Transmission of Topological Surface States through Partial Dislocations
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Topological surface states are of great interest for their non-trivial Berry phases and spinmomentum locking, which prevents them from backscattering. Topological surface states of Sb(111)
were previously shown to have a large transmission coefficient through bilayer terrace edges [1].
Here we use a scanning tunnelling microscope to investigate the quasiparticle interference pattern
of the topological surface states on Sb(111) monolayer terraces. The monolayer terrace edges in our
sample are partial dislocations, since the height of a monolayer is only half of a translational period.
We demonstrate that topological surface states can transmit through these monolayer terrace edges
without backscattering, and are hidden beneath the surface of the higher terrace. These interesting
features may contribute to new applications in nanoscale spintronic devices.

1
Topological materials have been intensely studied in
the last decade due to their unique robust properties. In
topologically non-trivial materials, conducting boundary
states exist at interfaces where the topological invariant
changes [2]. For instance, a two-dimensional (2D) topological insulator (TI) can host one-dimensional (1D) helical modes protected by a topological bandgap in the
bulk, such as the HgTe/CdTe and InAs/GaSb quantum
well [3–5]. Similarly, a three-dimensional (3D) strong
topological insulator (STI) can host spin-polarized Dirac
surface modes protected by a topological bandgap in the
3D bulk [6–9]. The topological surface states of 3D STIs
are immune to localization and material imperfection,
providing an excellent platform for spintronics and quantum information [10, 11].
2
Terrace edges have been a good platform to study
topological surface states [1, 12–15] and topological edge
states [16–24]. Although trivial metal surface states
are confined within terrace edges [12], topological surface states can partly transmit through terrace edges.
With strong topological indices, Sb(111) hosts two surface spin-polarized bands created by Rashba spin-orbit
coupling [25, 26]. Therefore, its topological surface states
do not backscatter between equal and opposite momentum states, resulting in a small reflection probability at
bilayer terrace edges [1]. Nevertheless, in the Sb(111)
monolayer terraces, we discovered from the quasiparticle interference (QPI) pattern that the topological surface states can transmit through monolayer terrace edges
with zero reflection, such that the real resonance width
is a whole bilayer terrace wide.
3
The terraced Sb(111) surface was derived by cleaving the high-purity Sb sample (99.999%) in cryogenic
ultra-high vacuum. We used scanning tunneling microscope (STM) to obtain the 2D topographical image; and
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scanning tunneling spectroscopy (STS) to obtain the density of states (DOS) by recording differential conductance
(dI/dV) spectra at each location. The topological surface
states of Sb(111) are demonstrated from QPI pattern in
the DOS map, on which our main analysis is based.
4
The topographical map of Sb(111) surface in Fig.
1(a) shows parallel terraces with widths ranging from 15
nm to 30 nm. Sb has a rhombohedral crystal structure
and can be considered as a stacking of (111) bilayers with
buckled honeycomb structure. Atomically resolved topographical image in the inset suggests that the terrace
edges are zigzag edges. Fig. 1(b) shows the topographical map along a line cut perpendicular to terrace edges,
which is marked by the white arrow in Fig. 1(a). Instead
of a whole bilayer distance (3.7 Å), the height of terraces
in our main sample is either an inter-bilayer distance
(2.2 Å) or an intra-bilayer distance (1.5 Å). Therefore,
the monolayer terrace edges are partial dislocations. We
name terrace n as Tn and edge n as En below. Specifically, we denote T1, T3, T5, which have even layers, as
‘normal’ terraces; while T2, T4, T6, which have odd layers, are ‘abnormal’ terraces. The top view of the atomic
structure is shown in Fig. 1(c), and the side view of the
optimized atomic structure is shown in supplementary
material Fig. S1.
5
Fig. 1(d) shows the density of states (DOS) map at
energy from −0.25 eV to 0.25 eV along the same cut in
Fig. 1(b). The QPI pattern in the DOS map displays the
spatial and energetic quantization of topological surface
states due to the 1D confinement effect, and a damped
oscillation near the edge is observed [14, 15]. The QPI
patterns on the terraces arise from scattering of topological surface states by terrace edges. Fourier transformations of DOS maps in T4 (abnormal) and T5 (normal)
are displayed in Fig. 2(a), where three main scattering
channels qA , qB and qC are marked by solid lines. The
wavevectors qA and qB , arising from scattering within one
spin-polarized surface band of Sb, disperse in excellent
agreement with earlier STS measurements on bilayer Sb

2

FIG. 1. Structure and spectroscopy of Sb(111) terraces. (a) Topographic STM image of Sb(111) surface (sample bias Vs = 300
mV; bias oscillation Vrms = 5 mV; setpoint current Is = 1 nA; T = 5.4 K). Inset is an atomic-resolution image. (b) Topographic
STM map measured along a line cut perpendicular to the edge, indicated by the white arrow in (a). (c) Schematic top view
of the atomic structure of monolayer Sb(111) terraces. The atoms and bonds in the surface bilayer are red. (d) DOS map
measured simultaneously with the topographical map in (b).

terraces [1] and calculations of the QPI pattern [25–28].
Specifically, qB corresponds to superposition between the
electron and hole pockets, which is more significant than
qA in this system. qC appears only on abnormal terraces,
which is possibly due to the structural anomaly in the
bulk. The linear dispersion of qB from −100 meV to
50 meV results from the linear dispersions of kp and ks ,
which are labeled as P and S in Fig. 2(b). The calculation
details are in supplementary material.
6
Next, we investigated how topological surface states
transmit through the monolayer terrace edges. Fig. 3(a)
displays the QPI patterns in T4 (abnormal) and T5 (normal) with energy ranging from -100 meV to 50 meV. To
fit the QPI pattern according to scattering channel qB ,
we adopted the reflection model used in bilayer terraces
[1]. The local density of states (LDOS) can be expressed
by two wave functions propagating along the +x and −x
directions, LDOS = N1 |ψ+ + ψ− |2 , where N is a normalization factor. Assuming that the two wave functions are
partly reflected by the terrace edges, we have
ψ± =

1 + R0 eiq(L/2±x)
1 − R02 eiqL

−1 −1
c = (c−1
= 1.18 eV·Å.
p + cs )
7
The result of simulation is shown in Fig. 3(b), where
L is set as the whole length of T4 and T5. DOS peaks
of the simulation are marked by black dots in Fig. 3(a),
which matches well with the data. Red arrows mark the
real endings of the pattern, which is 1.5 nm from the
edges. The perfect fitting of QPI pattern in T4 as well as
lack of reflection ripple at E4 confirms the perfect trans-

(1)

where L is the width of the reflection interval, x is the
location of the STM tip, R0 = reiθr is the complex reflection coefficient, and q = kp + ks is the wavevector of
the QPI pattern with kp the left-going wave and ks the
right-going one. In the linear zone, q = (E −E0 )/c where

FIG. 2. Fourier transform (FT) and density functional theory
(DFT) calculation of Sb(111). (a) FT of the QPI pattern in
Fig. 1(d). Three scattering channels qA , qB and qC are marked
by color lines. (b) DFT band structure of a slab of Sb with
normal termination. The red bubble marks the projection of
the bands onto the surface. P and S are two spin-polarized
bands

3

FIG. 4. Energy spacing and quasiparticle lifetime. (a)
Spatially-averaged spectroscopy of terraces T2-T6, grouped
by ‘abnormal’ (top) or ‘normal’ (bottom) termination. (b)
Relation between ∆q = 2π/L and ∆E on different terraces.
The green dashed line with c = 1.18 eV·Å is the theoretical
result. (c) Energy dependence of Γ in bilayer and monolayer
terraces.
FIG. 3. Transmission of topological surface states through
monolayer terrace edges. (a) Zoom-in data from the white
rectangle in Fig. 1(d). Black dots mark the peak positions of
the simulated QPI patterns. (b) Simulation of QPI pattern
(parameters: L = 51.5 nm, E0 = −0.251 eV and c = 1.18
eV·Å). (c) Schematic diagram of the resonance interval. The
topological surface states are reflected at the distance of two
adjacent monolayer terraces. (d) Fourier transforms (FTs) of
the average dI/dV on each terrace as a function of energy,
assuming E = cq and c = 1.18 eV·Å. The FTs on T2 and T4
show peaks corresponding to lengths L1 + L2 and L4 + L5,
respectively. Interestingly, the FT on T3 also shows peaks
corresponding to lengths L1 + L2 and L4 + L5, suggesting
leakage of states onto T3 from both sides.

mission of topological surface states, indicating that the
topological surface states resonance within two adjacent
terraces (i.e., the distance of a whole bilayer) and are hidden beneath the higher terrace, which is demonstrated in
Fig. 3(c). Fitting of T2 gives similar results (supplementary material Fig. S2).
8 To further confirm that the topological surface states
resonate within two adjacent terraces, we plotted energy

spacing ∆E vs. quantized wavevector ∆q = 2π/L in Fig.
4(b). The energy spacings are fitted from the spatially
averaged spectroscopy shown in Fig. 4(a). Li indicates
the length of one monolayer terrace and L0i indicates the
length of two adjacent terraces where the pattern ends.
For instance, L04 = L4 + L5 , and L02 = L2 + L1 . The
slope c = 1.18 eV·Å passes through the bilayer data (see
supplementary material Fig. S3) as well as the monolayer
data calculated by L0 , which confirms that the real width
of the resonance is the width of a whole bilayer terrace.
9
Next, we measured the resonance width Γ = ~/τ ,
which is inversely proportional to the lifetime of the
quasi-particles τ . The resonance width Γ of monolayer
and bilayer terraces are derived by Lorenz fitting of averaged spectroscopy (supplementary material Fig. S4),
the result of which is shown in Fig. 4(c). Monolayer and
bilayer resonance widths coincide with each other, indicating the same reflection coefficient in monolayer and
bilayer terraces. Therefore, the scattering mechanisms at
monolayer terraces and bilayer terraces are probably the
same. Furthermore, our results of both monolayer and
bilayer terraces do not demonstrate a traditional Fermi
liquid behavior, Γ(E) = ΓL + γ(E − EF )2 , where ΓL

4
represents the residual scattering at Fermi surface [1].
10 In summary, we discovered the perfect transmission
of topological surface states through partial dislocations
in Sb(111) monolayer terraces. The resonance spacing is
proved to correspond to the width of a whole bilayer terrace and the scattering mechanism at monolayer terrace
edges is similar to bilayer terrace edges. One possible
reason is that the monolayer terraces can be viewed as
superpositions of two sets of bilayer terraces, topological
surface states that are independent of each other. Therefore, this novel phenomenon may have a topological origin. Besides, this system also hosts other novel properties, such as spatially uniform DOS peaks at zero energy

and edge states at the monolayer terrace edges. Our finding may contribute to the understanding of how partial
dislocations interact with topological surface states, and
may lead to new spintronic applications.

[1] J. Seo, P. Roushan, H. Beidenkopf, Y. S. Hor, R. J.
Cava, and A. Yazdani, Transmission of topological surface states through surface barriers, Nature 466, 343
(2010).
[2] M. Z. Hasan and C. L. Kane, Colloquium: Topological
insulators, Reviews of Modern Physics 82, 3045 (2010).
[3] 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 (2006).
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Supplementary Material for
Transmission of Topological Surface States through Partial Dislocations
S1.

OPTIMIZED ATOMIC STRUCTURE BY DFT CALCULATION

FIG. S1. Lattice structure of normal and abnormal terraces by DFT calculation. (a) The side view of normal and abnormal
terraces. The monolayers in abnormal terraces maintain a bilayer combining pattern at the surface (orange arrows), but
gradually transform into the combining pattern of normal terraces in several bilayers deep (black arrows). (b) Plot of interlayer
spacing. The interlayer distance of abnormal terraces shows a gradual transformation.

The periodic normal/abnormal surface systems are calculated by DFT using the general gradient approximation
(GGA) with Perdew-Burke-Ernzerhof functional [29] and projector augmented wave (PAW) method, as realized in
VASP codes. The cut-off energy of plane-wave basis set is set at 500 eV, and the Brillouin zones are sampled
by Monkhorst-Pack method [30] with k-point mesh separated by 0.03 Å−1 . The calculation considers spin-orbital
coupling, and DFT-D3 method is used to consider interlayer van der Waals interaction. Slab model with 22/23 layers
is used to simulate normal/abnormal terrace, and a vacuum layer of 15 Å is set to avoid fake interaction. The bottom
two bilayers are fixed to simulate a bulk Sb underneath. Residue force of all atoms converges to 0.02 eV/Å after
relaxation.
The optimized result is shown in Fig. S1, suggesting that the monolayers in those abnormal terraces maintain a
bilayer combining pattern at the surface, but gradually transform into the combining pattern of normal terraces in
several bilayers deep. Therefore, translational symmetry in the direction perpendicular to the surface is broken in
abnormal terraces, generating some 2D features [31, 32]. Interestingly, three-monolayer-bindings which is marked
by purple dashed lines in Fig. S1 are present during the gradual transformation in the abnormal terraces. The
three-monolayer-bindings may give rise to singularities in the band structure of surface states.
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S2.

DATA AND SIMULATION OF QPI PATTERNS IN MONOLAYER T1

FIG. S2. Data and simulation of QPI patterns in monolayer T2. (a) Zoom-in data from Fig. 1 in the main text. Black dots
mark the peaks of simulated QPI patterns. (b) Simulation of the QPI pattern (L = 63.2 nm, E0 = −0.245 eV and c = 1.18
eV·Å).

Fig. S2 shows the simulation of topological surface states in monolayer T2, which transmits through E1 without
reflection. Therefore, the topological surface states in monolayer T2 have the same behaviors as in monolayer T4
(Fig. 3 in the main text).
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S3.

TOPOGRAPHY AND SPECTROSCOPY OF BILAYER TERRACES

FIG. S3. Topography and spectroscopy of bilayer terraces. (a) Topography of bilayer terrace data. The height of terrace edges
is 3.7 Å. (b) Spectroscopy of bilayer terrace data. (Vs = 200 mV; Is = 1 nA; T = 8.0 K)

The topography and spectroscopy of bilayer terraces are shown in Fig. S3. The bilayer terraces are used in
comparison with the monolayer terraces.
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S4.

RESONANCE WIDTH IN BILAYER AND MONOLAYER TERRACES

FIG. S4. Comparison of resonance widths in normal and abnormal terraces. (a,b) Fitting of spatially averaged spectroscopy
by sum of Lorentz function. (c,d) Comparison of the QPI pattern in normal and abnormal terraces. The axes have been scaled
for visual convenience.

The fitting process of resonance width and the intuitive comparison between the QPI peaks in normal and abnormal
terraces are shown in Fig. S4. The patterns in monolayer terraces are very similar to those in bilayer terraces. This
leads to the speculation that the monolayer terraces are superpositions of two sets of bilayer terraces.

