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The manipulation of atomic spin-orbit coupling to simulate the effect of a spin
dependent magnetic field in condensed matter systems has recently emerged as a
route to exotic spin-phases of matter that comprise fundamentally new constituent
particles’. Recently there is heightened interest in finding a particularly elusive
particle that is the unpaired helical Dirac fermion. This is a charge carrier whose
dynamics mimic that of light but has a quantum spin polarization that is one-to-
one locked to its direction of motion, a phenomenon forbidden to exist in ordinary
Dirac materials such as graphene2 or bismuth™”, It has been proposed that

ensembles of such helical Dirac fermions may exist at the edges of certain types of
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topologically ordered insulators, which can exhibit novel quantum entangled
behaviours provided the system is tuned into a topological transport regimes'lz.
However, helical Dirac fermions have not been observed in existing topological

insulators™>!’

to date because conventional electrical gating based tuning
techniques needed>'® cannot be applied on the surface and the necessary spin-
sensitive detections are lacking. Here we report the first realization of a tuneable
topological insulator based on the Bi, X3 (X=Se,Te)-class by combining spin- and
momentum-resolved spectroscopies, bulk charge compensation and surface
control. Our results reveal a helical Dirac cone that is nearly 100% spin-polarized,
which exhibits a tuneable topological fermion density in the vicinity of the
Kramers' point and can be driven to the long-sought topological transport regime.
The observed Kramers' nodal Dirac ground state is found to be protected even up
to room temperature. Taken collectively, these results show that a spin-polarized
version of relativistic electrons is realized on the edge of Bi,.;CasSe3.NO,, allowing

experimental access to and device incorporation of the topological helical fermion

for the first time.

Considerable attention has focused on the electrical and spin behaviors of
topological helical fermions, which have long been predicted to obey unusual physical

7,10,11,19

laws such as exotic electrodynamics and particle exchange statistics that differs

from the conventional Bose or Fermi-Dirac statistics™. Helical fermions are believed to

exist on the edges of certain types of three-dimensional (3D) topological insulators™®,

14,17 and

with several material candidates recently proposed based on observations
models’*?'. However, these materials cannot be used to detect helical Dirac fermion
physics for three reasons: First, the helical properties of the surface electrons are
unknown and depends on the materials class. Second, their electronic structure is not in

the topological transport regime, thus not allowing any of the interesting topological

insulator experiments to be performed. And third, unlike 2D Dirac quantum Hall
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systems such as graphene™'®, 3D topological insulators cannot be tuned to this regime
through electrical gating, which has prevented a revolution like that witnessed for

graphene” from taking place for topological insulators.

To determine the key helical properties of the surface electrons near the Fermi
level (Ep) in the candidate Bi,X3 class, we performed spin- and angle-resolved
photoemission spectroscopy (ARPES) scans using a double Mott detector setupzz,
which systematically measures all three components of the spin vector of a
photoelectron as a function of its energy and momentum throughout the Brillouin zone
(SD). Although the surface electrons of both Bi,Se; and Bi,Te; exhibit a finite density of
states near Ep (Figs 1(a)-(d)), there is an additional contribution to the density of states
around momentum T from the spin-degenerate bulk conduction band in BiZSe314.
Therefore, the helical nature of the surface electrons is most clearly resolved in Bi,Te;
(SI). We analyzed the spin-polarization of photoelectrons emitted at a binding energy
Eg = -20 meV along the k, (|| T —M ) cut in Bi,Te; (inset Fig. 1(e)). Because the
surface state dispersion of BipX3 exhibits a pronounced time dependence after cleavage
(SD) related to semiconductor band bending effects'®, data collection times were only
long enough to ensure a level of statistics sufficient to measure the spin-polarized
character of the surface states. Figures 1(e) and (f) show the measured spin polarization
spectra P; of the i = x, y and z (out-of-plane) components along the ' =M direction. In
the x and z directions, no clear signal can be discerned within the margins of statistical
error. In the y direction on the other hand, clear polarization signals of equal magnitude
and opposite sign are observed for surface electrons of opposite momentum, evidence
that the spin and momentum directions are one-to-one locked. This is most clearly seen
in the spin-resolved spectra (Iym) (Fig. 1(g)), which are calculated from P, according to
IyT = Jio(1+P,)/2 and Iyi = lio(1-Py)/2, where I,y is the spin-averaged intensity. To
extract the spin polarization vectors of the forward (+k,) and backward (-k,) moving

electrons, we performed a standard numerical fit (SI)**. The fit results yield 100+£15%
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polarized (see Fig. 1(h)) spins that point along the kxz direction, which is consistent
with its spin-orbit coupling origin'***. Our combined observations of a linear dispersion
relation (Figs 1(c) and (d)) and a one-to-one locking of momentum and spin directions

allow us to conclude that the surface electrons of Bi,(Se/Te); are helical Dirac fermions.

To experimentally access these helical Dirac fermions, the electronic structure
must be in the topological transport regime. This regime occurs when Eg lies in between
the bulk valence band maximum (VBM) and the bulk conduction band minimum
(CBM), and exactly at the surface Dirac point, which should in turn lie at a Kramers’
time-reversal invariant momentum®2°. This is not the case in either Bi,Ses, graphene or
Bi,Te; . Although pure Bi, X3 are expected to be undoped semiconductorszl’23’24,
nominally stoichiometric samples are well known to be n- and p-type semiconductors

. . . . . 15.16
due to excess carriers introduced via Se or Te site defects respectively ™ . T

0
compensate for the unwanted defect dopants, trace amounts of carriers of the opposite
sign must be added into the naturally occurring material. To lower the Er of Bi,Ses into
the bulk band gap, we substituted trace amounts of Ca** for Bi** in as-grown BisSes,
where Ca acts as a hole donor". Scanning tunnelling microscopy (STM)" as well as
thermoelectric transport studies"’ suggests that Ca substitution has the additional effect
of substantially reducing the number of Se site defects, which also acts to decrease the
concentration of excess electron carriers. The topological transport regime is more
easily accessed in Bi,Se; compared to BiyTe; because it has a larger band gap (around
0.35 eV>* and 0.18 eV>? respectively) and its surface Dirac point is located much
closer in energy to the VBM (Figs 1(c)&(d)). Figure 2(a) shows that as the Ca
concentration increases from 0% to 0.25%, there is a dramatic upturn in the low
temperature resistivity suggesting a transition from conducting to insulating behaviour.
As the Ca concentration increases further to 0.5%, the resistivity drops back down
signalling a re-entrance into a conducting regime. The resistivity peak occurs at a Ca

concentration where a change in sign of the Hall carrier density also is observed (Fig.
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2(b)), which shows that for measured Ca concentrations below and above 0.25%,

electrical conduction is supported by electron and hole carriers respectively.

We performed systematic ARPES measurements to study the electronic structure
evolution of Bi, sCasSe; as a function of Ca doping in order to gain insight into the
trends observed in transport (Figs 2(a) and (b)). Early time (shortly after the cleavage)
ARPES energy dispersion maps taken through the T point of the (111) surface
Brillouin zone that were collected within 20 minutes of sample cleavage are displayed
in Figure 2(c)-(h) for several Ca doping levels. In the as-grown (8 = 0) Bi»Ses samples
(Fig. 2(c)), a single surface Dirac cone is observed with Er lying nearly 0.3 eV above
the Dirac node forming an electron Fermi surface (FS). The observation of diffuse
intensity near Er inside the Dirac cone, which comes from a spin-degenerate bulk-
surface resonance state at the CBM14, shows that Er intersects the electron-like bulk
conduction band. When a 0.25% concentration of Ca is introduced, Er is dramatically
lowered to lie near the Dirac node (Fig. 2(d)), which is consistent with Ca acting as a
highly effective hole donor. Because the bulk CBM lies at a binding energy of
approximately -0.1 eV for & = 0 (Fig. 2(c)), a 0.3 eV shift in Er between d =0 and d =
0.0025 suggests that for = 0.0025, Eg is located 0.2 eV below the CBM. This is
consistent with Eg being in the bulk band gap because the indirect energy gap between
the CBM and the VBM is known from both tunneling® and optical26 data and theory™
to be nearly 0.35 eV. As the Ca concentration is increased further, the position of Eg
continues a downward trend such that by & = 0.01, it is located clearly below the Dirac
node (Fig. 2(e)) and intersects the hole-like bulk valence band. The systematic lowering
of Eg with increasing & in Biy.sCasSes observed in early time ARPES measurements
(Figs 2(i)-(k)), which reflect the electronic structure of the sample bulk, consistently
explain the measured transport behaviour. However, we observe that Er rises back up
over time across all samples such that all spectra relax back to a & = 0 like spectrum on

a typical time scale of 18 hours (Fig. 2(1)). Such a slow upward shift of the surface
5



Fermi level has been observed also in all types of Bi,Tes (SI) and is due to a surface
band bending effect commonly observed in most semiconductors'®. Therefore, although
bulk Ca doping succeeds in tuning Er between the bulk valence and conduction bands,
it does not change the position of Ep relative to the surface Dirac point in the ground

state.

Because the surface Dirac point in the ground state of bulk-insulator
Bi{ 9975Cag 0025S€3 lies ~0.3 eV below Ep, its electronic structure is still not in the much
desired topological transport regime. To bring the surface Dirac point level with Eg in
Bi,.5CasSes, we show that hole carriers can be systematically introduced into the surface
by dosing with NO, molecules, which has been demonstrated in graphene™*’.
Successful molecular adsorption on the (111) surface was confirmed by monitoring
changes in the core-level spectral features before and after exposure to NO, gas, which
provides information about the surface chemical environment (SI). Figure 3 shows that
with increasing surface hole donor concentration, the binding energy of the surface
Dirac point rises monotonically towards Eg. Starting from Eg ~ -0.3 eV at a 0 Langmuir
(L) dose (Fig. 3(d)), it rises to -0.15 eV at 0.1 L. where the resonance states near the
CBM have completely disappeared (Fig. 3(f)), and finally to the charge neutrality point
(Es=0eV)at2 L (Fig. 3(1)). No further changes of the chemical potential are observed
with higher dosages. To quantify the surface carrier density (n) dependence on surface
hole donor concentration, we mapped the surface state FS in Figures 3(a)-(c) and
applied Luttinger's theorem n = Ags/Apz, where Agg is the area of the FS and Agyz is the
area of the surface Brillouin zone. We find that 0.1 L of NO, removes approximately
0.0066 electrons per surface unit cell of Biy.§CasSes; (111), and an excess of 2 L reduces
the FS to a single point within our experimental resolution, which has an additional
0.005 electrons per unit cell removed. Because surface doping does not affect the carrier

density in the bulk, the energy of the Dirac point is lifted above the bulk VBM and a



new time-independent electronic ground state that lies in the topological transport

regime is realized for the first time.

In order to demonstrate the thermal stability of nodal Dirac ground state (Fig.
4(e)), temperature dependent ARPES scans were collected on Bi, sCasSe; samples that
were first surface hole doped with NO, at a temperature T = 10 K. Figures 4(c) and (d)
illustrate that the charge neutral point-like FS (Fig. 4(a)) is robust up to room
temperature (T = 300 K) over days long measurement times. An internal consistency
check was carried out by systematically studying the temperature dependence of the
valence bands (Fig. 4(b)), which shows that the intensity of the NO, core level peaks do
not change over this temperature range, indicating no measurable NO, desorption
during the heating process. A density of states that decreases linearly to zero at the
Dirac point energy at 300 K (Fig. 4(f)) is further evidence that the low energy properties
of Bij 9975Cag 00255€3.NO; are dominated by a novel ground state that features massless

helical Dirac fermions.

Helical Dirac fermions are protected from acquiring a mass through band gap
formation because they are located around time-reversal invariant (Kramers’) momenta
kr=T or M (Fig. 4(h))6. This makes them fundamentally different from chiral Dirac
fermions such as those found in graphene, which are located at K and not protected
(Fig. 4(g)). The helical Dirac fermion on the surface of Bi,Ses; owes its existence to a

N
non-zero bulk topological invariant v¢ given by (—1)" = H Hfzm (k; ), where Exm(kr)

Ky mel
is the parity eigenvalue of the bulk wavefunction at the 3D Kramers’ point kt and N is
the number of occupied bulk bands™. Because Ca dopants are present in only trace

quantities in Bij 9975Ca0.0025S€3.NO,, the values of Eyy(kt) do not deviate from those of
pure Bi,Ses, as also evidenced by the presence of a single gapless surface band in both

Bi,Ses and Bij 9975Cag 00255€3. More importantly, both Ca’* and NO,™ are non-magnetic



and so do not break time-reversal invariance, therefore the topological protection (vo =
1) is retained or applies even in the transport regime (Fig. 4(e)), which is stable with
both time and temperature. In addition, the remarkable ability to change the sign of the
effective helicity tkxz (from left-handed to right handed) by tuning the surface
chemical potential above or below the surface Kramers' point I' (Fig. 4(h)) offers the
exciting opportunity to probe interactions between Dirac fermions of opposite helicity at
a tuned interface, a long-sought experiment searching for physics beyond the standard
model of particle physics3 9. Condensed matter analogues of such experiments hold
promise for realizing novel Bose condensed states of matter'®. In addition, this work

paves the way for the realization of half-fermions®’ in condensed matter systems.
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Figure 1 : Detection of helical Dirac electrons using spin-resolved ARPES.
(a) ARPES intensity map at Er of the (111) surface of tuned Bix.sCasSes (see
text) and (b) the (111) surface of Bi;Tes. Red arrows denote the direction of spin
around the Fermi surface. (c) ARPES dispersion of tuned Bi,.sCasSes and (d)
BioTes along the k, cut. The dotted red lines are guides to the eye. The point
marked X in (c) labels the position of the Dirac node in pure Bi>Ses'*. The
shaded regions in (c) and (d) are our calculated projections of the bulk bands of
pure Bi>Se; and Bi>Tez onto the (111) surface respectively (Sl). (e) Measured y
component of spin-polarization along the T —M direction at Eg = -20 meV,
which only cuts through the surface states. The solid line is a numerical fit?.
Inset shows a schematic of the cut direction. (f) Measured x (red triangles) and
z (black circles) components of spin-polarization along the T —M direction at Eg
=-20 meV. (g) Spin-resolved spectra obtained from the y component spin
polarization data. The non-Lorentzian lineshape of the IyT and lyl curves and
their non-exact merger at large |k, is due to the time evolution of the surface
band dispersion, which is the dominant source of statistical uncertainty. (h)
Fitted values of the spin polarization vector (P,,P,,P) are (sin(90°)cos(-95°),
sin(90°)sin(-95°), cos(90°)) for electrons with +k, and (sin(86°)cos(85°),
sin(86°)sin(85°), cos(86°)) for electrons with -k, which demonstrates the helicity
of the Dirac cone. The angular uncertainties are of order £10° and the

magnitude uncertainty is of order £0.15.

Figure 2 : Tuning the bulk Fermi level through systematic charge
compensation. (a) Resistivity at T = 4 K measured for samples of BioSes that
are bulk electron doped due to varying concentrations of Se vacancies'® (x) or

bulk hole doped through Ca/Bi substitution (3). These are compared to

13
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analogous values for topological insulators Big.eSbo 1> and Bis.g933SNo.00s7Tes"”.
(b) Hall carrier density of the same samples determined using Hall
measurements. Symbols colored red (blue) represent n- (p-) type behavior. (c)
ARPES band dispersion images of Bi>.sCasSes (111) through T collected within
20 minutes after cleavage for 6 = 0, (d) 6 = 0.0025 and (e) 6 = 0.01. Panels (f)
through (h) show the corresponding momentum distributions curves. Red lines
are guides to the eye. Panels (i) through (k) show the schematic downward
evolution of Er with increasing Ca content. The occupied bulk conduction band
(BCB) and bulk valence band (BVB) states are shaded dark, and the occupied
surface states (SS) are colored red. (l) Typical ARPES band dispersion image
of panels (c) through (e) taken around 18 hours after cleavage and (m) its
corresponding momentum distribution curves. (n) Schematic of the surface
band bending process that is responsible for the observed downward shift in

energies over time.

Figure 3: Tuning the density of helical Dirac electrons to the spin-
degenerate Kramers' point. (a) A high resolution ARPES mapping of the
surface Fermi surface (FS) near T of Bi>.sCasSes (111). The diffuse intensity
within the ring originates from the surface resonance state. (b) The FS after 0.1
Langmuir (L) of NO; is dosed, showing that the resonance state is removed. (c)
The FS after a 2 L dosage, which achieves the Dirac charge neutrality point. (d)
High resolution ARPES surface band dispersions through T after an NO,
dosage of O L, (e) 0.01 L, (f)0.1L,(g)0.5L, (h)1Land(i)2L. The arrows
denote the spin polarization of the bands. We note that due to an increasing

level of surface disorder with NO», adsorption, the measured spectra become

14



15

progressively more diffuse and the total photoemission intensity from the buried

Bis.;CazSes is reduced.

Figure 4 : Thermal stability of the nodal helical Dirac ground state. (a)
Typical ARPES intensity map of the Bix(Se/Te)s class collected at Er spanning
several Brillouin zones. (b) Energy distribution curves of the valence bands of
Bio.sCasSestaken at T = 10 K, 200 K and 300 K. The peaks around -4 eV and -
7.5 eV come from NO; adsorption (Sl). (c) ARPES intensity map of the surface
state band dispersion of Bi».sCasSes (111) after a 2 L dosage of NO; is applied
at T = 10 K, which is taken at 300 K and (d) 10 K. (e) Schematic of the surface
and bulk electronic structure of Bix.sCasSes.NO;, tuned to the topological
transport regime. (f) Angle-integrated intensity near T (red) shows a linear
trend. The inset shows the expected density of states (DOS) of a helical Dirac
cone, which is 1/2 that of a graphene Dirac cone due to its single spin
degeneracy. (g) Schematic of the chiral Dirac fermion ground state of graphene,
which exhibits spin-degenerate Dirac cones that intersect away from the
Kramers' points. (h) Schematic of the helical Dirac fermion ground state of Bis.
sCasSes.NO,, which exhibits a spin-polarized Dirac cone that intersects at a
Kramers' point and guarantees a non-zero topological quantum number for the

helical ground state.
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