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Spin-selective tunneling from nanowires of the
candidate topological Kondo insulator SmBg

Anuva Aishwarya, Zhuozhen Cai', Arjun Raghavan', Marisa Romanelli!, Xiaoyu Wang?, Xu Li,
G. D. Gu*, Mark Hirsbrunner?, Taylor Hughes, Fei Liu®*, Lin Jiao"?*, Vidya Madhavan'*

Incorporating relativistic physics into quantum tunneling can lead to exotic behavior such as perfect
transmission through Klein tunneling. Here, we probed the tunneling properties of spin-momentum-locked
relativistic fermions by designing and implementing a tunneling geometry that uses nanowires of the
topological Kondo insulator candidate samarium hexaboride. The nanowires are attached to the end

of scanning tunneling microscope tips and used to image the bicollinear stripe spin order in the
antiferromagnet Fe; g3Te with a Neel temperature of about 50 kelvin. The antiferromagnetic stripes
become invisible above 10 kelvin concomitant with the suppression of the topological surface states in the
tip. We further demonstrate that the direction of spin polarization is tied to the tunneling direction. Our
technique establishes samarium hexaboride nanowires as ideal conduits for spin-polarized currents.

direct consequence of the nontrivial

topology of Z, topological insulators

(TIs) is the existence of an odd num-

ber of spin-momentum-locked bound-

ary modes with Dirac dispersion (7).
When the Fermi energy is tuned inside the
bulk band gap, transport is dominated by
the Dirac surface states, and marked topo-
logical phenomena can be observed. In this
scenario, spin-momentum locking coupled
with Dirac dispersion dictates that the net
current traveling in a given direction must be
spin polarized; currents traveling in opposite
directions carry opposite spin. The high spin-
charge conversion efficiency, and the topo-
logical protection of the boundary states,
make TIs particularly interesting for appli-
cations in “topological spintronics,” as well
as for quantum technologies such as con-
trolling qubits (2-4). To date, many exotic
phenomena have been realized in magnet-
ically doped TIs or TI heterostructures, such
as the quantum anomalous Hall effect (5), the
topological magnetoelectric effect (6), and the
large spin-orbit torque effect (7). TI boundary
modes are also ideal platforms with which to
explore the unique tunneling properties of
relativistic fermions.

In practice, a substantial bottleneck to using
TIs both for fundamental studies and applica-
tions is the fact that many semiconductor-
based TIs suffer from intrinsic defects that
cause self-doping, which moves the Fermi
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energy into the bulk bands. There has there-
fore been a tremendous impetus to study
interaction-driven topological phases in which
the Fermi level is naturally pinned to the
topological band gap. To this end, topological
Kondo insulators (TKIs) have been proposed
as ideal topological systems in which surface
Dirac fermions naturally dominate the density
of states near Fermi level (8). In TKIs, the
lattice Kondo effect leads to the emergence
of a low-energy, correlation-driven heavy band,
which hybridizes with another light band
crossing the Fermi energy, leading to a Kondo
hybridization gap (9). A concomitant band
inversion results in the formation of topolog-
ical surface states (TSS) within this gap. The
material samarium hexaboride (SmBg) (Fig.
1A) has been proposed as a TKI and exhibits
the following phenomenology (9). At high
temperatures, SmBg is a Kondo metal. Below
the bulk Kondo coherence temperature (7k) of
~50 K, the hybridization between the emer-
gent heavy f band and the light d bands opens
a Kondo gap (Fig. 1B, schematic), which be-
comes better defined with decreasing temper-
ature (10-14). Scanning tunneling microscopy
(STM) studies have shown that, below 10 to
15 K, “heavy” surface states develop within
the Kondo gap (15, 16). The observation of
the surface states at far lower temperatures
(~10 K) than Tk suggests that the surface
Kondo temperature may be lower than Tk
(15, 17). The topological nature of the surface
states is supported by the observation of a
series of phenomena (18), e.g., nonlocal trans-
port (19, 20), enhanced spin pumping (21),
the Edelstein effect (22, 23), chiral edge modes
(24), spin-momentum locked spin textures for
the surface states (25), and the Klein paradox
(26). Despite these studies, the topological ori-
gin of the surface states remains controversial
(27). If the surface states were indeed topolog-
ical, then the presence of isolated TSS within a
bulk band gap that straddles the Fermi energy
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would make SmBg an excellent system for
harnessing the properties of Dirac electrons.

In this work, we used a unique tunneling
geometry to reveal a distinctive tunneling
process that we call helical tunneling. The
term “helical” refers to a direction-dependent
spin polarization akin to the spin-momentum
locking of helical edge states of a quantum
spin Hall insulator. We show that the tun-
neling electrons from SmBgz nanowires are
spin polarized, with the direction of spin
polarization being tied to the direction of
tunneling. To achieve this, we used focused
ion beam-based nanofabrication techniques
to harvest and attach SmBs nanowires to the
ends of etched tungsten wires typically used
as STM tips (see fig. S1) (28). The nanowires
used in this work were grown on silicon (Si)
substrates. They have diameters ranging from
60 to 100 nm and average lengths of ~50 um
(Fig. 1C, inset, and D). The growth procedure
is described in detail elsewhere (29). The
nanowires grow along the [001] direction and
terminate laterally at high-symmetry facets
such as (001). The larger-diameter nanowires
that we used typically contain multiple large
facets in which the electronic structure is ex-
pected to be similar to the surfaces of bulk
SmBg. Given that the penetration depth of TSS
in SmBg is <30 nm, our SmBg nanowires are
sufficiently thick to host TSS (21, 26).

Mounting SmBg nanowires on tungsten tips
is a two-step process that uses the omniprobe
inside the focused ion beam + scanning elec-
tron microscopy (SEM) dual-beam system (28).
The nanowire tips thus prepared are trans-
ferred to the STM (Fig. 1E shows a schematic
of the tunneling setup). For benchmarking,
we first characterized the tips on a Cu(111)
single-crystal sample (see figs. S2 and S3) (28).
Using the facts that the STM dZ/dV spectrum
is a convolution of tip and sample density of
states and that Cu(111) has a flat density of
states near the Fermi energy, we could isolate
the density of states of the nanowire tip. The
data verify that the nanowire tip hosts surface
states similar to bulk SmBg.

On the basis of these observations, we ex-
pect the surface states to play a key role in
the tunneling characteristics of the nano-
wire tips. In particular, the spin-momentum
locking of topological surface states may re-
sult in spin-polarized currents. To determine
the spin polarization of the tunnel current, we
studied iron telluride (Fe,,,Te), which is a
bicollinear antiferromagnet (AFM) for x <
0.11 (Fig. 2A). Fe;,,Te has been extensively
studied by spin-polarized STM, and it is well
established that the atomic-scale AFM order
can be observed with a traditional magnetic
tip, where it presents itself as stripes with
double the tellurium (Te) periodicity (30-32)
(Fig. 2, B and C). Because of the matrix ele-
ment effects, tunneling is favored between
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Fig. 1. Morphology, crystal struc-

ture, and electronic structure of the 54

SmBg nanowire tip. (A) Crystal struc-
ture of SmBg showing the cubic lattice
of Sm atoms with octahedrons of
boron at the center. (B) Schematic

of the band structure of SmBg showing
the hybridization-induced gap between
the 5d and 4f bands. The blue

shaded region represents the

Kondo gap, and the cyan and pink
lines indicate the TSS. The colors
represent opposite spin orientations.
(C) High-resolution SEM image of the
nanowires on a silicon substrate. Inset:
magnified image of a nanowire. Scale
bar, 200 nm. (D) High-resolution
false-colored SEM image of the

nanowire tip showing the nanowire
bonded to a trimmed W tip. (E) Sche-
matic of the STM circuit showing the
nanowire tip and the sample.
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Fig. 2. Atomic-resolution imaging of antiferromagnetic stripes in Fe;.,Te
with SmBg nanowire tip. (A) Crystal structure showing one layer of Fej.Te
made of an iron (Fe) layer sandwiched between two Te layers. (B) Schematic
of the ab plane of the lattice with the overlay of the spin structure showing
the in-plane antiferromagnetic order. The periodicity of the antiferromagnetic
order and the lattice are labeled as asry and are, respectively. (C) Schematic
of the Te lattice is depicted by the orange spheres (top) and AFM order
(bottom). Topography obtained with a W tip (top) and a spin-polarized Cr tip
(bottom). The schematic and topography are not the same size. Scale

bar in each topography, 1 nm. (D) STM topography obtained with a
spin-averaging W tip (Vgias = 20 mV, I = 60 pA, T = 4.3 K). (E) STM
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spin parallel states and suppressed between

spin antiparallel states (33).

For our STM studies, Fe;,,Te (nominal x =
0.03) single crystals were cleaved at ~90 K
before inserting them into the STM head.
Shown in Fig. 2H is an average dI/dV spectrum
obtained on Fe,, ,Te at 1.7 K. With SmBg on the
tip, we observed a peak on the opposite side of
Er compared with spectra on bulk SmBg (see
comparison with bulk spectrum in fig. S4)
(28). This demonstrates the existence of the
surface states on the tip. We then used this tip

to obtain topographic images of Fe,,,Te. In
contrast to topography using a tungsten (W)
tip (Fig. 2D), which shows the expected square
Te lattice of the top layer with a lattice con-
stant of 3.8 A, the images with the SmBg nano-
wire tips show stripes (Fig. 2E). The double
periodicity of the observed pattern is the same
as the spin modulation of the striped AFM
order (Fig. 2G), and the image is consistent
with the spin-dependent contrast seen in sev-
eral previous STM studies using magnetic tips
(30-32). This phenomenology was confirmed
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topography obtained with the SmBg tip at Vgijas = 20 mV, [ = 60 pA, T=4.3 K
showing well-defined spin contrast. (F and G) FFT of the topographies
in (D) and (E), respectively, showing only the Bragg peaks from the Te lattice
(gre) in (F) and the presence of a strong signal from the antiferromagnetic
ordering (garm) along with the gre in (G). (H) Average dI/dV spectroscopy
obtained on Fey Te at T = 1.7 K (Vgias = 50 mV, I =120 pA). In (H) and (1), the
highlighted gray region shows the feature in the DOS associated with the
topological surface state. (I) d//dV line cut across one period of the AFM
stripe (red to blue to red) showing the modulation of the TSS peak as a
function of position. Inset shows the topography and the gray arrow shows
the line where the spectra were obtained. Scale bar, 1 nm.
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Fig. 3. Temperature dependence showing diminishing spin contrast. (A to
D) STM topography on Fey.,Te at the labeled temperatures obtained in the same
field of view (Vgias = 40 mV, I = 40 pA). Blue circles denote the same defect in all
frames. (E and F) Comparison of FFTs of (A) and (D) to illustrate the
disappearance of the gapy at 10.7 K, far below the antiferromagnetic T¢. A

using multiple nanowire tips (fig. S5) (28). Be-
cause it is well established that spin-dependent
spatial contrast in STM images arises from
the tunneling of spin-polarized electrons, the
observed spin contrast directly indicates that
the SmBg nanowire tips act as a source of
spin-polarized currents.

As a first check of the possible involvement
of the surface states in generating the spin-
polarized currents, we measured the tem-
perature dependence of the observed spin
contrast. Previous transport and spectroscopic
experiments on bulk SmBg have revealed the
attenuation of the Dirac surface states in SmBg
with increasing temperature and a transition
from surface-dominated to bulk-dominated
regime around 10 to 14 K (15, 16, 34, 35).
Figure 3, A to D, shows the temperature-
dependent topographies of Fe,,,Te in the
same field of view. The AFM order can be seen
clearly at lower temperatures. However, at
~10 K, the striped signature of the AFM order
disappears, leaving behind only the atomic
corrugation of the Te lattice. This is also clearly
seen in the fast Fourier transform (FFT) (Fig. 3,
E and F). We obtained similar results with two
other nanowire tips (fig. S6) (28). Upon cooli-
ng down, the AFM order reappeared (fig. S7)
(28). Given that the Neel temperature (7y) for
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Fe, y3Te is ~50 to 60 K, the disappearance of
magnetic contrast around ~10 K must be
caused by a change in the nanowire tip. In fact,
previous STM images obtained with magnetic
tips continued to show AFM order all the way
to 45 K (30). In addition, we investigated the
same samples with canonical spin-polarized
Cr tips, which continued to show clear AFM
stripes at 10 K (see fig. S8) (28).

Although the temperature dependence sug-
gests a causal relationship between the presence
of the surface states and the spin-polarized
contrast (fig. S9) (28), there may be other
explanations for the temperature dependence.
For example, metallic Sm is AFM in nature
and has a Ty of ~14 K (36), so a Sm cluster on
the tip might create spin-polarized currents
that mimic this temperature dependence. To
distinguish between these scenarios, we explored
how spin-momentum-locked tunneling of Dirac
electrons is different from typical magnetic tips.
We calculate the spin-resolved transport coef-
ficients for tunneling between a normal two-
dimensional (2D) metal and a 2D band of
spin-momentum-locked, singly degenerate lin-
early dispersing states (Fig. 4D, schematic). A
Zeeman term was used to open a gap in the
inner band of 2D Rashba states, which mimics
tunneling from a 2D Dirac band. The transmis-
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Gaussian background has been subtracted from the center to improve
visualization of the g vectors. (G) Plot of the ratio of the intensity of the signal
from garm to the Bragg peak (gre) as a function of temperature. Black dashed
line is a guide to the eye. The spin contrast signal from the AFM stripes is highly
suppressed at ~10 K, similar to the behavior of the topological surface state.

sion coefficient with an infinitesimal bias volt-
age is equivalent to the differential conductance,
and as is usual in tunneling, the sign of the bias
voltage dictates the direction of travel of the
tunnel current. The net spin polarization of the
tunneling electrons going from left to right
(I1.g) and right to left (/x.1) is plotted in fig.
S10B (28). The calculations show two important
features: (i) The tunnel current is indeed spin
polarized and (ii) the spin polarization reverses
when the direction of tunneling is reversed
(helical tunneling). Such a reversal of spin
polarization is neither expected nor observed
for conventional magnetic tips (37), suggesting
an unambiguous way to test the involvement of
the surface states in generating spin-polarized
currents by checking whether the currents are
oppositely polarized at opposite bias.

From the discussion above, a “smoking gun”
proof of the proposed helical tunneling would
be the observation of contrast reversal of the
observed AFM stripes at opposite tip bias volt-
ages. Shown in Fig. 4, A and B, and in fig. S11
(28) are images in the same area obtained at
positive and negative biases with a nanowire
tip. The line cuts of the two images (Fig. 4C)
show a reversal of the AFM contrast, indicat-
ing that the opposite spin channel is selected
by the tunneling electrons upon switching the
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Fig. 4. Helical tunneling with a SmBg nanowire tip: Contrast reversal at
opposite bias voltages. (A and B) STM topographies of Fey.cTe obtained

in the same area at +30 mV (-30 mV) and using an SmBg tip at T = 4.3 K.
(C) Height profile of the topography along gray dashed lines in (A) (red curve)
and (B) (blue curve). The red curve is shifted vertically for clarity. The dotted
lines correspond to the peaks of the red curve and dips of the blue curve,
indicating a n-phase shift of the stripes between the positive and negative bias
scan. (D) lllustration of the tunneling geometry used for the quantum tunneling
simulation from the TSS to a normal metal. Without loss of generality, we have
assumed the tip to be a 2D metal with just one branch of spin-momentum-locked

0.15

0.20
q (A"

0.25 0.30

states crossing the Fermi energy and the sample to be a normal metal with
spin-degenerate bands (28). In reality, the sample has AFM stripes arising

from the Fe lattice, which is visualized by the spin-polarized currents from the
tip. (E) Absolute magnitude of the FFT of the topography shown in (B) showing
the peaks associated with gr. (yellow) and garu (cyan). (F) Phase-referenced
FFT between the topographies shown in (A) and (B), with the same peaks
highlighted in cyan and yellow. The relative phase amplitude is negative at garw,
indicating a m-phase shift of the stripes originating from helical tunneling.

(G) Line cut across the phase-referenced FFT [indicated by gray dashed line in
(F)] illustrating the sign change between gre and gapu.

sign of the bias voltage. To better establish
that this contrast reversal is pervasive over the
whole image, we performed phase-referenced
FFT (38) (see fig. S12 for the analysis method)
(28). As shown in Fig. 4, F and G, we observed
anegative value for the relative phase ampli-
tude at the antiferromagnetic ordering vector
(garm), establishing a n-phase shift of the
stripes at opposite biases. This contrast rever-
sal was robust against thermal cycling (fig. S13)
(28). Moreover, as expected, such contrast re-
versal was not observed for spin-polarized Cr
tips [fig. S14- (28) and see (38)].

Combined with the temperature depen-
dence, the contrast reversal at opposite bias
voltages suggests that the topological sur-
face states participate in generating the spin-
polarized tunneling currents observed in our
experiment. Although there are different fac-
ets on the nanowires, we expect the junction
to be formed at the bottom of one of the side
crystal planes (see schematic in fig. S15) (28).
This is important because an equal average
over all facets would lead to zero net spin
polarization. Indeed, the macroscopic W wire,
which hosts the nanowire, is slid into the tip
holder and tightened by a set screw, which
always causes a tilt, and this naturally results
in the tunnel junction being formed at one of
the side facets (see schematic in fig. S15) (28).

Aishwarya et al., Science 377, 1218-1222 (2022)

Further support for the involvement of the
surface states was obtained by directly measur-
ing how the low-energy features associated
with the SmBg surface states change across
the AFM stripes. Shown in Fig. 21 is a spectro-
scopic line cut across one period of the AFM
stripe. We found that the amplitude of the
low-energy features associated with the surface
state changed periodically as the tip was moved
across an AFM stripe. This change in intensity
is a result of changes in the tunneling prob-
ability caused by the different relative orienta-
tions of the tip-surface state electron spin and
the sample spin. This scenario of TSS-mediated
helical tunneling will survive even with the weak
surface magnetism that has been observed in
SmBg at millikelvin temperatures (24). It has
been suggested that the TSS may mediate a
ferromagnetic RKKY interaction among mag-
netic impurities on the surface, giving rise to
this surface magnetism (39). However, because
the Dirac surface states are generated by the
nontrivial topology of the bulk, weak surface
magnetism would simply open a small (<1 meV)
gap at the Dirac point, leaving the remainder
of the helical tunneling physics outside of this
energy window unchanged. This would not be
at odds with any of our observations.

In summary, the reduced dimensionality
and geometry of the nanowire tips allowed us

9 September 2022

to study the tunneling properties of a candi-
date TKI. Our observations and calculations
show that the spin polarization of the tunnel
current is insensitive to the position of the
Fermi energy relative to the Dirac point and
only depends on the direction of tunneling.
These unique properties of spin-momentum-
locked Dirac fermions may be used directly for
manipulating spin currents in the field of
spintronics. In addition, magnetic contrast at
surfaces or local defects can be detected with
atomic resolution without using external mag-
netic fields, as would be necessary in a tradi-
tional spin-polarized STM. Equally important,
our technique of mounting nanowires on the
STM tip opens up avenues for using topological
nanowire tips for devices and heterostructures
(40, 41). As an example, a proximitized topo-
logical nanowire in a vertical magnetic field
would host Majorana fermions at the end,
effectively making a Majorana tip. This may
then be used for directly studying interactions
as a function of distance between two Majorana
modes (one on the nanowire tip and the other
on the sample), which has proven difficult to do
so far. Finally, scanning probe microscopy using
unconventional tips is a burgeoning field in
the study of quantum materials for nanoscale
magnetic imaging (42, 43). Our work thus
opens many avenues for using various kinds
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of functionalized nanowires as STM tips
(superconducting, topological, etc.) for atomic-
resolution imaging to provide nanoscale infor-
mation on different materials properties such
as magnetism, superconductivity, and other
emergent excitations.
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