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Topological  materials  host  protected  surface  states  with  locked  spin  and  momentum  degrees  of  free-
dom. The  helical  Dirac  character  of  the  surface  states,  of  tremendous  scientific  interest,  stems  from  the
interplay of  the  bulk  band  structure  and  surface  Rashba  spin–orbit  interaction.  The  semimetal  Sb  offers
canning tunneling microscopy
opological insulators
ashba effect
and structure
urface states
omentum resolved spectroscopy

a  pristine  platform  to  examine  the Rashba  origins  of the  Dirac-like  topological  surface  states.  Here  we
present  an  overview  of our momentum-resolved  scanning  tunneling  spectroscopy  studies  of  Sb,  over  an
extended  (300  meV)  energy  range, revealing  several  features  characteristic  of the  emergence  of the Dirac-
like  surface  states  from  a conventional  Rashba-type  parabolic  dispersion.  Our  work  provides  a  conceptual
framework  to  create  and  investigate  tunable  Rashba  states  with  topological  properties.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The advent of a new topological class of electronic materials has
reated much excitement [1–4]. Strong spin–orbit coupling inverts
he bulk valence and conduction bands in these materials, and their
opological character necessitates the existence of protected sur-
ace states spanning the bulk band gap [5]. These topological surface
tates are spin-polarized, and typically have a near-linear energy-
omentum relationship (Dirac dispersion) with their crossing at

he Dirac point protected by time-reversal symmetry [5]. The exotic
roperties stemming from these topological materials have pro-
ided avenues to create and detect novel physical phenomena,
nd potential applications such as dissipationless spintronics [1,2]
Fig. 1).

. Rashba effect and surface state band structure

Surface states in topological materials exist as “edge states”
t the boundary of a bulk system [5], in contrast to the intrinsi-

ally 2D helical Dirac states in atomically thin graphene. Therefore,
hile the Dirac dispersion in graphene arises from a simple tight-

inding lattice model, it appears in topological materials due to

∗ Corresponding authors at: Department of Physics, Harvard University,
ambridge, MA  02138, USA. Tel.: +1 617 384 9487.

E-mail addresses: anjan@alum.mit.edu (A. Soumyanarayanan),
hoffman@physics.harvard.edu (J.E. Hoffman).

ttp://dx.doi.org/10.1016/j.elspec.2014.10.008
368-2048/© 2014 Elsevier B.V. All rights reserved.
surface-related symmetry considerations [6]. In particular, inver-
sion symmetry is broken at the surface, and the resulting electric
field couples directly to the spin of the relativistically moving elec-
trons, a phenomenon known as the Rashba spin–orbit interaction
[7]. The time-reversal invariant Dirac Hamiltonian thus obtained,
HD ∝ v0 · (�k × ��), where v0 is the Rashba parameter, represents the
locking of spin and momentum degrees of freedom, and results in
near-linear, spin–split surface state dispersion [7,8]. In fact, it is
well known that even in conventional materials, e.g. Au(111) and
Bi(111), Rashba spin–orbit coupling leads to spin-polarized surface
states [9]. The distinguishing characteristic of topological surface
states is that are required to span the band gap, connecting the bulk
valence and conduction bands [1–3,6]. This interplay of surface and
bulk band structures leads to diverse manifestations of topological
surface states across materials [4,10].

2.1. k · p description of surface states

The simplistic Dirac Hamiltonian (HD) is inadequate for describ-
ing the rich phenomenology of topological surface states. For
example, the momentum (k-) space contours of constant energy,
while circular near the Dirac point, are warped further from
it [11,12]. Moreover, the shape and curvature of the surface

state ‘Dirac’ cones vary substantially across different topological
materials [4,10]. These observations have been described using a
phenomenological k · p Hamiltonian, which can be constructed by
writing down all terms up to third order that are consistent with
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Fig. 1. Schematic representation of topological surface states. (a) A cartoon illus-
tration of a topological material, with protected, counterpropagating spin-polarized
states at the surface. (b) Schematic band structure of a prototypical topological insu-
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ator (TI), with surface states (dark blue) spanning the bulk band gap and intersecting
t  the Dirac point, εD. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

he time-reversal symmetry of the topological surface state, and
he C3 crystal symmetry [8]

(k) = εD + k2

2m∗ + v0(1 + ˛k2)(kx�y − ky�x) + �

2
(k3

+ + k3
−)�z (1)

The terms consist of the linear, isotropic Rashba Hamiltonian,
D ∝ v0 (kx�y − ky�x); a correction of the Dirac velocity, v(k) =

0(1 + ˛k2); a mass term, Hm = k2/2m∗ that creates particle–hole
nisotropy about the Dirac point; and a warping term, Hw = �(k3+ +
3−)�z , which breaks rotational symmetry. This introduces the fol-
owing five material parameters: the Dirac point energy, εD; the
ffective mass, m*; the Rashba parameter, v0; the velocity correc-
ion, ˛; and the warping strength, � [8].

It is instructive to visualize the emergence of the topological
urface state bands from 2D free electrons, as shown in Fig. 2. Com-

encing with a parabolic spin-degenerate dispersion (Fig. 2a), we

rst include the Rashba parameter (v0) due to broken inversion
ymmetry, to obtain spin–split surface state parabolas (Fig. 2b) [7].
ext, the requirement that topological surface states connect the

ig. 2. k · p model of topological surface states. Schematic description of the emer-
ence of topological surface states from free electrons using the Fu k · p model (Eq.
1), [8]). The parabolic dispersion (a) is split by Rashba spin–orbit coupling (b). The
uter  Rashba cone is folded over by a cubic velocity correction (c), and hexagonal
arping introduces anisotropy between � − K and � − M directions (d).
ctroscopy and Related Phenomena 201 (2015) 66–73 67

valence and conduction bands is satisfied by the k3 velocity cor-
rection parameter (˛), which folds down the outer Rashba cone
(Fig. 2c). Finally, the addition of the warping parameter (�) intro-
duces the observed x − y anisotropy in surface state dispersion
(Fig. 2d). Thus, while m*, ˛, and � control the shapes of the upper and
lower Dirac cones, v0 determines the splitting of the parent Rashba
parabolas. This phenomenological k · p model is sufficiently general
to describe and compare the surface states of various topological
materials.

The Dirac fermion character of the topological surface states
has been well-studied across several materials [11,13–15]. How-
ever, the development of topological materials has been driven
primarily with the objective of making the surface states and
Dirac point physics more accessible to transport measurements and
applications [4]. Despite the advent of large band gap topological
insulators (TIs), transport measurements of these materials have
been plagued with several difficulties. Most notably, the presence of
intrinsic growth defects pins the chemical potential to the bulk con-
duction band, considerably diminishing the relative contribution of
surface states to transport [16]. The intial use of chemical doping to
tune the chemical potential into the bulk gap undesirably reduces
the mean free path in several TIs [17]. Even the subsequent devel-
opment of stoichiometric ternary and quaternary TIs [18,19] has
limited utility in circumventing this issue, as transport techniques
remain sensitive to sample preparation [14,20,21]. Recent efforts
to realize robust topological surface states have turned to devel-
oping materials with much larger Rashba parameters [22–24] and
stack engineering of strong spin–orbit coupling materials [25–27].
It is therefore of tremendous value to understand the behavior
of topological surface states in the context of their Rashba origin.
Such an investigation would benefit from access to pristine surface
states, unaffected by extrinsic artifacts such as chemical potential
variations.

2.2. From Rashba to Dirac surface states

Antimony (Sb) offers an ideal platform for conceptualizing
the emergence of topological surface states from the Rashba
picture. Unlike TIs, e.g. Bi2X3 and BixSb1−x (x < 0.2), which are
semiconductors with a bulk band gap, Sb is a semimetal with a
negative band gap, i.e. the valence and conduction bands overlap
in energy (Fig. 3b, [28]). However, like the TIs, the bulk band
structure of Sb is inverted by strong spin–orbit coupling and is
topologically non-trivial. This peculiar topological, yet negative
gap bulk band structure in Sb causes the surface states, which are
required to connect the valence and conduction bands, to deviate

markedly from the ideal Dirac cone structure found in TIs (Fig. 3b,
c.f. Fig. 3c). In fact, the spin–split parabola band structure near the
Dirac point is reminiscent of conventional Rashba systems (e.g.

Fig. 3. Connecting Rashba & Dirac states. Schematics of the surface state band struc-
tures for (a) Au(111) (conventional Rashba system); (b) Sb(111); and (c) Bi2Se3

(near Dirac dispersing system). Sb provides a conceptual link between conventional
Rashba surface states (near Dirac point) and Dirac dispersing topological surface
states (well above Dirac point).
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lattice dimensions; the structural features and corrugations are
expected to be similar. However, the electronic contribution to
STM topographs in TIs, which typically manifests as aperiodic
inhomegenous patches, is notable in Bi2X3 [41,17] and provides

a b
8 A. Soumyanarayanan, J.E. Hoffman / Journal of Electro

ig. 3a). Meanwhile, its topological nature requires a single Dirac
one to persist at high energies, as in the case of TIs (e.g. Fig. 3c).

With characteristics of both Rashba and Dirac systems which
volve as a function of energy, Sb provides the opportunity to
onceptually connect these frameworks. However, visualizing this
ual behavior, which develops over several hundred meV  about
he Fermi energy εF, requires a surface-sensitive spectroscopic tool
ith momentum-resolved access to both filled and empty states.

. Spectroscopic STM and momentum resolution

The scanning tunneling microscope (STM) has been used exten-
ively over the past three decades as an atomic scale structural and
lectronic probe [29]. When an atomically sharp STM tip is held

 distance z (a few angstroms) from an atomically smooth sample
urface at bias V, the tip-sample tunneling current I(z, V) is given
y [30]:

(z, V) ∝ exp (−2�z)

∫ eV

0

dε Ds(ε) (2)

The exponential term exp(−2�z), � being the local tunnel bar-
ier height, provides picometer sensitivity to sample corrugations,
acilitating atomically resolved structural imaging. Meanwhile, the
ntegral term enables the use of STM as an nanoscale spectro-
copic probe, measuring the single particle density of states, Ds(ε).
otably, STM can also provide k-space spectroscopic information

hrough quantitative measurements of two phenomena.

.1. Landau level quantization

First, the application of a sufficiently large magnetic field B,
uantizes the density of states into Landau levels (LLs), which
anifest as oscillations in the STM conductance (dI/dV) spec-

ra [31]. LLs correspond to quantized orbits in real and k-space
31]. In the semiclassical limit (large n), the Bohr-Sommerfeld
uantization relation gives the area in k-space for the nth LL
32]:

n ≡ �q2
n = (n + �) · 2�eB

�
(3)

The factor � , determined by Berry’s phase of the quasiparticle,
s 1/2 for a free electron and 0 for a Dirac fermion, empirically valid
ven for small n [32,33]. Thus, the LL dispersion can be used to
xtract the momentum-resolved band structure of closed contours
33,32,34].

.2. Quasiparticle interference

Disorder can limit the formation of extended LLs; however it
an also increase the prominence of a second k-space technique –
uasiparticle interference (QPI) imaging. When quasiparticle states
f energy ε scatter elastically from impurities, the interference
etween initial and final quasiparticle wavevectors �ki and �kf can
esult in a standing wave pattern with wavevector �q = �kf − �ki at
nergy ε. This can be visualized in an STM dI/dV map  at energy ε = eV
35]. The observed dispersion of q(ε) with energy, and the inversion
f q(ε) to find k(ε) has established QPI as a reliable k-space probe
f electronic materials [36–38].

The nanoscale spatial resolution, temperature-limited energy
esolution, access to filled and empty states, and utility in mag-
etic field offered by STM measurements of LLs and QPI make them

deal complements to angle-resolved photoemission spectroscopy

s band structure probes. In fact, LL spectroscopy and QPI imaging
ave shed light on several aspects of Dirac materials. For example,
hey have been used to visualize the absence and onset of backscat-
ering in topological materials [39–41], pseudospin protection in
ctroscopy and Related Phenomena 201 (2015) 66–73

graphene [38,42] and chemical potential fluctuations in a range of
materials [42,17,43]. While each of these techniques offers great
promise on its own for measuring simpler band structures, the
synergistic utilization of LLs and QPI could also enable the deter-
mination of multi-component band structures. This is especially
useful to investigate the varied manifestations and tunability of
Rashba-split topological surface states.

Here, we  describe our momentum-resolved STM investigation
of the surface states of the topological semimetal Sb [44]. Our
observations of simultaneous Landau quantization and QPI over
an extended (300 meV) energy range reveal several idiosyncrasies
of the topological surface states of Sb, arising from their dual
(Rashba → Dirac) nature. We  further employ the complementary
k-space sensitivity of these momentum-resolved phenomena
to detail the surface state band structure, relating it to the k · p
description.

4. Topography and spectroscopic characterization

4.1. STM topography

The (111) surface of Sb shows large atomically flat
regions(Fig. 4a, [45]) forming a hexagonal lattice with the
expected periodicity (a0 = 4.31 Å). Over flat regions of the sample,
topographic modulations correspond directly to visible single-
atom impurities (Fig. 4a), which do not noticeably change the local
chemical potential [44].

A comparison of the corrugations observed in STM topographs of
Sb with those reported on TIs (Fig. 4b–d) is rather striking. All these
materials have approximately similar elemental compositions and
Fig. 4. Topography: Sb and other topological materials. (a) STM topograph of Sb
showing an atomically flat surface. Inset shows the atomically resolved hexagonal
(111) lattice. (b–d) STM topographs acquired on other topological materials: (b)
BixSb1−x [39]; (c) doped Bi2Se3 [17]; and (d) doped Bi2Te3 [41]. All three topographs
show aperiodic modulations attributed to chemical potential fluctuations [17].
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Fig. 5. Sb spectroscopy and band structure. (a) A typical dI/dV spectrum, with cusp-
like features at εB, εS, and εT, corresponding to extremal surface state features. (b)
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Fig. 6. STM spectra across topological materials. STM dI/dV spectrum on (a) Sb [44]
compared to TIs: (b) BixSb1−x [39]; (c) Bi2Se3 [32]; (d) Sb2Te3 [15]; and (e) Bi2Te3

[41]. The dashed vertical line indicates the Dirac point, εD, which corresponds to the
spectral minimum in (c–d). Shaded green and blue regions represent valence and
conduction bands, respectively. Note that in (b–e), bulk band extrema are typically

throughout this energy range (Fig. 5b). In comparison, LLs in TIs
are typically observed over the spectral range corresponding to the
bulk band gap [15,32].
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chematic band structure of Sb(111) with topological surface states (dark gray)
ntersecting at the Dirac point, εD.

he dominant contribution to the topographs in BixSb1−x [39]. Such
lectronic inhomogeneity in TIs is understood to be associated
ith poorly screened bulk defects [17]. The contrasting topographs

maged on Sb with much reduced spatial variations suggest that the
urface chemical potential here is homogeneous in comparison to
Is. This homogeneity is associated with the presence of bulk bands
roximate to the surface states, which provide screening.

.2. STM spectroscopy

A typical dI/dV spectrum acquired on Sb exhibits prominent
usp-like features, as shown in Fig. 5a. We  note that the measured
I/dV could have contributions from both surface and bulk bands.
o understand the origin of these features and the overall spectral
hape, we turn to a schematic of the Sb surface and bulk band
tructure (Fig. 5b), obtained from first principles density functional
heory slab calculations [44].

The bulk semimetallic character of Sb is evident in Fig. 5b from
he >300 meV  overlap between the valence and conduction bands.
s detailed in Section 2, the negative bulk band gap distorts the

opological surface states spanning the gap, producing a pair of
ashba-split cones near the Dirac point. The inner cone is allowed to
ersist up to much higher energies, while the outer cone is required
o fold down in order to connect to the valence band. This results in
he formation of extremal features in the outer Rashba cone, one of
hich is a saddle point (εS), and the other is a band edge (εT). The

nergy difference between these two surface state extrema εS and
T is due to the strength of the warping term (Eq. (1)).

Therefore, the cusp-like features observed in dI/dV spectra
Fig. 5a) can be well-explained by the extrema in the surface state
and structure (Fig. 5b). The dI/dV steps at −220 mV  and 240 mV  are
ssociated with 2D band edges at εB and εT, respectively, while the
I/dV peak at −110 mV  corresponds to the logarithmic singularity
ssociated with the 2D saddle point at εS. We  note in particular
he importance of this saddle point, which signifies a crossover
etween the appearance of the surface state bands as Rashba-split
arabolas (below εS) to an isolated Dirac cone (above εS).

The comparison of the Sb spectrum with TIs brings forth several
lluminating facts. First, we observe a much larger dI/dV background
n Sb relative to TIs, which likely comes from proximate bulk bands.
ext, we note that all prominent features in Sb over a 400 meV
nergy range can be ascribed to surface state extrema. In con-
rast, bulk band extrema typically produce noticeable spectral kinks
n TIs. Finally, we note the absence of a dI/dV minimum associ-

ted with the Dirac point in Sb, due its spectral coincidence with
ther surface states. This is in marked contrast to the STM spectra
cquired on TIs Bi2Se3 and Sb2Te3 [32,15]: Fig. 6c and d), where
he bulk band gap and conventional Dirac cone structure result in a
associated with spectral kinks. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

dI/dV minimum at εD. While the bulk continuum and Rashba form of
Sb surface states at lower energies do limit direct Dirac point access
for dI/dV measurements, we will show that they provide distinct
advantages for momentum-resolved measurements by screening
out tip-induced band bending artifacts [46] and chemical potential
fluctuations [39,17], and providing quasiparticle scattering chan-
nels to probe near-Dirac point physics.

5. Landau level quantization spectroscopy

5.1. Landau level quantization results

In the presence of sufficiently large perpendicular magnetic
fields, oscillations corresponding to quantized Landau levels (LLs)
are observed in dI/dV spectra on Sb (Fig. 7a). The LLs emerge as
modulations on top of the background (zero field) spectrum, and
are unequally spaced in energy, as expected for Dirac fermion sur-
face states. We  observe up to 27 such LLs –more than the number
reported in any TI (Table 1). It is worth noting that the record
number of LLs seen in Sb is despite the presence of bulk bands
Fig. 7. Landau quantization in Sb. (a) Typical dI/dV spectrum acquired at 9 T (red) (c.f.
0  T, dashed black), showing LL oscillations. (b) LL inverse peak widths, obtained by
fitting the data in (a), showing lifetime broadening away from εF. (For interpretation
of  the references to color in this figure legend, the reader is referred to the web
version of the article.)
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Table  1
A comparison of the number of LLs reported in various spin–orbit coupled topolog-
ical  materials.

Material # of LLs Field (T) Reference

Bi2Se3 23 11 [46,32]
Bi2Te3 13 7 [34]
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Sb2Te3 15 6–7 [15]
Bi2Te2Se 18 11 [47]
Sb 27 6–9 [44]

The LL positions and widths are extracted by fitting normal-
zed spectra to a sum of Lorentzian profiles (details in [44]). The
L peaks are found to be sharpest at the Fermi energy, εF. The
nverse LL peak width, a measure of the quasiparticle lifetime, is
eaked at εF and broadens away from it (Fig. 7b). The lifetime
roadening is monotonic away from εF, in contrast to TIs where
ollective modes complicate the picture [32,34]. This can be well
xplained within the Fermi liquid paradigm, where quasiparti-
les with energy ε relative to εF decay by creating particle–hole
xcitations. The phase space of available excitations results in the
uasiparticle lifetime having a 1/ε2 energy dependence, which
dequately describes these observations. Finally, the measured life-
ime at εF (∼0.16 mV−1) corresponds to a long elastic free path,
f ∼ 65 nm.

.2. LL dispersion: Dirac regime

As noted previously, LLs correspond to closed contours in k-
pace, and can be used to obtain the dispersion of topological
urface states. The dispersion of LLs in several TIs has been inter-
reted within the isotropic Dirac fermion picture [15,32,41,46],
ith the energy of the nth LL, εn, given by

n(B) = εD + vD
√

2e�nB (4)

here the Fermi velocity vD is a constant over the energy range of
nterest. Meanwhile, the Bohr–Sommerfeld quantization relation
or Dirac fermions gives the k-space radius for the nth LL orbit to
e: qn =

√
(2e/�)nB [32]. This enables the determination of εn(qn)

 the quasiparticle band structure – so long as qn∼√
nB is a good

uantum number [48].
Fig. 7a shows the LL peak energies, εN, plotted against the

mpirical LL momentum, qN = √
NB, where N is the empirical LL

ndex, counted from the lowest observed LL. For energies ε > εS,

he dispersions obtained at different magnetic fields collapse on to

 single curve – validating the Dirac fermion approximation with
 = N (fit details in [44]). The correspondence of the LL dispersion
f Sb with prototypical TIs (Fig. 8b, [32]) for ε > εS demonstrates

a b
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that the Landau quantization arises from a single Dirac cone
in this energy range. We  conclude that the LL wavevector qN

corresponds to the radius of the inner cone, and gives its velocity,
vLL ≡ vD = 4.20 eV·Å  (6.34 × 105 m/s).

5.3. LL dispersion: Rashba regime

For energies ε < εS however, the dispersion systematically devi-
ates from the

√
NB fit, with much reduced field dependence upon

approaching the Dirac point (Fig. 8a, inset). This is in stark con-
trast to the consistent

√
NB dispersion observed in the single Dirac

cone picture (e.g. Fig. 8b, inset). Having ruled out the presence of
extrinsic artifacts, such as chemical potential fluctuations, that may
complicate the interpretation of LLs in TIs, e.g. Bi2Te3 [34], we con-
clude that the Dirac momentum

√
NB is not a valid descriptor for

ε < εS in Sb.
We therefore analyze the ε < εS LLs within the Rashba picture of

spin–split parabolic bands [7]. The LLs in the Rashba picture derive
from free fermions – i.e. the LLs, indexed by n, are first separated
by the cyclotron energy, �ωc, with ωc = eB/m*. An additional term,
dependent on the Rashba parameter v0, further splits each LL (n > 0)
according to [49–51]:

εn(B) =

⎧⎨
⎩

ε0 + 1
2

(�ωc + g�BB), n = 0

ε0 + �ωcn ±
√

ı2/4 + (2m∗v2
0) · n�ωc, n  > 0

(5)

Here, ε0 is the band offset, ı = (1 − 1/2 gm*) �  ωc, and g is the elec-
tron g-factor [49,50]. The upper and lower Rashba-split branches
qualitatively correspond to the inner and outer Rashba ‘cones’,
respectively. Our measured LLs correspond to the positive sign in
Eq. (5), which derives predominantly from the inner Rashba cone
(Fig. 11c). Meanwhile, the larger momenta and tighter energy spac-
ing of the LLs corresponding to the outer cone, and their resultant
susceptibility to broadening effects, is likely responsible for their
absence in our spectra. Our LL results thus represent a smooth
crossover between the Rashba and Dirac pictures.

Finally, we  note that a unified expression has been derived to
account for the non-linear dispersion of topological surface states
(e.g. Fig. 8b) [48]. However, such an analytic formulation lacks
k-cubic terms (Eq. (1)) and is therefore unable to describe the LL
dispersion resulting from the turnover of spectrally coincident
Rashba cones – as is the case in Sb. Moreover, the complexity of
such an expression obscures the intuitive understanding of the
two limiting (Rashba and Dirac) cases, arising from the simple
physical picture in Fig. 2, which quantitative describe nearly all the
LL data. Furthermore, the separation into these limiting cases also
reduces the number of free parameters, thereby providing more
reliable fit parameters.

6. Quasiparticle interference spectroscopy

As exemplified in Fig. 9a and b, impurity scattering creates
striking interference patterns in dI/dV maps on Sb. In the Fourier
space dI/dV maps shown in Fig. 9e and f, we note the presence of
peaks along both the � − M and � − K reciprocal directions. dI/dV
linecuts extracted along these high-symmetry directions (Fig. 9e
and f) show QPI modes as intensity peaks that disperse approx-
imately linearly with energy over ∼300 mV  from the Dirac point,
the � − M dispersion having been reported previously [52–54]. The
prominent modes seen in such data sets are labeled as q�−M,1,

q�−M,2, and q�−K respectively. We  also observe similar scatter-
ing patterns emanating from atomic steps [52,53,55], with more
pronounced signatures of the q�−M,2 mode than in atomically flat
regions (details in [44]).
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Fig. 11. Sb LL and QPI Modes in q-space. (a) Compilation of dispersions recorded over
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with  q-space locations of QPI and LL modes overlaid. (c) Momentum-resolved STM
orms (FTs) of (a) and (b), with distinct peaks along � − M and � − K directions.(e, f)
I/dV  linecuts through FTs along the � − M (e) and � − K (f), generated from 190 nm
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A comparison of the QPI phenomenology of Sb (Fig. 10a)

ith several TIs (Fig. 10b–d) brings forth several contrasting

bservations. The existence of three QPI modes as opposed to the
ole dispersing mode observed in the Bi2X3 class (Fig. 10c and d)
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ig. 10. QPI dispersion across topological materials. Compiled QPI modes observed
n (a) Sb [44], compared to TIs: (b) BixSb1−x [39]; (c) Bi2Se3 [17]; and (d) Bi2Te3 [41].
nlike Sb, which has two near-Dirac point modes, QPI is observed in TIs (b-d) only

or  q � 0.1 Å−1 and ε− εD > 100 meV.
determination of the surface state band structure from 11a. Gray lines correspond
to a k · p fit.

owes to the multi-component surface state band structure of Sb.
Moreover, the QPI in Sb persists down to the q → 0 limit – near
the Dirac point – unlike in other TIs where QPI is limited to the
range q � 0.1 Å−1 and (ε − εD) > 100 meV. There are two  reasons
for this contrast in the momentum and spectral extent of QPI.
The momentum limitation in TIs arises from chemical potential
fluctuations due to poor screening of bulk defects substantially
reduce the mean free path, 	f in TIs. This imposes a lower bound
for the scattering wavevector in TIs, qmin∼	−1

f , below which q is
no longer a good quantum number, and QPI cannot be observed.
In contrast, the homogeneous surface of Sb results in a much
lower scattering cut-off (qmin ∼ 0.01 Å−1). Meanwhile, the energy
limitation arises in TIs arises from the presence of an isolated,
isotropic Dirac cone (i.e. a circular contour) in the Bi2X3 class. Such
a contour does not have a coherent scattering profile that could
produce static QPI patterns, since the dominant 2kF backscattering
mode is forbidden [40]. QPI in TIs is thus observed at much higher
energies, where the constant energy contour deforms to produce
scattering ‘hot spots’ [8,12,40]. However in Sb, the presence of an
outer Rashba cone for near-Dirac point energies allows for spin-
conserved inter-band scattering (Fig. 11b, details in Section 7),
creating static QPI patterns. Thus, the outer Rashba cone in Sb
allows the visualization of the Dirac point physics of topological
surface states without breaking time-reversal symmetry.

7. Momentum-resolved STM band structure
The ε(q) dispersions of all quasiparticle modes – q�−M,1, q�−M,2,
q�−K, and qLL – are shown in Fig. 11a. Notable features include (a)
the onset of q�−M,2 at a slightly higher energy, εw, compared to the
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ther QPI modes and (b) the identical dispersion of q�−M,1(ε) and
�−K(ε) for lower energies, and their deviation above εS.

To identify the k-space origin of these dispersing modes, we
xamine schematics of the constant energy contours in Fig. 11b,
hich display three qualitatively different shapes over the energy

ange of interest. For εD < ε < εw, the contours are concentric spin-
olarized circles corresponding to the spin–split Rashba parabolas.
ere, the only allowed scattering mode is inter-band scattering
etween parallel spins. Therefore q�−M,1(ε) and q�−K(ε) both cor-
espond to this inter-band mode, and are identical. For εw < ε < εS,
he outer Rashba cone acquires a warped snowflake shape, which
orresponds to the onset of intra-band scattering on the outer cone,
bserved as the q�−M,2(ε) mode [53]. Meanwhile, the k-space origin
f q�−M,1(ε) and q�−K(ε) is the same as before. Finally, for ε > εS, the
uter cone is no longer closed. While the q�−M,1(ε) mode remains
he same as before, q�−K(ε) now corresponds to intra-band scatter-
ng across the outer ‘pocket’, analogous to q�−M,2(ε). Above εS, the
L wavevector, qLL(ε), is well defined, and corresponds to the area
f the inner pocket – the only closed contour over the energy range
f interest.

Therefore, the dominant � − M QPI mode, q�−M,1(ε), corre-
ponds to inter-band scattering between parallel spins over the
ntire observed energy range. In contrast, the � − K QPI mode
�−K(ε) corresponds initially to inter-band scattering below εS,
nd transitions to scattering between sections of the outer pocket
or ε > εS. We note the kink and slight change in magnitude of
�−K(ε) around εS (Fig. 11), corresponding to this crossover from
nter-pocket scattering to intra-pocket scattering. This change in
ispersion signifies the turnover of the outer Rashba cone, and rep-
esents the crossover to the Dirac regime of the topological surface
tate band structure. Such a crossover is in contrast to QPI modes
rising from prototypical Rashba-split states in conventional mate-
ials [56], also known to exist on TIs [20,21,57].

Having determined the origins of all observed q-vectors, we use
�LL(ε), �q�−K(ε), and �q�−M,1(ε) in conjunction with geometric con-
iderations to extract the three independent components of the

 > εS band structure. Next, we use the LL and QPI techniques in con-
ert to determine the band structure in the Rashba (ε < εS) regime
ithin the k · p formalism (Fig. 11c). Our method uniquely utilizes

he complementary k-space origins of QPI and LLs to determine the
arious k · p parameters, employing (a) � − M and � − K QPI modes,
hich arise from intra-parabola scattering, to obtain the effective
ass (m* = m/me = 0.1), warping parameter (� = 200 eV·Å−3), and

he velocity correction (  ̨ = 130 Å−2); and (b) the LL dispersion (Eq.
5)) directly resulting from the inter-parabola Rashba splitting, to
nd the Rashba parameter, v0 = 0.51 eV·Å (7.7 × 104 m/s) and Dirac
oint, εD = −210 meV. The correspondence between the k · p fit and
he measured LL data is shown in Fig. 11c.

Finally, we compare the surface state k · p parameters of Sb to
hose obtained from conventional Dirac cone TIs (Table 2). The k · p
arameters are consistent with the observed LL and QPI phenomen-
logy – the relatively large ratio of v0/  ̨ in Sb signifies the presence
f an outer surface state Rashba cone which eventually folds over to
solate a linearly dispersing Dirac cone with reduced higher order

orrections; and the large � results in intra-cone scattering modes
q�−M,2(ε) and q�−K(ε)) being observed closer to the Dirac point
han in the TIs.

able 2
 compilation of the k · p parameter values reported across spin–orbit coupled topo-

ogical materials.

Material εD (meV) m* (m/me) v0 (eV·Å)  ̨ (Å−2) � (eV·Å−3) Reference

Bi2Se3 −300 – 0.47 743 125 [58]
Bi2Te3 −105 0.5 0.32 210 137 [34]
Sb −210 0.1 0.51 130 200 [44]

[

[

[

[

[
[

[
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8. Discussion

In summary, the topological semimetal Sb hosts pristine
topological surface states, screened from chemical potential fluctu-
ations by the bulk states. Moreover, its negative band gap results in
the crossover of the surface state band structure from Rashba-like at
low energies to Dirac-like at higher energies – providing a concep-
tual link between conventional Rashba bands and an isolated Dirac
cone. Our momentum-resolved STM studies have delved into sev-
eral idiosyncrasies stemming from the dual Rashba-Dirac nature of
Sb surface states – most notably the crossover behavior observed in
the LL and QPI dispersions, and the unique provision of momentum-
resolved STM access to near-Dirac point physics with and without
external magnetic fields. This provides a conceptual framework to
investigate and engineer tunable Rashba states with topological
properties [25,26].
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