both the external magnetic field B, and the
macroscopic Overhauser field B, produced by nuclei, g, is
the effective g factor of electron along z direction, and ug

FIG. 4. Schematic for a 3D TI in a strong magnetic field. Lan-
dau levels are formed on the top and bottom surface with filling
factor (%, —%) as an example. Due to the thermal activation, there
is nonzero carrier density contributing to conductivity on the top and

bottom surface.

is the Bohr magneton. We note that since Overhauser field
does not contribute to the orbital effect and only contributes
to the Zeeman term in Eq. (9), the change of it does not
affect the filling factor. Due to the presence of such quantized
Landau levels, in a 3D TI thin film subject to high magnetic
field and at low temperature, integer quantum Hall effect with
quantized Hall conductance oy, = (v, + vp)e? /h appears at
half-integer top and bottom filling factor, v; and v, which
may be tuned independently by gate technique [66—69]. In
traditional quantum Hall systems, it is well known that in the
thermal activation regime the longitudinal conductivity obeys
Arrhenius-type law, namely o, oc e=2+/@k7) [70] It is there-
fore expected that, for a 3D TI in the quantum Hall regime,
if the cyclotron gap on the top and bottom surfaces change
by a small amount §A}" and §A}", the change of longitudinal
conductivity would be

aaxx ~ O.[O(e—SAZT/ZkET _ 1) +O,Z§)(e—5AZ/7/2kET . 1), (10)

where Ut(zh) is the conductivity contributed by top(bottom)
surface before the change of cyclotron gap. Such a cyclotron
gap can be controlled by tuning the Overhauser field through
NMR techniques. At thermal equilibrium, nuclei have polar-
ization due to the strong magnetic field. When specific isotope
s is completely depolarized by RF field, the Overhauser field
B, changes by [71]

PP+ 1) n'y A;
3 |Ve|kBT “
where y, is the gyromagnetic ratio of electrons and »’ is the

density of nuclear isotope s on the surface. Given that under
the general experimental condition |B,| < |B,| and |r| < 1

where r = g,uug|B;|/2,/2hvke|B,|, it can be shown that the

change of gap at filling factor v due to the change of Over-
hauser field 6B, is given by

8B, ~ (11)
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where n is a positive integer. Therefore, by performing NMR,
one expects to observe the change of longitudinal conduc-
tivity, given by Egs. (10), (11), and (12). We point out that
in the above analysis we have assumed that the bulk thermal
excitation is negligible and ignored the possible effect of the
flip-flop processes on the surfaces.

IV. DISCUSSION AND CONCLUSION

In this work, we propose to use NMR techniques to both
test the topological nature of the surface edge states and
control transport in TIs. In 2D TIs, due to spin-momentum
locking of the edge states, there could be significant change
in the backscattered current when the nuclei are at resonance.
The change is sensitive to the angle of the polarization axis
of the nuclear spins. The phenomenon relies on the flip-flop
process between electrons and nuclei as well as current-
induced dynamic nuclear polarization on the edge. We show
that the change in the current may be two orders of magnitude
smaller for nonhelical states than for their helical counter-
parts. As the response is isotropic for the nonhelical states
unless the hyperfine coupling is anisotropic, this is an alter-
native approach to characterize the nature of suspicious edge
states that may accidentally exist in nontopological systems.
For example, it was recently reported that in the topolog-
ically trivial phase of InAs/GaSb quantum well, a 2D TI,
there exists an edge current that is believed to be nonhelical
[72,73]. For the InAs/GaSb quantum well we estimate that
the conductance change percentage for a 1 um long edge
is of order 0.01% when isotope !'SIn is depolarized (see
Appendix D) so our proposal may be detectable in experi-
ments [74,75].

For a 3D TI wire, we demonstrate that similar phenomena
also exist due to the helicity of 2D Dirac fermions. Even
though the models we use are idealized, especially the 3D TI
Hamiltonian of Eq. (5), we believe that our prediction that the
magnitude of nuclear polarization is sensitive to the magnetic
field direction, and that there will be significant change in
conductance at the nuclear resonant frequencies, will hold in

J

both clean and mesoscopic systems. Furthermore, we find that
RDNMR can be realized in a 3D TI that is in the quantum
Hall regime. This is accomplished by modifying the carrier
densities of the Landau levels, through changing the Over-
hauser field, which then alters the longitudinal conductivity.
Using parameters taken from Refs. [39,61], we estimate that
when 2%Bi is depolarized in a field B, ~ 10T at temperature
T ~0.1K, |§B,]| is of order 0.1 T so the change of Landau
gap at filling factor v = £1/2 is of order 10 ueV, which is
comparable to the temperature and hence should be observ-
able. This idea is similar to RDNMR in a 2D electron gas in
the quantum Hall regime [23], but the Landau level spectrum
of the two systems differ significantly. We also emphasize that
2D Dirac fermions on TI surfaces are different from those of
graphene, as in graphene the Zeeman field only results in a
relative shift of the energy levels of the different spin species.
Therefore the RDNMR experiment in a 3D TI may reveal the
unique spectrum of surface Dirac fermions.
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APPENDIX A: DERIVATION OF BACKSCATTERING
CURRENT AND NUCLEAR POLARIZATION IN THE CASE
OF 1-D HELICAL/NON-HELICAL FERMIONS

In this Appendix, for simplicity we suppress all the super-
scripts labeling nuclear isotopes. The change rate of nuclear
population P/ is given by Pauli’s master equation

dPh™

dt (AD

_ h/nh ph/nh h/nh ph/nh
- Z (Wm,m’ Pm’ - Wm’.m Pm/n )’

m

h/nh
where Wm/ """ the scattering rate of nucleus in the environment

of helical /nonhelical fermions from state |, m) to state |1, m’)
is given by Fermi’s golden rule:

2
Wl =0 3 fuoll = fua (G | Hyg ko m) 8(ets + Eny = €t = Eno) (A2)
k,o.k',0’
where fi, and €, are the distribution function/energy of the 1D fermion in state |ko'), respectively, and E,, = —mA is the

energy of nucleus in state |/, m), where A = y,iB and y, is the gyromagnetic ratio of specific nuclear isotope. It may be more

convenient to rewrite Eq. (2) in terms of the nuclear spin operators in ' direction I/ | _, whichisrelatedto I, y by l; = ).

where c¢;; is given by
cosf
Cij=1|— sin 6

—sinf

2

— Sin 7

jciill,
sin 6 sin
2
0 .20
5 —sin” 3 (A3)
% cos?§ /)
ij

in the basis of z, +, —. With the assumption that the distribution of right(left) movers on the edge, given by the left(right) bath’s
distribution fyg)(€) = (e €~#1®) + 1)~! is unaffected by the weak hyperfine interaction, the scattering rate of nuclei embedded

in helical /nonhelical Fermi sea reads
2

T
i p

2

who =

m,m+1

W= s T 1+)2[|Axv| sin* —F( B(A = V) + |Ay|* cos? —F( BA+V)) + ——

h3 Zﬂ

——— ) [|Axy|2sm —F(B(A —V))+ |Ay|* cos’ —F(ﬂ(A+V))+ A

A?

sin GF(ﬂA)} (A4)

2
A sin 9F( ,8A):| (AS)
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nh L AT 2 sin” @

Woms1 = @(Imﬂ) [F(B(A+V))+F(B(A=V))+2F(BMI|1AL1* + (A1* — |Ayl*) (A6)
nh n*J? + sin® 0

Wotim = 16hﬁ(1 PIF(—B(A+V))+F(—B(A = V) +2F (—BM]| Ay I* + (IA.)* — A, %) (A7)

where J is nonhelical fermion’s density of state per length at Fermi levels that counts the spin degeneracy, and we as-
sume it to be roughly a constant over the scale of V. We have defined F(x) =x/(¢* — 1) and Ii (I,m=E 1|, m)=

(I F m)(I £ m + 1). Itis worth mentioning here that the Pauli master equation Eq. (A1) could also be derived by Lindblad-type
quantum master equation if we ignore the interactions between nuclei and makes Born-Markov approximation and secular
approximation, which require that the nuclear relaxation time 7, ~ [|Ay, |2 / n v%) x max(A, V, kgT)]~! is much larger than the
electronic relaxation time 7, ~ h/kgT and the intrinsic nuclear time scale tpo ~ h/A [50,76]. We assume that these conditions
are satisfied in this paper. At the steady state, the population ratio of nuclei is given by Py+1/Py = Wut1.m/Win.m+1 and therefore

P sint SF(=B(A = V) +cos* SF(=B(A + V) + P 'Iz sin? OF (—BA)
mel . A8
Py sin* §F(B(A — V) + cos* SF(B(A +V)) + 2'(; P sin?0F (BA) (A8

Pty F(=B(A+V) + F(=B(A = V) +2F (=pA) 49)
P F(BA=V)+F(BA+V))+2F(BA)
The backscattering current due to specific isotope is given by the rate of change in the number of left or right movers scattered
by that isotope, which is [49]

Iy=e Y (Tigio—Thoro)sgn(V), (A10)

ki k_,0,0'
where I'j, 4, the rate for electrons to scatter from state a to b by specific kind of isotope reads
2
Feo'ko = —fir (1= fig N 3 Pul k'’ m'|Higlkor, m) P8 (et + En — éxor — En), (A1)
m

where Hj,y, which is given by Eq. (2), should be modified to Hy — A.IS.5(r) because for spin-conserving process it is the
fluctuation of spins scattering particles (see Appendix C for detailed discussion). Therefore, the backscattering current on a
single edge for helical/nonhelical fermion can be easily obtained:

I = ahgsg“(v) |:F(—,B(A +V))cos* g x (LT + F(B(A — V))sin* % x (I 2 — F(B(A +V)) cos* g x (I 2

— F(—B(A — V))sin* g x (IF)? + F(—BV)sin® 0 x (I5)° — F(BV)sin’ 6 x (1;,,)2}, (A12)
w_esgn(V) [—— o B B sin 0 |A,|* sin®@
Iy = oy, 5 {(1,;) [F(=B(A+V)) = F(=B(A V))]Kl )+ AE 2

— sin 6 |A.|? sin®0
+(1m)2[F(ﬂ(A—V))—F(ﬂ(A+V))][<1— 5 >+ > ]
|Agl> 2
+ ( ) [F(— ,BV)—F(,BV)](sm 0+ ||AZ||2 cos 9)} (A13)
Xy
[
where a,, = nanJIZIAu\Z and I5, = m — . generality, we assume that the Fermi level lies in the conduc-

tion band. In the limit V > kgT > A, similar to the case in
Appendix A, the transition rate of nuclei can be obtained by
Fermi’s golden rule

Notice that we could also include the effective macroscopic
magnetic field seen by nuclei due to the current-induced
electronic magnetization at the edge, which gives rise to an
additional Knight shift term. In the presence of such term,

we can always choose a new quantization axis that makes the W 1 = —(A‘Y)zV Z( )] ¢n | On) |25n En, (B1)
Hamiltonian of nuclei diagonal and similar analysis holds. nn
s T 4532 2 - n
APPENDIX B: DERIVATION OF BACKSCATTERING Woim = 7 AV > an w1015 = (B2)

CURRENT AND NUCLEAR POLARIZATION IN 3-D TI

We consider the Hamiltonian given by Eq. (5) with quan- ~ where we have assumed J, and spinors are almost fixed in the
tization condition k, = (n + 1/2)7 /(L, + L;). Without losing range Er —V/2 < E < Ep 4+ V/2. ¢,y is the angle between k
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and k, axis satisfying 7w /2 < ¢y < 37 /2 [see Fig. 3(c)] and
|¢) is the corresponding spinor. S” "t () denotes the raising
(lowering) operator in the general 7 direction. For simplicity,
from here we only consider the case that external magnetic
field is along the principal axes and we focus on the top
surface shown in Fig. 3(a). The matrix element of various spin
operators along different principal axes can be calculated to be

6

(1S 10)1 = sin® % cos® 2, (B3)
) 9n n

(IS 160 = cos® 2 sin? "’7 (B4)
) 1 ¢n’ + en

(601161 =  cos ( L ) (BS)

(w|S16a)° = 1. (B6)

(w S%10a) 17 = 1, (B7)

b ™ G
n’Sx9nz:.2 — - s B8
[(@w[SZ16,)|” = sin <2+4 cos? 2+4 (B8)
gn . n'
(@[S 16,)]7 = cos <5 + %) sin’ (% + %) (B9)
S (4 denotes the lowering (raising) operator in the x direction

and same holds for other operators; especially, $¥ = o,/2.
Combining the above equations one can show that

Pm+l _ Wm+l,m _ {1’

Pm N Wm,m+1 B (#)2, 7 I)AI

(B10)

Similar to Eq. (A10), given positive V, the backscattering
current in 3D TI is given by

Iy=e Y (Ciwkn—Tenkn)  (BID
ki k_,n,n' |

In the limit A < kgT < V the last term vanishes and above
equation becomes

]bs = e]Vn me(Werl,m + Wmfl,m + Wmm)s (B12)
where
Jy
W,,,mz—A”v |26, 2” o (BI3
(4%) Z 1w [S7160)] o (BI3)

counts the rate of scattering events conserving nuclear spins.
Combining the above equations one can obtain Eq. (7).

APPENDIX C: JUSTIFICATION OF FERMI’S GOLDEN
RULE WITH NON-EQUILIBRIUM GREEN’S FUNCTION

It is known that in the semi-classical regime, the conductiv-
ity in disordered system to the lowest order can be calculated
with Fermi’s golden rule. However, for a system with highly
dense magnetic scatters, some attention should be paid when
using Fermi’s golden rule to calculate the conductivity. For
clarification, in this Appendix we sketch the verification of
Fermi’s golden rule used in Appendix A with nonequilib-
rium Green’s function (NEGF). Specifically, we demonstrate
why the hyperfine interaction Hj; should be replaced by
Hy .~ Al —1%) - §% when calculating the matrix el-
ements. Consider a translationally invariant system with
Hamiltonian Hj interacting with nuclei that have arbitrary
spin temperature through the isotropic hyperfine interaction
VisV =34, Wl aﬂC}{aCk//g, where i labels the site of
nuclei, s; labels the corresponding isotopic species, k, k" is
the momentum, e, B is the spin index, (A} )i p = Ax"e'(Lkka)R’,
D is the dimensionality of the system and L is the length
of each dimension. In the Keldysh formalism, the Green’s
function reads

Grawa = O,k (Gokaskar + Z(Go)ka ey (A )k o )aSZIaZ(GO)k’aZ;k’a’

i

+ Z(Go)ka ks (A (C1)

)k k a1a2 (Go)klaz ke (A;i)klﬂk/sgsm (GO)k’w;k’a’W +

iJj

where G is the bare Green’s function, a, b labels the com-
ponent of spin, 7. is the time-ordering operator along the
Keldysh contour and (...) denotes the thermal average for
nuclei. For convenience we have suppressed all the time
arguments and their integral; we note that, for example,
in general spin operators in terms such as T.(I5)(I%)P
should be evaluated at different time on the Keldysh con-
tour. The summation symbol for repetitive indices is also
implicitly indicated from now on. To represent Eq. (C1) in
the form of Dyson’s equation, one could first decompose
all the expectation values to the corresponding cumulants,
e.g., Te(I5)(Is)P = T.8(I5)a8(I5)P + (I5)@ - (I%)b, where
S(I°H)* = (I*")* — (I*1)*. Next, we ignore the correlation be-
tween nuclear spins at different sites, therefore terms such
as T.8(I5)48(I%)P vanish unless i = j. Lastly, since we are
less interested in the physics with specific configuration of

(

nuclear isotopes, we take ensemble average of Eq. (C1) with
respect to different realization of nuclear isotopes. After these
procedures, Eq. (C1) can be written in the form of Dyson
series

Gka;k(x’ = (GO)kot;kot’ + (GO)er;erl Ekal;kag Gk(xz;kot” (C2)

where the first-order and second-order self-energy are, respec-
tively,

(E askp = Y n AT (S )up, (C3)

S(AS ZW
(Ez)ka;w:Z”( ) Lf) o )(S“)ay(Go»y;k/a(S”)aﬂ,
(C4)
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in which #»* is the density of specific isotope. Notice that
the momentum of Green’s function is conserved in Eq. (C2)
after performing ensemble average. The first-order self-
energy gives rise to the slight modification of spectrum due
to nuclear field (Overhauser shift), which is neglected here,
while the imaginary part of the second-order self-energy gives
the decay rate due to the hyperfine interaction, which can be
shown to be equivalent to Fermi’s golden rule if one relates
it to the retarded self-energy in real-time domain. Note that it
is 8(19)28(1%)P rather than (I°)?(I°)? entering the second-order
self-energy, which justifies that in Appendix A when using
Fermi’s golden rule hyperfine interaction should be replaced
by an effective interaction H, P~ > AU — IDENE

APPENDIX D: ESTIMATE OF MAGNITUDE
OF RDNMR SIGNAL

In this Appendix, we give an estimate of the conductance
change in the InAs/GaSb quantum well as an example. We
assume the hyperfine coupling A1p is isotropic for simplicity.
In reality, the localized edge state not only spreads in the
quantum well but also extends into the bulk. Therefore the
edge state has a finite cross section Seqqe and interacts with all

the nuclei overlapping with the wave function. The effective
1D hyperfine coupling constant is given by

Asp

Aip =
Sedge

, (D1)

where Asp is the 3D hyperfine coupling constant estimated
by its bulk value. The number of nuclei of isotope !'>In that
backscatter Dirac fermions is given by

L
NS = o LxSedee (D2)

SR
where V, is the unit-cell volume of InAs. The coefficient
0 < a < 1 takes into account that Indium atoms do not exist
in GaSb and '"In has a natural abundance of ~95.7%. The
conductance change in Eq. (4) can thus be written as

8G _ 27T2(A3D)2Lx

—q L DS Ry ),
G =3V S T

(D3)
We obtain the estimated change of conductance of 0.01%
quoted in the main text by setting I = 9/2, Seqge ~ 150 nm?,
V.~ 55.6 A3, A3p ~ 3780 neV A3 [74], vp ~ 1.5 x 10*m/s
[75], and setting @ = 1.

[1] M. Z. Hasan and C. L. Kane, Colloquium: Topological insula-
tors, Rev. Mod. Phys. 82, 3045 (2010).

[2] X.-L. Qi and S.-C. Zhang, Topological insulators and supercon-
ductors, Rev. Mod. Phys. 83, 1057 (2011).

[3] Y. Ando, Topological insulator materials, J. Phys. Soc. Jpn. 82,
102001 (2013).

[4] C. L. Kane and E. J. Mele, Quantum Spin Hall Effect in
Graphene, Phys. Rev. Lett. 95, 226801 (2005).

[5] C. L. Kane and E. J. Mele, Z, Topological Order and the Quan-
tum Spin Hall Effect, Phys. Rev. Lett. 95, 146802 (2005).

[6] L. Fu and C. L. Kane, Time reversal polarization and a Z,
adiabatic spin pump, Phys. Rev. B 74, 195312 (2006).

[7]1 L. Fu and C. L. Kane, Topological insulators with inversion
symmetry, Phys. Rev. B 76, 045302 (2007).

[8] L. Fu, C. L. Kane, and E. J. Mele, Topological Insulators in
Three Dimensions, Phys. Rev. Lett. 98, 106803 (2007).

[9] B. A. Bernevig, T. L. Hughes, and S.-C. Zhang, Quantum spin
hall effect and topological phase transition in HgTe quantum
wells, Science 314, 1757 (20006).

[10] M. Konig, S. Wiedmann, C. Briine, A. Roth, H. Buhmann,
L. W. Molenkamp, X.-L. Qi, and S.-C. Zhang, Quantum Spin
Hall Insulator State in HgTe Quantum Wells, Science 318, 766
(2007).

[11] D. Hsieh, D. Qian, L. Wray, Y. Xia, Y. S. Hor, R. J. Cava, and
M. Z. Hasan, A topological Dirac insulator in a quantum spin
Hall phase, Nature (London) 452, 970 (2008).

[12] H. Zhang, C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, and S.-
C. Zhang, Topological insulators in Bi,Se;, Bi,Te; and Sb,Tes
with a single Dirac cone on the surface, Nat. Phys. 5, 438
(2009).

[13] Y. Xia, D. Qian, D. Hsieh, L. Wray, A. Pal, H. Lin, A. Bansil,
D. Grauer, Y. S. Hor, R. J. Cava et al., Observation of a large-

gap topological-insulator class with a single Dirac cone on the
surface, Nat. Phys. 5, 398 (2009).

[14] Y. L. Chen, J. G. Analytis, J.-H. Chu, Z. K. Liu, S.-K. Mo, X. L.
Qi, H. J. Zhang, D. H. Lu, X. Dai, Z. Fang et al., Experimental
realization of a three-dimensional topological insulator, Bi, Tes,
Science 325, 178 (2009).

[15] D. Hsieh, Y. Xia, D. Qian, L. Wray, F. Meier, J. H. Dil, J.
Osterwalder, L. Patthey, A. V. Fedorov, H. Lin, A. Bansil, D.
Grauer, Y. S. Hor, R. J. Cava, and M. Z. Hasan, Observation
of Time-Reversal-Protected Single-Dirac-Cone Topological-
Insulator States in Bi,Te; and Sb,Tes;, Phys. Rev. Lett. 103,
146401 (2009).

[16] D. Hsieh, Y. Xia, D. Qian, L. Wray, J. Dil, F. Meier, J.
Osterwalder, L. Patthey, J. Checkelsky, N. P. Ong et al., A
tunable topological insulator in the spin helical Dirac transport
regime, Nature (London) 460, 1101 (2009).

[17] C. Briine, C. X. Liu, E. G. Novik, E. M. Hankiewicz, H.
Buhmann, Y. L. Chen, X. L. Qi, Z. X. Shen, S. C. Zhang, and
L. W. Molenkamp, Quantum Hall Effect from the Topological
Surface States of Strained Bulk HgTe, Phys. Rev. Lett. 106,
126803 (2011).

[18] Y. Jiang, Y. Wang, M. Chen, Z. Li, C. Song, K. He, L. Wang,
X. Chen, X. Ma, and Q.-K. Xue, Landau Quantization and the
Thickness Limit of Topological Insulator Thin Films of Sb,Tes,
Phys. Rev. Lett. 108, 016401 (2012).

[19] M. Dobers, K. v. Klitzing, J. Schneider, G. Weimann, and K.
Ploog, Electrical Detection of Nuclear Magnetic Resonance in
GaAs — Al,Ga;_,As Heterostructures, Phys. Rev. Lett. 61, 1650
(1988).

[20] R. Tycko, S. Barrett, G. Dabbagh, L. Pfeiffer, and K. West,
Electronic states in gallium arsenide quantum wells probed by
optically pumped NMR, Science 268, 1460 (1995).

045144-9


https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.83.1057
https://doi.org/10.7566/JPSJ.82.102001
https://doi.org/10.1103/PhysRevLett.95.226801
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevB.74.195312
https://doi.org/10.1103/PhysRevB.76.045302
https://doi.org/10.1103/PhysRevLett.98.106803
https://doi.org/10.1126/science.1133734
https://doi.org/10.1126/science.1148047
https://doi.org/10.1038/nature06843
https://doi.org/10.1038/nphys1270
https://doi.org/10.1038/nphys1274
https://doi.org/10.1126/science.1173034
https://doi.org/10.1103/PhysRevLett.103.146401
https://doi.org/10.1038/nature08234
https://doi.org/10.1103/PhysRevLett.106.126803
https://doi.org/10.1103/PhysRevLett.108.016401
https://doi.org/10.1103/PhysRevLett.61.1650
https://doi.org/10.1126/science.7539550

ZHUANG, MITROVIC, AND MARSTON

PHYSICAL REVIEW B 104, 045144 (2021)

[21] S. E. Barrett, G. Dabbagh, L. N. Pfeiffer, K. W. West, and
R. Tycko, Optically Pumped NMR Evidence for Finite-Size
Skyrmions in GaAs Quantum Wells near Landau Level Filling
v = 1, Phys. Rev. Lett. 74, 5112 (1995).

[22] N. N. Kuzma, P. Khandelwal, S. E. Barrett, L. N. Pfeiffer, and
K. W. West, Ultraslow electron spin dynamics in GaAs quantum
wells probed by optically pumped NMR, Science 281, 686
(1998).

[23] W. Desrat, D. K. Maude, M. Potemski, J. C. Portal, Z. R.
Wasilewski, and G. Hill, Resistively Detected Nuclear Mag-
netic Resonance in the Quantum Hall Regime: Possible
Evidence for a Skyrme Crysta, Phys. Rev. Lett. 88, 256807
(2002).

[24] V. E. Mitrovié, M. Horvati¢, C. Berthier, S. A. Lyon, and M.
Shayegan, NMR study of large skyrmions in Aly13Gags7As
quantum wells, Phys. Rev. B 76, 115335 (2007).

[25] A. Kou, D. T. McClure, C. M. Marcus, L. N. Pfeiffer, and K. W.
West, Dynamic Nuclear Polarization in the Fractional Quantum
Hall Regime, Phys. Rev. Lett. 105, 056804 (2010).

[26] K. R. Wald, L. P. Kouwenhoven, P. L. McEuen, N. C. van
der Vaart, and C. T. Foxon, Local Dynamic Nuclear Polariza-
tion Using Quantum Point Contacts, Phys. Rev. Lett. 73, 1011
(1994).

[27] T. Machida, S. Ishizuka, T. Yamazaki, S. Komiyama, K.
Muraki, and Y. Hirayama, Spin polarization of fractional
quantum Hall edge channels studied by dynamic nuclear po-
larization, Phys. Rev. B 65, 233304 (2002).

[28] S. Kronmiiller, W. Dietsche, K. v. Klitzing, G. Denninger,
W. Wegscheider, and M. Bichler, New Type of Electron
Nuclear-Spin Interaction from Resistively Detected NMR in the
Fractional Quantum Hall Effect Regime, Phys. Rev. Lett. 82,
4070 (1999).

[29] O. Stern, N. Freytag, A. Fay, W. Dietsche, J. H. Smet, K. von
Klitzing, D. Schuh, and W. Wegscheider, NMR study of the
electron spin polarization in the fractional quantum Hall effect
of a single quantum well:Spectroscopic evidence for domain
formation, Phys. Rev. B 70, 075318 (2004).

[30] G. Gervais, H. L. Stormer, D. C. Tsui, L. W. Engel, P. L. Kuhns,
W. G. Moulton, A. P. Reyes, L. N. Pfeiffer, K. W. Baldwin,
and K. W. West, NMR in the solid phase of two-dimensional
electrons at high magnetic fields, Phys. Rev. B 72, 041310(R)
(2005).

[31] N. Kumada, K. Muraki, and Y. Hirayama, NMR Evidence for
Spin Canting in a Bilayer v = 2 Quantum Hall System, Phys.
Rev. Lett. 99, 076805 (2007).

[32] L. Tiemann, T. D. Rhone, N. Shibata, and K. Muraki, NMR
profiling of quantum electron solids in high magnetic fields, Nat
Phys 10, 648 (2014).

[33] P. Khandelwal, A. E. Dementyev, N. N. Kuzma, S. E. Barrett,
L. N. Pfeiffer, and K. W. West, Spectroscopic Evidence for the
Localization of Skyrmions near v =1 as T — 0, Phys. Rev.
Lett. 86, 5353 (2001).

[34] M. Stern, B. A. Piot, Y. Vardi, V. Umansky, P. Plochocka,
D. K. Maude, and I. Bar-Joseph, NMR Probing of the Spin
Polarization of the v =5/2 Quantum Hall State, Phys. Rev.
Lett. 108, 066810 (2012).

[35] M. H. Fauzi, S. Watanabe, and Y. Hirayama, Microscopic char-
acteristics of dynamic nuclear polarization and selective nuclear
depolarization at the v = 2/3 spin phase transition, Appl. Phys.
Lett. 101, 162105 (2012).

[36] K. Yang, K. Nagase, Y. Hirayama, T. D. Mishima, M. B. Santos,
and H. Liu, Role of chiral quantum Hall edge states in nuclear
spin polarization, Nat. Commun. 8, 15084 (2017).

[37] D. M. Nisson, A. P. Dioguardi, X. Peng, D. Yu, and N.
J. Curro, Anomalous nuclear magnetic resonance spectra in
Bi,Se; nanowires, Phys. Rev. B 90, 125121 (2014).

[38] D. Koumoulis, T. C. Chasapis, R. E. Taylor, M. P. Lake, D.
King, N. N. Jarenwattananon, G. A. Fiete, M. G. Kanatzidis,
and L.-S. Bouchard, NMR Probe of Metallic States in
Nanoscale Topological Insulators, Phys. Rev. Lett. 110, 026602
(2013).

[39] S. Mukhopadhyay, S. Kriamer, H. Mayaffre, H. F. Legg, M.
Orlita, C. Berthier, M. Horvati¢, G. Martinez, M. Potemski,
B. A. Piot, A. Materna, G. Strzelecka, and A. Hruban, Hyperfine
coupling and spin polarization in the bulk of the topological
insulator Bi,Ses, Phys. Rev. B 91, 081105(R) (2015).

[40] D. Y. Podorozhkin, E. Charnaya, A. Antonenko, R.
Mukhamad’yarov, V. Marchenkov, S. Naumov, J. Huang,
H. Weber, and A. Bugaev, Nuclear magnetic resonance study
of a Bi,Tes topological insulator, Phys. Solid State 57, 1741
(2015).

[41] N. M. Georgieva, D. Rybicki, R. Guehne, G. V. M. Williams,
S. V. Chong, K. Kadowaki, I. Garate, and J. Haase, 7’ Se nuclear
magnetic resonance of topological insulator Bi,S.3, Phys. Rev.
B 93, 195120 (2016).

[42] Y. Tian, N. Ghassemi, and J. H. Ross, Dirac electron behavior
and NMR evidence for topological band inversion in ZrTes,
Phys. Rev. B 100, 165149 (2019).

[43] R. Guehne, V. Chlan, G. V. Williams, S. V. Chong, K.
Kadowaki, A. Poppl, and J. Haase, Unusual 2Bi NMR
quadrupole effects in topological insulator Bi,Ses, J. Magn.
Reson. 302, 34 (2019).

[44] W. Papawassiliou, A. Jaworski, A. J. Pell, J. H. Jang, Y. Kim,
S.-C. Lee, H. J. Kim, Y. Alwahedi, S. Alhassan, A. Subrati
etal., Resolving Dirac electrons with broadband high-resolution
NMR, Nat. Commun. 11, 1285 (2020).

[45] L. A. Tracy, J. P. Eisenstein, L. N. Pfeiffer, and K. W. West, Spin
Transition in the Half-Filled Landau Level, Phys. Rev. Lett. 98,
086801 (2007).

[46] L. A. Tracy, J. P. Eisenstein, L. N. Pfeiffer, and K. W. West,
Resistively detected NMR in a two-dimensional electron system
near v = 1: Clues to the origin of the dispersive lineshape, Phys.
Rev. B 73, 121306(R) (2006).

[47] M. M. Glazov, Electron & Nuclear Spin Dynamics in Semi-
conductor Nanostructures (Oxford University Press, Oxford,
2018).

[48] A. W. Overhauser, Polarization of nuclei in metals, Phys. Rev.
92,411 (1953).

[49] A. M. Lunde and G. Platero, Helical edge states coupled to
a spin bath: Current-induced magnetization, Phys. Rev. B 86,
035112 (2012).

[50] B. Probst, P. Virtanen, and P. Recher, Controlling spin polariza-
tion of a quantum dot via a helical edge state, Phys. Rev. B 92,
045430 (2015).

[51] A. Russo, E. Barnes, and S. E. Economou, Dynamic nuclear
polarization from topological insulator helical edge states, Phys.
Rev. B 98, 235412 (2018).

[52] G. Tkachov and E. M. Hankiewicz, Ballistic Quantum Spin Hall
State and Enhanced Edge Backscattering in Strong Magnetic
Fields, Phys. Rev. Lett. 104, 166803 (2010).

045144-10


https://doi.org/10.1103/PhysRevLett.74.5112
https://doi.org/10.1126/science.281.5377.686
https://doi.org/10.1103/PhysRevLett.88.256807
https://doi.org/10.1103/PhysRevB.76.115335
https://doi.org/10.1103/PhysRevLett.105.056804
https://doi.org/10.1103/PhysRevLett.73.1011
https://doi.org/10.1103/PhysRevB.65.233304
https://doi.org/10.1103/PhysRevLett.82.4070
https://doi.org/10.1103/PhysRevB.70.075318
https://doi.org/10.1103/PhysRevB.72.041310
https://doi.org/10.1103/PhysRevLett.99.076805
https://doi.org/10.1038/nphys3031
https://doi.org/10.1103/PhysRevLett.86.5353
https://doi.org/10.1103/PhysRevLett.108.066810
https://doi.org/10.1063/1.4761955
https://doi.org/10.1038/ncomms15084
https://doi.org/10.1103/PhysRevB.90.125121
https://doi.org/10.1103/PhysRevLett.110.026602
https://doi.org/10.1103/PhysRevB.91.081105
https://doi.org/10.1134/S1063783415090279
https://doi.org/10.1103/PhysRevB.93.195120
https://doi.org/10.1103/PhysRevB.100.165149
https://doi.org/10.1016/j.jmr.2019.03.008
https://doi.org/10.1038/s41467-020-14838-4
https://doi.org/10.1103/PhysRevLett.98.086801
https://doi.org/10.1103/PhysRevB.73.121306
https://doi.org/10.1103/PhysRev.92.411
https://doi.org/10.1103/PhysRevB.86.035112
https://doi.org/10.1103/PhysRevB.92.045430
https://doi.org/10.1103/PhysRevB.98.235412
https://doi.org/10.1103/PhysRevLett.104.166803

RESISTIVELY DETECTED NMR AS A PROBE OF THE ...

PHYSICAL REVIEW B 104, 045144 (2021)

[53] J.-c. Chen, J. Wang, and Q.-f. Sun, Effect of magnetic field
on electron transport in HgTe/CdTe quantum wells: Numerical
analysis, Phys. Rev. B 85, 125401 (2012).

[54] B. Scharf, A. Matos-Abiague, and J. Fabian, Magnetic proper-
ties of HgTe quantum wells, Phys. Rev. B 86, 075418 (2012).

[55] L. Zhang, J. Zhuang, Y. Xing, J. Li, J. Wang, and H. Guo,
Universal transport properties of three-dimensional topological
insulator nanowires, Phys. Rev. B 89, 245107 (2014).

[56] F. Zhang, C. L. Kane, and E. J. Mele, Surface states of topolog-
ical insulators, Phys. Rev. B 86, 081303(R) (2012).

[57] L. Brey and H. A. Fertig, Electronic states of wires and slabs of
topological insulators: Quantum Hall effects and edge transport,
Phys. Rev. B 89, 085305 (2014).

[58] P. G. Silvestrov, P. W. Brouwer, and E. G. Mishchenko, Spin
and charge structure of the surface states in topological insula-
tors, Phys. Rev. B 86, 075302 (2012).

[59] R. Egger, A. Zazunov, and A. L. Yeyati, Helical Luttinger Liq-
uid in Topological Insulator Nanowires, Phys. Rev. Lett. 105,
136403 (2010).

[60] A. Yar, Spin dynamics and persistent currents on a cylindrical
surface of topological insulator, Europhys. Lett. 126, 50003
(2019).

[61] C.-X. Liu, X.-L. Qi, H. J. Zhang, X. Dai, Z. Fang, and S.-C.
Zhang, Model Hamiltonian for topological insulators, Phys.
Rev. B 82, 045122 (2010).

[62] D.-H. Lee, Surface States of Topological Insulators: The Dirac
Fermion in Curved Two-Dimensional Spaces, Phys. Rev. Lett.
103, 196804 (2009).

[63] O. Vafek, Quantum Hall effect in a singly and doubly con-
nected three-dimensional topological insulator, Phys. Rev. B 84,
245417 (2011).

[64] Y.-Y. Zhang, X.-R. Wang, and X. C. Xie, Three-dimensional
topological insulator in a magnetic field: chiral side surface
states and quantized Hall conductance, J. Phys.: Condens.
Matter 24, 015004 (2011).

[65] S.-B. Zhang, H.-Z. Lu, and S.-Q. Shen, Edge states and integer
quantum Hall effect in topological insulator thin films, Sci. Rep.
5, 13277 (2015).

[66] Y. Xu, 1. Miotkowski, C. Liu, J. Tian, H. Nam, N. Alidoust,
J. Hu, C.-K. Shih, M. Z. Hasan, and Y. P. Chen, Observation
of topological surface state quantum Hall effect in an intrin-
sic three-dimensional topological insulator, Nat. Phys. 10, 956
(2014).

[67] R. Yoshimi, A. Tsukazaki, Y. Kozuka, J. Falson, K. Takahashi,
J. Checkelsky, N. Nagaosa, M. Kawasaki, and Y. Tokura,
Quantum Hall effect on top and bottom surface states of topo-
logical insulator (Bi;_,Sb,),Te; films, Nat. Commun. 6, 6627
(2015).

[68] Y. Xu, I. Miotkowski, and Y. P. Chen, Quantum trans-
port of two-species Dirac fermions in dual-gated three-
dimensional topological insulators, Nat. Commun. 7, 11434
(2016).

[69] S. K. Chong, K. B. Han, T. D. Sparks, and V. V.
Deshpande, Tunable Coupling between Surface States of a
Three-Dimensional Topological Insulator in the Quantum Hall
Regime, Phys. Rev. Lett. 123, 036804 (2019).

[70] D. G. Polyakov and B. I. Shklovskii, Activated Conductivity in
the Quantum Hall Effect, Phys. Rev. Lett. 73, 1150 (1994).

[71] A. Abragam, The Principles of Nuclear Magnetism (Clarendon
Press, Oxford, 1961).

[72] F. Nichele, H. J. Suominen, M. Kjaergaard, C. M. Marcus, E.
Sajadi, J. A. Folk, F. Qu, A. J. A. Beukman, F. K. de Vries,
J. van Veen et al., Edge transport in the trivial phase of
InAs/GaSb, New J. Phys. 18, 083005 (2016).

[73] V. Sazgari, G. Sullivan, and I L Kaya, Localization of trivial
edge states in InAs/GaSb composite quantum wells, Phys. Rev.
B 100, 041404(R) (2019).

[74] J. Schliemann, A. Khaetskii, and D. Loss, Electron spin dynam-
ics in quantum dots and related nanostructures due to hyperfine
interaction with nuclei, J. Phys.: Condens. Matter 15, R1809
(2003).

[75] L. Du, I. Knez, G. Sullivan, and R.-R. Du, Robust Helical Edge
Transport in Gated InAs/GaSb Bilayers, Phys. Rev. Lett. 114,
096802 (2015).

[76] H.-P. Breuer, F. Petruccione et al., The Theory of Open Quantum
Systems (Oxford University Press on Demand, Oxford, 2002).

045144-11


https://doi.org/10.1103/PhysRevB.85.125401
https://doi.org/10.1103/PhysRevB.86.075418
https://doi.org/10.1103/PhysRevB.89.245107
https://doi.org/10.1103/PhysRevB.86.081303
https://doi.org/10.1103/PhysRevB.89.085305
https://doi.org/10.1103/PhysRevB.86.075302
https://doi.org/10.1103/PhysRevLett.105.136403
https://doi.org/10.1209/0295-5075/126/50003
https://doi.org/10.1103/PhysRevB.82.045122
https://doi.org/10.1103/PhysRevLett.103.196804
https://doi.org/10.1103/PhysRevB.84.245417
https://doi.org/10.1088/0953-8984/24/1/015004
https://doi.org/10.1038/srep13277
https://doi.org/10.1038/nphys3140
https://doi.org/10.1038/ncomms7627
https://doi.org/10.1038/ncomms11434
https://doi.org/10.1103/PhysRevLett.123.036804
https://doi.org/10.1103/PhysRevLett.73.1150
https://doi.org/10.1088/1367-2630/18/8/083005
https://doi.org/10.1103/PhysRevB.100.041404
https://doi.org/10.1088/0953-8984/15/50/R01
https://doi.org/10.1103/PhysRevLett.114.096802

