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Photoemission studies of topological 
insulators and beyond 

•  Introduction: Photoemission & topological 
insulators 

•  Binary and ternary topological insulators – 
time-resolved phenomena 

•  New topological phases – 3D Dirac, Weyl and 
nodal phases  
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Technique: Photoemission	
Angle-resolved Photoemission Spectroscopy (ARPES) 
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Surface probe 

PES 
Conventional 
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Forbiden 
Low resolution 

ARPES + PES 

New!  

Laser-ARPES 

Seah et al., Surf. Interface Anal. 1, 2 (1979).  

-	High	resolu-on	(E	~	4meV)		
-	Low	temperature	(T	~	6K)	
-	d/f	selec-vity	



Hsieh, et al., (2009); 	

Spin-resolved ARPES	



Pulsed	light	
source	

Pump-probe	spectroscopy:	
Pump	pulse	iniSates	the	dynamics,	and	
probe	pulse	snapshots	the	transient.		

Time-resolved spectroscopy	
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logical invariants that define the topological property of
a 3D bulk material, namely (ν0; ν1ν2ν3), where ν0 is the
strong topological invariant, and ν1 − ν3 are the weak
topological invariants, respectively [11, 12, 25, 26]. If
the strong topological invariant is nonzero (ν0 = 1), the
system is a 3D strong Z2 topological insulator. It is im-
portant to note that the generalization from a 2D topo-
logical insulator (QSH) to a 3D strong Z2 topological
insulator is not a trivial generalization, because a 3D
strong topological insulator cannot be adiabatically con-
nected to multiple copies of 2D QSH insulators stacked
along the out-of-plane ẑ direction [11, 12, 25, 26]. There-
fore, the Z2 topological order (ν0 = 1) in a 3D strong
topological insulator represents a new type of genuinely
three-dimensional (symmetry protected) topological or-
der, which is fundamentally distinct from its 2D analogs
(IQH, FQH, and QSH phases). The new topological or-
der (ν0 = 1) leads to the existence of an odd number
of gapless topological surfaces states at all surfaces of a
strong topological insulator, irrespective of the choice of
the surface termination [1, 11, 12, 25, 26]. These sur-
face states are expected to be spin-momentum locked
and their Fermi surfaces enclose the Kramers’ points for
an odd number of times [1, 11, 13]. Moreover, they are
protected by the time-reversal symmetry, which means
that the topological surface states are robust against non-
magnetic disorder and cannot be removed (gapped out)
from the bulk band gap unless time-reversal symmetry
is broken [1, 11, 13]. Symmetry protected topological
order is distinct from the fractional quantum Hall type
topological order.

It turns out that the experimental discovery of the 3D
topological insulator phase in 2007 [13] opened a new
experimental era in fundamental topological physics. In
contrast to its 2D analogs, (1) a 3D topological insula-
tor can be realized at room temperatures without mag-
netic fields. Their metallic surface states exist at bare
surfaces rather than only at buried interfaces [1, 13].
(2) The electronic and spin groundstate of the topo-
logical surface states can be systematically studied by
the spin- and angle-resolved photoemission spectroscopy
(spin-ARPES) [1, 6, 13], which provides a unique and
powerful methodology for probing the topological or-
der in three-dimensional topological phases. (3) Due
to the relaxed conditions (room temperature, no mag-
netic field, bare surface), it is also possible to study the
electrical transport, tunneling, optical, nanostructured,
and many other key properties of the topological surface
states [1, 6]. (4) The 3D topological insulator materials
can be doped or interfaced to realize superconductivity
or magnetism [1, 6]. (5) Since its discovery in 2007, there
have been more than a hundred compounds identified as
3D topological insulators [1, 6].

More importantly, the experimental discovery of 3D
(Z2) topological insulator [27–33] has led to a surge of
research in discovering other types of new topological
order in three-dimensions [34–47]. The spin-resolved
angle-resolved photoemission spectroscopy technique to-

FIG. 1. Topological insulators. a, In the quantum Hall
effect, the circular motion of electrons in a magnetic field, B,
is interrupted by the sample boundary. At the edge, elec-
trons execute “skipping orbits” as shown, intimately leading
to perfect conduction in one direction along the edge. b, The
edge of the “quantum spin Hall effect state” or 2D topological
insulator contains left-moving and right-moving modes that
have opposite spin and are related by time-reversal symmetry.
This edge can also be viewed as half of a quantum wire, which
would have spin-up and spin-down electrons propagating in
both directions. c, The surface of a 3D topological insulators
supports electronic motion in any direction along the surface,
but the direction of electron’s motion uniquely determines its
spin direction and vice versa. The 2D energy-momentum re-
lation has a “spin-Dirac cone” structure but with helical or
momentum space chiral spin texture with Berry’s phase π
(spins go around in a closed loop in momentum space) [1, 2].

.

day constitutes a standard experimental methodology for
discovering and probing new topological order (non-Z2)
in bulk solids [34–47]. These fertile research frontiers
include: (1) the topological crystalline insulator (TCI),
where space group symmetries replace the time-reversal
symmetry in a 3D Z2 TI [48, 49]. The discovery of TCI
[36–39] following theoretical predictions [48, 49] leads
to novel crystalline symmetry protected topological sur-
face states. (2) the topological Kondo insulator (TKI),
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Figure 1.1: The band insulator state and the band inversion . (a) The crystal
structure of a solid argon lattice. (b) The energy levels of a solid argon in the atomic
limit where the lattice constant goes to infinity resulting in a number of unbound argon
atoms. (c) As the lattice constant goes to the experimental value, the Ar3p and Ar4s
orbitals bceome Bloch bands where they gain energy dispersion as a function of the Bloch
momentum k. (d) First-principles calculation of the electronic band structure of a solid
argon, where the Ar3p valence band, Ar4s conduction band, and the normal band-gap are
seen. (e-h) The same as Panels (a-d) but for a topologically nontrivial band insulator
Bi2Se3. In this case, the relative energy positions of the conduction and valence bands are
reversed with respect to their atomic limit (indicated by the blue and red color code in
Panels (f,g). This results in a topologically nontrivial state in Bi2Se3. In Panel (h), a
single Dirac cone surface state (red line) enclosing the Γ̄ within the bulk energy gap is seen.

New class of insulator: TI 



•  DP: The two branches (left-moving 
and right moving) of the surface states 
cross, forming a surface Dirac point 

•  In bulk gap: The Dirac surface states 
span across the bulk energy gap, and 
connect the bulk conduction and the 
bulk valence bands each other, 
forming a surface Dirac point 

•  Enclosing Kramers points: The 
surface state Fermi surfaces enclose 
the Kramers points of the surface BZ 

•  Spin-momentum locking: The 
surface state spin is locked with its 
momentum 

•  Odd number: There are an odd 
number of robust such spin-
momentum locked surface state Fermi 
surfaces 
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Edge States (1D) by TRS 

Science 07 (subm. 2007) 

Protected	Surface	States	=	New	2DEG	

Nature 08 (subm. 2007) 

Experimental realization of TI 
2D	TI	

3D	TI	



Odd	number	of	Dirac	cones	 spin	helical	structure	

D. Hsieh et al. Nature 452, 970 (2008); 
D. Hsieh et al. Science 323, 919 (2009) 

Bi1-xSbx: the first discovered 3D TI 



Band-structure of BiSb semiconductors : ARPES view 

Fu-Kane PRB’07 Bi-Sb 

Surface vs bulk 



Bi2(Se/Te)3;		

Fermi	level	tunable	by	surface	carrier	deposiSon	(NO2	on	Bi2-xCaxSe3)	

D. Hsieh et al. Nature 460, 1101 (2009), 

Bi2Se3- single Dirac cone TI 

Single	Dirac	cone	and	spin	helical	texture;	stable	at	room	T	

Y. Xia et al. Nature Physics 5, 398 (2009), Y. L. Chen et al. Science 325, 178 (2009) 



Ternary Topological Insulators	



Ternary Topological Insulators	

-   Several new topological insulator 
classes 
 
-  Gaps up to ~ 0.35 eV 

-  New platforms to search for 
topological-superconductivity 

-  Single Dirac cone 

-  Bulk insulating nature 
 
Also see Z. Ren et al., Phys. Rev. B (R) 82, 241306 (R) (2010) 

Many Ternary TIs 

Hasan group 
M. Neupane et al., Phys. Rev. B 85, 235406 (2012) 
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DP tuning: SbxBi2-xSe2Te	
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Gigan2c	surface	life-2me	of	an	intrinsic	topological	insulator	

M.	Neupane	et	al.,	Phys.	Rev.	LeH.		115,	116801		(2015).	

TrARPES on highly bulk insulating TI: Bi2Te2Se	

For	binary	TIs		
ZX	Shen	group	
Gedik	group	
Parmigiani	group	
Marsi	group	
Shin	group	



Time-resolved spectra: Bulk	insula2ng	vs	bulk	metallic	

M.	Neupane	et	al.,	Phys.	Rev.	LeH.		115,	116801		(2015).	



Time-resolved 
spectra: 

time evolution	

M.	Neupane	et	al.,	Phys.	Rev.	LeH.		115,	116801		(2015).	

Bi2Se3/Bi2Te3	vs	Bi2Te2Se	
	
Bulk-metallic	vs	bulk-insula@ng	TI	
	
Pico-second	vs	Micro-second	
	
Absence	(SPV)	vs	presence	(SPV)	
	
	
	Charge	relaxa@on:	
Exponen@al	vs	power	law		
	



Relaxa2on	dynamics	in	a	superconduc2ng	
topological	insulator	

	

than found in the undoped material (inset Fig. 3), consis-
tent with the much larger number of n-type carriers ob-
served in the Hall effect measurements. The
superconducting transition (lower left inset Fig. 3), occurs
at 3.8 K. The resistivity does not drop to zero below Tc

however, indicating the absence of a continuous super-
conducting path. This is contrary to what is generally
seen in superconducting materials, where a continuous
zero resistance path is often present even when the super-
conducting volume fraction is small. We attribute this to
the sensitivity of the superconducting phase to processing
and stoichiometry, which yields weak links and low critical
currents in the crystals. The origin of this sensitivity is
likely the chemical stability of both superconducting
CuxBi2Se3 and nonsuperconducting Bi2!xCuxSe3, which
are electrically quite different (e.g., lower right inset
Fig. 3); the distinction between these two materials is
difficult to control in the synthesis. Resistivity data show-
ing the suppression of superconductivity in an applied field
(upper inset Fig. 3) were employed to determine theHc2ðTÞ
behavior presented in Fig. 2.

The structural and electronic character of the Cu inter-
calant in Bi2Se3 is of particular interest. To investigate this

at the nanometer scale, we studied the (001) surface of a
cleaved Cu0:15Bi2Se3 single crystal using an STM at 4.2 K.
Several distinct features can be identified in the STM
topographic images. Figure 4 shows topographies of filled
and unoccupied states over an area of size 250 Å by 250 Å.
One feature (type 1), with an apparent height of$2 to 3 Å,
occurs in different shapes and sizes, and appears as red or
orange regions in Fig. 4. From the height of these features
and their shapes, we conclude that they are located on the
cleaved surface and are clusters of intercalated Cu atoms
that have formed on the surface of the cleaved crystal by
surface diffusion. A second feature (type 2) appears as a
bright triangular area, yellow in Fig. 4, of lateral dimension

$20 !A. We associate these features with intercalated Cu in
subsurface van der Waals gap layers. They have a
symmetry-defined shape. Hence there is no evidence of
Cu cluster formation below the exposed surface, and the
copper is seen to have a random distribution in the super-
conducting phase, consistent with the TEM characteriza-
tion. Neither of these features is present in native or Ca-
doped Bi2Se3 [28] and thus they are clearly associated with
the Cu intercalation. Because these topographic features
have similar appearance in both filled and unoccupied state
topographies in the STM images, Cu is not uniquely a
donor or acceptor in this system consistent with conclu-
sions drawn from transport studies [24,25]. Our Hall effect
and Seebeck coefficient data indicate that n-type carriers

FIG. 3 (color online). The resistivity of a Cu0:12Bi2Se3 crystal
with applied current in the ab plane. The lower inset shows that
the superconducting transition occurs at$3:8 K. The upper inset
shows the magnetoresistance plot at T ¼ 1:8 K for the field
applied parallel to the c axis. An upper critical field of !oHC $
1 T is observed. The third inset shows the comparison of the
Seebeck coefficients of CuxBi2Se3 and Bi2!xCuxSe3.

FIG. 2 (color online). The temperature dependent magnetiza-
tion of a single crystal of Cu0:12Bi2Se3 shows a superconducting
transition Tc $ 3:8 K in zero field cooled (ZFC) and field cooled
(FC) measurements. Upper inset: superconductivity occurs only
in a narrow window of x in CuxBi2Se3. Superconductivity is not
found for x < 0:1 and x > 0:3, or in Bi2!xCuxSe3, Cu2Se,
CuBi3Se5, BiCuSe2, and BiCu3Se3 (data labeled in inset as
‘‘Bi1:9Cu0:1Se3 and others’’). Lower inset: temperature depen-
dence of the superconducting upper critical field, Hc2ðTÞ of
Cu0:12Bi2Se3 for the magnetic field applied parallel to the c
axis and parallel to the ab plane.

PRL 104, 057001 (2010) P HY S I CA L R EV I EW LE T T E R S
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SuperconducSvity	in	CuxBi2Se3	

YS	Hor	et	al.,	PRL	104,	057001	(2010)	
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Figure 1 | Sample layout and characterization. a, A schematic layout of ultrathin Bi2Se3 films epitaxially grown on the (0001) surface of single-crystalline
s-wave superconductor (SC) 2H–NbSe2 (Tc=7.2K) using the MBE technique. b, High-resolution transmission electron microscopy (TEM) measurements
of the Bi2Se3/NbSe2 interface at 200 keV electron energy. An atomically abrupt transition from the NbSe2 layered structure to the layered quintuple layer
structure of Bi2Se3 is resolved, showing a good atomically flat interface crystal quality (see Supplementary Information B for details).
c, Momentum-integrated ARPES intensity curves (in arbitrary units (a.u.)) over a wide binding energy window (core-level spectra) taken on a
representative 3QL Bi2Se3 (⇤3 nm) film grown on NbSe2 before and after removing the amorphous selenium capping layer (decapping). d, A low-energy
electron di;raction (LEED) image on a 4QL Bi2Se3 film shows a six-fold pattern, providing evidence that the thin Bi2Se3 film is well ordered.
e, High-resolution ARPES dispersion map of a 4QL Bi2Se3 film on NbSe2 after decapping using an incident photon energy of 50 eV. The white circle and
cross schematically show the measured direction of the spin texture on the top surface of our 4QL Bi2Se3 film shown in f. A colour bar is presented on the
right giving the ARPES intensity on a relative scale. f, Spin-resolved ARPES measurements on 4QL Bi2Se3 as a function of the binding energy at a fixed
momentum, which is indicated by the white dotted line in e. The error bars show the experimental uncertainty in determining the magnitude of the
spin polarization.

(MBE). The growth conditions are systematically optimized to
enhance the superconductivity signals in ourARPESmeasurements.
To protect the Bi2Se3 surface from exposure to atmosphere, an
amorphous selenium layer is deposited on top of the TI surface. This
layer can be removed in situ in our angle-resolved photoemission
spectroscopy (ARPES) experiments by annealing the samples, as
demonstrated in Fig. 1c,d (see Supplementary Information A.1 and
also ref. 25 for details). High-resolution ARPES measurements on
the Bi2Se3 surface are then performed (Fig. 1e). A sharp spectrum
for the Dirac surface states is clearly observed, indicating the good
surface/interface quality of our heterostructure. Furthermore,
we perform spin-resolved ARPES measurements (photon energy
50 eV) on the 4-quintuple-layer (QL) sample (Fig. 1f). At the Fermi
level, a left-handed spin–momentum-locking profile is observed,
which is one of the critical ingredients for the helical-Cooper
pairing, as we will show in later sections. In Supplementary
Information C, we further present comprehensive spin-resolved
measurements and demonstrate reliability.

Pairing gap in helical surface states
Figure 2a shows the ARPES dispersion maps of the Bi2Se3 films
with di>erent thicknesses grown on NbSe2. We start with the 4QL
sample using an incident photon energy of 18 eV, as shown in Fig. 2b.
Six representative momenta, namely ±h̄k1, ±h̄k2 and ±h̄k3 are
chosen for detailed studies, where k1 =0.12Å�1 corresponds to the
topological surface states (TSSs), and k2 =0.08Å�1 and k3 =0.04Å�1

correspond to the outer and inner parts of the bulk band states,

respectively. Figure 2c shows the ARPES spectra at a momentum
of k1 (TSSs) at di>erent temperatures. Clear leading-edge shifts
(superconducting gap) and coherence peaks are observed at low
temperatures. The observed superconducting signals as temperature
increases disappear at higher temperatures such asT =7K and 12K.
To better visualize the superconductivity gap in our data, the ARPES
spectra are symmetrized with respect to the Fermi level, where the
temperature evolution of the full (symmetrized) superconducting
gap and the coherence peaks are clearly seen in Fig. 2d. These
measurements show the existence of induced superconductivity in
the helical Dirac electrons occurring in the Bi2Se3 TSSs, which is not
possible in conventional momentum-integrated experiments that
lack spin resolution11–20. We compare and contrast the proximity-
induced superconductivity in the Dirac surface states to that of the
bulk band states, as shown in Fig. 2e. To obtain the magnitude of
the superconducting energy gap (shown in Fig. 2f), we fit the bulk
state (±h̄k2, and ±h̄k3) data by the Dynes function26 (black curves
in Fig. 2g), which is widely used in s-wave superconductors, whereas
the surface state data (±h̄k1) is fitted by a BCS function taking
into account the spin–momentum-locking and Dirac dispersion
properties of the TSSs (blue curves in Fig. 2g). To further isolate
the signals of Dirac surface states from the bulk bands, we choose
another incident photon energy of 50 eV (Fig. 2h), where we use
the photoemission matrix element e>ect to suppress the spectral
weight of the bulk conduction states. We subsequently study the
spectra at momentum k1 where the ARPES signal is dominated
by the contribution from the surface states. Leading-edge shifts

2 NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics
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Figure 1 | Sample layout and characterization. a, A schematic layout of ultrathin Bi2Se3 films epitaxially grown on the (0001) surface of single-crystalline
s-wave superconductor (SC) 2H–NbSe2 (Tc=7.2K) using the MBE technique. b, High-resolution transmission electron microscopy (TEM) measurements
of the Bi2Se3/NbSe2 interface at 200 keV electron energy. An atomically abrupt transition from the NbSe2 layered structure to the layered quintuple layer
structure of Bi2Se3 is resolved, showing a good atomically flat interface crystal quality (see Supplementary Information B for details).
c, Momentum-integrated ARPES intensity curves (in arbitrary units (a.u.)) over a wide binding energy window (core-level spectra) taken on a
representative 3QL Bi2Se3 (⇤3 nm) film grown on NbSe2 before and after removing the amorphous selenium capping layer (decapping). d, A low-energy
electron di;raction (LEED) image on a 4QL Bi2Se3 film shows a six-fold pattern, providing evidence that the thin Bi2Se3 film is well ordered.
e, High-resolution ARPES dispersion map of a 4QL Bi2Se3 film on NbSe2 after decapping using an incident photon energy of 50 eV. The white circle and
cross schematically show the measured direction of the spin texture on the top surface of our 4QL Bi2Se3 film shown in f. A colour bar is presented on the
right giving the ARPES intensity on a relative scale. f, Spin-resolved ARPES measurements on 4QL Bi2Se3 as a function of the binding energy at a fixed
momentum, which is indicated by the white dotted line in e. The error bars show the experimental uncertainty in determining the magnitude of the
spin polarization.

(MBE). The growth conditions are systematically optimized to
enhance the superconductivity signals in ourARPESmeasurements.
To protect the Bi2Se3 surface from exposure to atmosphere, an
amorphous selenium layer is deposited on top of the TI surface. This
layer can be removed in situ in our angle-resolved photoemission
spectroscopy (ARPES) experiments by annealing the samples, as
demonstrated in Fig. 1c,d (see Supplementary Information A.1 and
also ref. 25 for details). High-resolution ARPES measurements on
the Bi2Se3 surface are then performed (Fig. 1e). A sharp spectrum
for the Dirac surface states is clearly observed, indicating the good
surface/interface quality of our heterostructure. Furthermore,
we perform spin-resolved ARPES measurements (photon energy
50 eV) on the 4-quintuple-layer (QL) sample (Fig. 1f). At the Fermi
level, a left-handed spin–momentum-locking profile is observed,
which is one of the critical ingredients for the helical-Cooper
pairing, as we will show in later sections. In Supplementary
Information C, we further present comprehensive spin-resolved
measurements and demonstrate reliability.

Pairing gap in helical surface states
Figure 2a shows the ARPES dispersion maps of the Bi2Se3 films
with di>erent thicknesses grown on NbSe2. We start with the 4QL
sample using an incident photon energy of 18 eV, as shown in Fig. 2b.
Six representative momenta, namely ±h̄k1, ±h̄k2 and ±h̄k3 are
chosen for detailed studies, where k1 =0.12Å�1 corresponds to the
topological surface states (TSSs), and k2 =0.08Å�1 and k3 =0.04Å�1

correspond to the outer and inner parts of the bulk band states,

respectively. Figure 2c shows the ARPES spectra at a momentum
of k1 (TSSs) at di>erent temperatures. Clear leading-edge shifts
(superconducting gap) and coherence peaks are observed at low
temperatures. The observed superconducting signals as temperature
increases disappear at higher temperatures such asT =7K and 12K.
To better visualize the superconductivity gap in our data, the ARPES
spectra are symmetrized with respect to the Fermi level, where the
temperature evolution of the full (symmetrized) superconducting
gap and the coherence peaks are clearly seen in Fig. 2d. These
measurements show the existence of induced superconductivity in
the helical Dirac electrons occurring in the Bi2Se3 TSSs, which is not
possible in conventional momentum-integrated experiments that
lack spin resolution11–20. We compare and contrast the proximity-
induced superconductivity in the Dirac surface states to that of the
bulk band states, as shown in Fig. 2e. To obtain the magnitude of
the superconducting energy gap (shown in Fig. 2f), we fit the bulk
state (±h̄k2, and ±h̄k3) data by the Dynes function26 (black curves
in Fig. 2g), which is widely used in s-wave superconductors, whereas
the surface state data (±h̄k1) is fitted by a BCS function taking
into account the spin–momentum-locking and Dirac dispersion
properties of the TSSs (blue curves in Fig. 2g). To further isolate
the signals of Dirac surface states from the bulk bands, we choose
another incident photon energy of 50 eV (Fig. 2h), where we use
the photoemission matrix element e>ect to suppress the spectral
weight of the bulk conduction states. We subsequently study the
spectra at momentum k1 where the ARPES signal is dominated
by the contribution from the surface states. Leading-edge shifts
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Bi2Se3 is one of a handful of known topological insulators. Here we show that copper intercalation in

the van der Waals gaps between the Bi2Se3 layers, yielding an electron concentration of!2" 1020 cm#3,

results in superconductivity at 3.8 K in CuxBi2Se3 for 0:12 $ x $ 0:15. This demonstrates that Cooper

pairing is possible in Bi2Se3 at accessible temperatures, with implications for studying the physics of

topological insulators and potential devices.

DOI: 10.1103/PhysRevLett.104.057001 PACS numbers: 74.70.#b, 73.20.At, 74.10.+v, 74.90.+n

Topological insulators display conducting surface states
that are a distinct electronic phase of matter, with photon-
like energy dispersions, stabilized even at high tempera-
tures due to the topology of the system [see, e.g., [1–3]].
Theoretical interest in topological surface states is high,
stimulated by their observation in HgTe-based quantum
wells [4,5] and the prediction [6,7] and then observation
[8] that they are present on the surface of bulk Bi-Sb alloy
crystals. Topological surface states have recently been
observed in a second bulk materials class, Bi2Se3 and
Bi2Te3 [9,10]. Several schemes have been proposed to
search for novel electronic excitations of the surface states,
particularly Majorana fermions [11], which are potentially
useful for topological quantum computing [e.g., [12–18]].
All the proposed schemes rely on the opening of an energy
gap in the surface state spectrum by inducing supercon-
ductivity through the proximity effect. However, Cooper
pairing of electrons at accessible temperatures in a topo-
logical insulator has never been reported. Here we show
that the topological insulator Bi2Se3 can be made into a
superconductor by Cu intercalation. This implies that
Cooper pairing can occur in Bi2Se3 up to about 4 K.
Because of their intrinsic chemical and structural compati-
bility, electronic junctions between Bi2Se3 and CuxBi2Se3
are feasible. Such junctions are promising for investigating
novel concepts in physics as well as for new types of
electronic devices.

Bi2Se3 [19] is made from double layers of BiSe6 octa-
hedra [Fig. 1(a)]. The resulting Se-Bi-Se-Bi-Se five layer
sandwich is only weakly van der Waals bonded to the next
sandwich, through the outer Se layers, yielding a material
with excellent basal plane cleavage and excellent quality
layered crystals both in the bulk and in thin films [19–21].
This layered nature results in the fact that both substitu-
tional and intercalative chemical manipulations are pos-
sible. The dopant employed here, Cu, may either
intercalate between the Se layers, as it does in CuxTiSe2
[22], or randomly substitute for Bi within the host struc-

ture, as has been reported for the NaCl structure compound
CuBiSe2 [23]. This dual nature was recognized early on in
Cu doping studies of Bi2Se3 [24,25], where substantial
differences in the electrical properties of Cu-substituted
Bi2#xCuxSe3 and Cu-intercalatedCuxBi2Se3 were reported
and it was concluded that Cu acts as an ambipolar dopant.

FIG. 1 (color online). (a) The crystal structure of Cu interca-
lated Bi2Se3. (b) X-ray diffraction scan showing the 00L reflec-
tions from the basal plane of a cleaved Cu0:12Bi2Se3 single
crystal with Si powder diffraction as a calibration. (c) The
h110i zone axis electron diffraction pattern for Cu0:12Bi2Se3.
(d) High resolution electron microscope image of a representa-
tive area of Cu0:12Bi2Se3, showing the regular array of layers
(labeled by atom type) and the absence of stacking defects on the
nanoscale.
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−0.691½dHc2ðTÞ∕dT$T¼Tc
•Tc, the upper critical field Hc2ð0Þ was

extrapolated to be 1.8 Tesla for H‖c, where the single crystal was
placed inside the diamond anvil cell with magnetic H direction
perpendicular to ab-plane.

The Hall coefficient measurements indicated the p-type carrier
nature of the Bi2Te3 as grown single crystal (Fig. 2B). The carrier
density calculated from the linear part at high magnetic field
H was approximately 3 ∼ 6 × 1018 ∕cm3 as deduced for several
measurements at ambient pressure. The carrier density changed
slightly from high to low temperature (inset of Fig. 2B). Both
p-type and n-type carriers have been reported to exist in Bi2Te3
as grown single crystal depending on the growth conditions and
the elements ratio of Bi over Te in the starting materials. In our
samples, the single crystal is a p-type compound. This type is dif-
ferent from CuxBi2Se3 superconductor where n-type carriers
have been observed (19). Conducting direct Hall measurement
at high pressure had been difficult; however primary measure-
ments indicated little change in the carrier density from ambient
to 1.0 GPa (Fig. S1). In addition, the relative change of carrier
density with pressure can be estimated from the transport data.
The resistivity at fixed temperature (10 K) was only changed by a
factor of 3 from ambient pressure to 3.2 GPa wherein supercon-
ductivity occurs. Therefore, we do not expect the dramatic change
of carrier density at the superconducting pressure.

To check whether the superconducting phase transition was
not caused by crystal structure phase transition under pressure,

we further conducted synchrotron X-ray diffraction experiments
with pressure from ambient to above 30 GPa in an average 2 GPa
step at room temperature. Fig. 3 shows the X-ray diffraction
patterns of Bi2Te3 polycrystalline (ground from the single crystal)
at several selected pressure levels. The ambient phase remained
stable up to 6.3 GPa, while the results of the resistance measure-
ments indicated an intermediate phase occurred at 6.8 GPa
(Fig. 1B), above which a structure phase transition was observed
(Fig. 3) for X-ray data at 8.6 GP. This finding is consistent with
that of previous report (21). Therefore, the superconductivity
observed in our experiments has been verified to be coming from
the parent structure of Bi2Te3, which preserves the topological
property. This situation will be shown later in the electronic struc-
ture calculation. We further refined the crystal structure at high
pressure using Rietveld method with GSAS package to determine
the lattice parameters and atomic positions (Fig. S2).

Stoichiometric Bi2Te3 has a layered hexagonal structure with
unit cells consisting of five atomic layers forming a so called quin-
tuple-layer (QL) as shown in Fig. S3. The topological property of
Bi2Te3 has been theoretically predicted from first-principles cal-
culations and analytical models (6) and is confirmed by the Angle
Resolved Photon Electron Spectroscopy (ARPES) measurement
of surface states (4, 23). Due to the strong spin-orbit coupling, the
band structures around the Γ point of the Brillouin zone (BZ) are
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Fig. 1. (A) (Upper) The resistance of the Bi2Te3 single crystal as a function of
temperature at various pressures showing a superconducting transition
above 3 K at 3.2 GPa. The inset is the resistance near the critical temperature
Tc with the differentiation of dR∕dT showing the definition of Tc

onset, Tc
mid,

and Tc
zero, respectively; (B) (lower) The enlarged (low temperature) part of

the measured resistance, indicating the almost constant Tc for the states
between 3.2–5.0 GPa, while a much higher Tc of 8.1 K appears at 8.9 GPa
that is structurally different from the ambient phase. A broad superconduct-
ing transition has been observed for the intermediated pressure range, such
as the data shown for 6.8 GPa.

A

B

Fig. 2. (A) (Upper) The superconducting transition of the Bi2Te3 single crys-
tal at 6.1 GPa with applied magnetic field H perpendicular to the ab-plane
of single crystal. Inset shows the change of Tc with H. (B) (Lower) The Hall
resistance of the Bi2Te3 single crystal with magnetic field H perpendicular
to the ab-plane of the single crystal. Inset shows the carrier density deduced
from the linear part of Hall resistance at various temperatures at ambient
pressure.
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Pressured	induced	SC	on	Bi2Te3	

-	No	crystal	structure	phase	transiSon	
-	Tc	~3K	between	3-6	GPa	
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current was applied between a contact pad and the gold
wire, and the voltage between the wire and another contact
pad was measured [Fig. 1(a)]. The Quantum Design PPMS
was used for cooling the samples down to 0.35 K and
applying the magnetic field up to 9 T.

A set of point-contact data taken on a CuxBi2Se3 sample
with the bulk onset Tc ¼ 3:2 K is shown in Fig. 2, where
one can see that a pronounced zero-bias conductance peak
(ZBCP) develops at low temperature [36]. The inset of
Fig. 1(e) shows the temperature dependence of the zero-
bias conductance, which indicates that this peak appears
below 1.2 K [36]. We note that essentially the same ZBCP
data have been obtained on another sample (see Fig. S2 of
Ref. [36]).

Since heating effects can cause a spurious ZBCP [37], it
is important to elucidate that it is not the case here. It was
argued by Sheet et al. [37] that in samples with a large
normal-state resistivity when the point contact is in the
thermal regime, a spurious ZBCP could show up if the
increase in the bias voltage causes the local current to
exceed the critical current, which leads to a voltage-
dependent decrease in the differential conductivity. If this
is the case, the conductivity at zero bias (which is always
measured below the critical current) should not change
with a weak magnetic field; the role of the magnetic field
in this case is primarily to reduce the critical current, so the
width of the spurious ZBCP would become narrower, but
the height at V ¼ 0 should be mostly unchanged as long as
the superconductor is in the zero-resistivity state. In the
magnetic-field dependence of our spectra shown in
Fig. 2(c), by contrast, the ZBCP is strongly suppressed
with a modest magnetic field while its width is little
affected, which clearly speaks against the heating origin
of the ZBCP. (The magnetic field was applied perpendicu-
lar to the cleaved surface.) Another well-known signature
of the heating effect is a sharp, spikelike dip at energies
much larger than the gap [35,37], which is caused by the
local transition to normal state; in fact, when we made the
point contact on a disordered surface, we observed a
widening of the peak and a lot of sharp dips at relatively
high energies, which are obviously caused by the heating
[36]. In contrast, the data shown in Fig. 2 are free from such

features, which corroborates the intrinsic nature of the
ZBCP. Therefore, one can safely conclude that the ZBCP
observed here is not due to the heating effects and is
intrinsic.
One should also keep in mind that, even when the ZBCP

is intrinsic, it can be caused by several mechanisms in point
contacts [38]: conventional Andreev reflection [39,40],
reflectionless tunneling [41–43], magnetic scattering
[44,45], and the unconventional Andreev bound state
(ABS) [38,40]. In this respect, it is important to notice
that the ZBCP shown in Fig. 2 is accompanied by pro-
nounced dips on its sides and the peak does not split into
two even at the lowest temperature (0.35 K). These features
are clearly at odds with the Blonder-Tinkham-Klapwijk
(BTK) theory for conventional Andreev reflection [39].
Also, the reflectionless tunneling and the magnetic scatter-
ing are obviously irrelevant, because the former is sup-
pressed by a very small magnetic field of less than 0.1 T
[46] and the latter presents a peak splitting in magnetic
fields [47]. Hence, one can conclude that the ZBCP ob-
served here is a manifestation of the ABS [38].
Previously, it was inferred [32] from the specific-heat

data that the superconducting gap of CuxBi2Se3 at T¼0K,
!ð0Þ, would be about 0.7 meV. In Fig. 2, one can see
that the minima in the pronounced dips are located at
$% 0:6 meV at 0.35 K; since the ZBCP due to the ABS
is usually accompanied by dips near the gap energy [38],
the energy scale of the dip is assuring.
Given that the observed ZBCP is intrinsic and is due to

the ABS, it is important to understand its concrete origin.
The ABS is caused by the interference of the SC wave
function at the surface, and it is a signature of unconven-
tional superconductivity [38]. Its occurrence is determined
by the symmetry of the SC state, which in turn is deter-
mined by the symmetry of the Hamiltonian and the pairing
mechanism. Also, it has been elucidated that Majorana
fermions reside in an ABS when it is spin nondegenerate
[48]. Hence, we examined all possible SC states in
CuxBi2Se3 and the nature of the ABS to elucidate whether
the observed ZBCP is due to Majorana fermions. The
microscopic model to describe the band structure of
CuxBi2Se3 has already been developed [34,49–51], and
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FIG. 2 (color online). Zero-bias conductance peak. (a) Point-contact spectra (dI=dV vs bias voltage) of CuxBi2Se3 with x ¼ 0:3 for
0.35–2 K measured in 0 T for a wide energy window. (b) A narrower window of (a). (c) The spectra at 0.35 K measured in
perpendicular magnetic fields of 0–0.8 T. The vertical dashed lines in (b) and (c) indicate the energy position of the dips.
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and !ð!Sample þ !TipÞ=ð2mþ 1Þ, where m is an integer
[24–26]. The strength of the peaks is dependent on junction
resistance and magnitude of!Tip compared to!Sample [24].
A fit of the spectra at high impedance [1 M" in Fig. 2(c)]
to the SIS model yields !Sample ¼ 0:44 meV and !Tip ¼
0:16 meV. Experimentally, peaks are observed in Fig. 2(c)
at!ð!Sample þ!TipÞ for all junction resistances, and at low
junction resistances peaks develop at !ð!Sample & !TipÞ
and at zero bias. The fit to the SIS model suggests that
the zero bias peak observed at low junction resistance
results from the Josephson supercurrent between the two
superconductors. In contrast, tunneling into CuxBi2Se3
with a normal probe tip produces no zero bias peaks, as
shown in Fig. 2(a), and as seen in measurements on another
cleaved sample with a new nonsuperconducting probe tip
even at junction impedances down to 3 k" [Fig. 2(d)].

We have found the CuxBi2Se3 sample to display large
inhomogeneity in the superconducting state (Fig. 3).Within
superconducting grains [Fig. 3(a)] the gap varies very little
even as we traverse terraces with grain boundaries and
Cu clusters as seen in the spectral profile in Fig. 3(b)
where the gap averaged over the 135 spectra in Fig. 3(b)
is 0:41! 0:03 meV. However, there are also regions where
nonsuperconducting terraces border superconducting
areas. Figure 3(c) shows one of these areas where the upper
left region in the image is superconducting and the terrace
on the lower right is normal. A dI=dV line scan from the
indicated region in Fig. 3(c) is shown in Fig. 3(d) where the
gap is seen to decay on the scale of' 30 nm as we go from
the area in the top left to the bottom right. The decay in the
gap across the superconducting—normal boundary is con-
sistent with the coherence length found in macroscopic
measurements of CuxBi2Se3 [6].
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FIG. 3 (color online). Superconducting energy gap inhomoge-
niety in Cu0:2Bi2Se3. (a) STM topographic image, 50 nm(
50 nm, of a superconducting terrace region. Tunneling parame-
ters: I ¼ 50 pA, VB ¼ 0:1 V. The white line indicates where the
dI=dV measurements were made in (b). (b) dI=dV spectra from
the region in (a) showing a relatively uniform energy gap across
the terraces, grain boundaries, and Cu clusters in (a). The
average gap from BSC fits is 0:41! 0:03 meV. Tunnel parame-
ters: I ¼ 400 pA, VB ¼ 5 mV, Vmod ¼ 20 !V, Teff ¼ 280 mK.
(c) STM topographic image, 160 nm( 160 nm, of a
superconducting-normal interface region. Tunneling parameters:
I ¼ 50 pA, VB ¼ 0:1 V. The white line indicates where the
dI=dV measurements were made in (d). (d) dI=dV spectral
map along the line in (c) showing the gradual disappearance
of the gap across the boundary. Each horizontal row is the dI=dV
vs VB spectra, where the dI=dV magnitude is given by the color
intensity scale and the vertical axis is the distance along the line
in (c). Tunnel parameters: I ¼ 200 pA, VB ¼ 5 mV, Vmod ¼
20 !V, Teff ¼ 280 mK.

FIG. 2 (color online). Tunneling spectroscopy of Cu0:2Bi2Se3.
(a) Tunnel spectrum covering !30 mV showing the background
and superconducting gap near zero bias. Tunnel parameters: I ¼
70 pA, VB ¼ 29 mV, Vmod ¼ 100 !V, Teff ¼ 0:95 K. (b) Low
energy tunnel spectrum (red dots) showing a fully gapped
Cu0:2Bi2Se3 consistent with BCS s-wave pairing. A fit (blue
line) to BCS Maki theory with Teff ¼ 280 mK yields ! ¼
0:399! 0:001 meV and " ¼ 0:0092! 0:0002 [18]. Tunnel pa-
rameters: I ¼ 300 pA, VB ¼ 2 mV, Vmod ¼ 15 !V. (c) Tunnel
spectrum of Cu0:2Bi2Se3 with a probe tip crashed into the
sample as a function of junction impedance. At high impedance
the spectrum is well fit (red dashed line) by a BCS SIS
model with the sample !Sample ¼ 0:44! 0:01 meV and a probe

tip gap !Tip ¼ 0:16! 0:01 meV, and Teff ¼ 390! 100 mK
[18]. At lower junction impedance the spectrum develops a
peak at zero bias owing to Josephson tunneling. Tunnel
parameters: VB ¼ 2 mV, Vmod ¼ 10 !V, I ¼ 2 nA to 900 nA.
(d) Tunneling spectrum on a second cleavage of the sample in (a)
with a new probe tip showing no evidence of zero bias states at
low impedance with a normal probe tip. Tunnel parameters:
Vmod ¼ 20 !V, VB ¼ 1 mV to 4 mV, I ¼ 18 nA to 300 nA,
Teff ¼ 280 mK.
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ductivity with identifiable irreversibility and upper critical 

fields. The inset (d) in Figure 2 shows the M-H scan in smaller 

field range at different temperatures towards measuring the 

lower critical field which is marked by deviation from linearity 

in the diamagnetic state. Using this criterion, a set of Hc1(T) 

was estimated and fitted to the parabolic T dependence Hc1(T) 

= Hc1(0)[1-(T/Tc)
2
], Hc1(0) is estimated to be 3.5 ± 0.1 G.   This 

is shown in inset (c) of Figure 2. 

 

Figure 3. The resistivity as a function of magnetic field applied 

parallel to ab  plane (a) and parallel to c-axis (b) is plotted   

for Sr0.1Bi2Se3. External field H = 0.005, 0.02, 0.05, 0.08, 

0.11, 0.14, 0.17, 0.20, 0.24, 0.28, 0.34, 0.42 and 0.50 T. 

Inset in (a) shows the resistivity behaviour from 2 K to 300 K. 

Inset in (b) shows the expanded view of the superconducting 

transition. 

In Figure 3 we summarize magneto-transport measure-

ments.  Inset in Figure 3a shows the resistivity from low tem-

perature to room temperature of SrxBi2Se3.  For Sr0.1Bi2Se3 we 

find a Tc-onset 2.94 K and Tc-zero 2.8 K. This is higher by ~ 0.35 

K as compared to previous report.
11
 Further increase of Sr con-

centration does not significantly affect resistive Tc but the im-

purity concentration goes up. The resistivity of Sr0.1Bi2Se3 is 

linear in entire temperature range with residual resistivity 0 = 

0.37 x 10
-5

 -m. A sharp superconducting transition with 

transition width Tc = Tc-onset - Tc-zero = 0.16 K (inset of Figure 

3b) and residual resistivity ratio ( 300K/ 3K) = 1.95 are ob-

served.  As shown in the main panel of Figure 3, with the ap-

plication of external magnetic field, a larger shift in supercon-

ducting transition is observed for H||c- axis than H||ab plane. 

This behaviour is reflective of anisotropic transport in layered 

superconductors as evidenced in CuxBi2Se3 as well.
2 

From the onset and offset data of superconducting transition 

in the presence of magnetic field (Figure 3), in the inset of Fig-

ure 4 we plot the upper critical field Hc2(T) and Irreversibility 

field (Hirr) as a function of temperature.  The standard criterion 

used for these estimations is described elsewhere.
20

 Further, in 

a weak coupling case, the Pauli limited upper critical field is 

given by HP(0) = 1.84 x Tc = 5.15 T.  Under generalized Ging-

burg Landau model;! Hc2(T) = Hc2(0)[(1-t)
2
/(1+t)

2
] where t = 

T/Tc. In the main panel of Figure 4 fitting of our data to this 

equation gives Hc2||ab(0) = 2.1 ± 0.025 T (red line) and 

Hc2||c(0) = 1.4 ± 0.035 T (blue line). In conventional single 

band Werthamer Helfand - Hohenberg (WHH) theory,
16

 the 

orbital limited upper critical field of type � II superconductor in 

the clean limit is be described by Hc2
orb

(0) = 0.72 × Tc × 

(dHc2/dT|Tc ) and estimated to be 1.6 T. Since Hc2
orb

(0) < 

Hc2(0) < HP(0) the superconductivity in Sr0.1Bi2Se3 is Pauli lim-

ited.  With Maki parameter  = 2Hc2
orb

(0)/HP(0) less than 1, 

the Flude - Ferrell � Larkin - Ovchinnikov (FFLO) state, which is 

reflective of spatially modulated order parameter, is not indi-

cated.
17  

The electronic anisotropy parameter  = Hc2,ab/ Hc2,c 

is about 1.5 and using the anisotropic Ginzburg-Landau for-

mulas
18

 Hc2||
ab

 = 0/(2  ab c) and Hc2||
c
 = 0/(2  ab

2
), 

with 0 is the flux quantum 0 = 2.07 x 10
-7

 G-cm
2
, the 

Ginzburg-Landau (GL) coherence lengths are estimated as ab 

= 15.3 nm and c = 10.2 nm. The London penetration depth at 

zero temperature (0) is related to Hc1(0) by the equation
19!Hc1 

= ( 0/4
2
)[ln( / )+0.485] and gives (0) ~ 1550 nm.  The 

Ginzburg Landau parameter  = /  = 101. 

 

Figure 4. The extrapolated Ginzburg-Landau upper critical 

field (Hc2) as a function of temperature for superconducting  

Sr0.1Bi2Se3. Inset shows the upper critical field Hc2(T) and Hirr(T) 

found from onset and offset temperature for magnetic field 

applied parallel and perpendicular to c-axis.  

To shed more light on the normal state transport properties 

of the compound in Figure 5 we present Hall and Thermoelec-

tric Power data on single crystal of Sr0.1Bi2Se3. As shown in 

inset (a) of Figure 5, the Seebeck coefficient S remains nega-

tive at all temperatures, indicating electronic charge transport. 

Inset (b) of Figure 5 shows the magnetic field dependence of 

transverse resistivity at 10 K. The xy shows linear behaviour 

with magnetic field and is negative.  The main panel of Figure 

5 shows the Hall coefficient RH as a function of temperature. 

RH is found to be increasing monotonically with temperature 

up to 200 K. From RH (= -1/ ne) charge carrier density n has 

been plotted with respect to temperature in the inset (c) of 

Figure 5. The value of n = 1.85 x 10
19 

cm
-3

 at 10 K is one order 

of magnitude less than the Cu intercalated Bi2Se3.
2
 It is indeed 

surprising to see superconductivity at 2.9 K with such low car-

rier concentration and most likely a non-BCS mechanism is at 

play as is the case in CuxBi2e3.
25

 The normal state magneto-

resistance (not shown) was found to be non- linear for field 

upto 12 Tesla. 

Tc	~2.9	K	for	Sr0.1Bi2Se3		

ShruS	et	al.,	(2015)	
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ARPES	dispersion	maps	of	Sr0.06Bi2Se3	

-  Dirac	point	is	located	about	450	meV	below	the	Fermi	level.	
-  Coexistence	of	the	topological	surface	states	and	a	2D	states.	
-			2D	quantum	well	state	is	a	generic	property	of	the	Sr	intercalated	topological	insulator	Bi2Se3.	

M.	Neupane	et	al.	(2016)	 2

FIG. 1: Generation of photo-
voltage in a bulk insulating TI.
(a,b) Schematic view of the pump-
probe ARPES experimental set up.
The delay time is defined in (b).
The inset in (a) shows the fre-
quency of the pump pulse. (c)
ARPES band dispersion of bulk in-
sulating Bi2Te2Se (sample 1) near
�̄ point measured with no pump
(left panel), with pump (middle
and right panel). The delay time is
noted on the spectra. (d) Similar
measurement in (c) for Bi2Te2Se
(sample 2). From (c , d) the gener-
ation of photo-voltage (⇠ 100 mV)
is evident in the bulk insulating
sample. Similar measurement as
in (d) for (e) p�type bulk metal-
lic (Bi0.2Sb0.8)2Te3 TI, and (f) n�
type bulk metallic GeBi2Te4 TI.
No generation of the photo-voltage
is obtained for the bulk metallic
topological insulators (see (e , f)).
The native Fermi level (Fermi level
with the absence of pump pulse) is
marked by white dash line in the
spectra.

sulators consist of spin-momentum locked surface states,
whereas in semiconductor such topological surface states
are completely absent and fundamentally impossible be-
cause of the topologically trivial nature of the semicon-
ductor system.

Single crystalline samples of topological insulators used
in our measurements were grown using the Bridgman
method and characterized by spectroscopic and trans-
port methods, which is detailed elsewhere [23–27]. The
TrARPES setup at the Institute for Solid State Physics
(ISSP) in University of Tokyo consists of an amplified
Ti:sapphire laser system delivering h⇤= 1.47 eV pulses
of 170-fs duration with 250-kHz repetition and a hemi-
spherical analyzer [28, 31]. We first describe the basic
experimental setup for TrARPES (Figs. 1(a,b)) em-
ployed in our measurements. Our TrARPES uses a
Ti:sapphire laser system, which delivers pulsed light of
energy 1.47 eV. Each single pulse is as short as ⇥ 170 fs
(1 fs= 10�15s), and the pulse is repeated every 4 µs (the
repetition rate is 250 KHz). The laser is split into two
beams, a pump beam and a probe beam. While the pump
laser is applied to the sample directly, the photon energy
of probe laser is quadrupled via two �-BaB2O4 non-linear
optical crystals from 1.47 eV to 5.9 eV. The delay time
between the pump and the probe laser is tuned by a me-
chanical stage. Due to a length limit of the mechanical
stage, the system can only be probed at a limited range
of time delays. Specifically, for our experiment, we can

probe the transient electronic structure at the delay time
of 0 to 400 ps and 4 µs�50 ps to 4 µs. 0 to 400 ps means
a time period that is immediately after a pump pulse hit
the sample. On the other hand, 4 µs�50 ps corresponds
to a time period that is long after a pump pulse hit the
sample, which is immediately before the next pulse.

Figs. 1(c-f) show ARPES spectra on four di�erent TI
samples at representative delay time (d.t.) values. Specif-
ically, the four samples are two pieces of BTS221, one
(Bi0.2Sb0.8)2Te3, and one GeBi2Te4. Let us first focus on
the ARPES spectra without the pump laser for these four
samples. It can be seen from the left panels of Figs. 1(c-f)
that the two BTS221 samples have their chemical poten-
tial within the bulk band-gap, and thus only the Dirac
surface states are observed to cross the Fermi level, which
is consistent with the bulk insulating behavior found in
a number of transport experiments [23, 24, 26]. On the
other hand, the chemical potential of the (Bi0.2Sb0.8)2Te3
sample cuts the bulk valence band, which shows its bulk
p-type metallic character, consistent with previous find-
ings [3, 7]. The GeBi2Te4 sample has chemical poten-
tial within the bulk conduction band. Next we consider
the transient ARPES spectra at two delay time values
(d.t. = 1 ps and d.t. = 4 µs�3 ps). For the delay time
of d.t. = 1 ps, which corresponds to the point immedi-
ately after the pump laser hits the sample, it can be seen
that for all samples, electrons are excited from below to
above the chemical potential, and we can observe elec-

Pump	probe	setup	

For	normal	ARPES,	also	see	
C.Q.	Han	et	al,	Appl.	Rev.	LeH.	107,	171602	(2015)	
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TR-ARPES	result		

-  Both		relax	within	5	ps	
	
-  Different	decay	dynamics	

-  Short	lifeSme	

	Spread	of	the	intensity	
	into	the	unoccupied	side	
	is	less	pronounced	

M.	Neupane	et	al.,	Sci.	Rep.	6,	22557	(2016)	
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Carrier	evolu2on	

-  Both	(2D	and	TI	SSs)	relax		within	5	ps	
-				Short	lifeSme	
-		Spread	of	the	intensity		into	the	unoccupied	side	is	less	pronounced	(metallic)	

M.	Neupane	et	al.,	Sci.	Rep.	6,	22557	(2016)	



Decay	channels	

3

FIG. 2: Dispersion map of Sr0.06Bi2Se3 (a) Dispersion map of Sr0.06Bi2Se3 along the K̄-�̄-K̄ high-symmetry direction recored
by using incident photon energy of 22 eV and 24 eV at a temperature of 17 K. This dataset was obtained with normal ARPES
setup. (b) Dispersion maps measured in TrARPES setup with 6 eV laser source. Left panel shows the ARPES band dispersion
of Sr0.06Bi2Se3 at a negative time delay along the K̄-�̄-K̄ high-symmetry direction. Right panel shows the dispersion maps for
positive time delay. At both experimental setup, the 2D quantum well states are observed.

surface states and 2D quantum well state relaxes within
5 ps. It is consistent with the short optical life-time of
a few picoseconds (10�11-10�12 s) for the Dirac surface
states reported previously for bulk metallic samples [25–
29]. The short life-time is expected because these exper-
iments were performed with bulk metallic TI samples,
which means both the surface states and the bulk con-
duction bands are present at the chemical potential. We
note that the spread of the intensity into the unoccu-
pied side is less pronounced than those observed in less
metallic TIs. In the latter case, the spread is visible as
far as 1 eV above EF . Furthermore, the rise of intensity
is instantaneous, or resolution limited, and is strongly
contrasted to the cases of less metallic TIs. In the latter
case, topological surface states are indirectly populated
and shows delayed filling of &0.5 ps.

Most importantly, we observe a di⇥erent decay mech-
anism for the excited topological surface states than the
2D state (see Fig. 3b). If the scattering of the carri-
ers in both the topological surface states and 2D states
was strong and of similar nature, then the decay pro-
file of the two should overlap. In order to get an in-
sight into the decay mechanism, we use simple single and
double exponential decay fitting functions (see Fig. 3c).
When fitted with the double exponential decay function,
both Dirac quasiparticle populations L-SS and R-SS, in-
tegrated as shown in Fig. 3(a), produce almost iden-
tical results, with both components of the exponential
fitting giving the same amplitude and decay constants
for both components, and only a slightly di⇥erence be-
tween L and R parts, as shown in Table below. We con-
clude that only one decay constant is present in Dirac
quasiparticle band and we use a single exponential de-

cay function here. However, the 2D surface state does
not converge well when fitted with one decay channel. It
shows a short-time decay channel followed by almost the
same, longer decay as in Dirac bands, and hence requires
a two-component exponential fit. The values obtained
from the fitting (see Fig. 3c) are shown in the following
Table:

Band Decay constants (ps) r2 Amplitude (A)

L-SS ⇥1 = ⇥2=1.58 0.99 A=1.382

R-SS ⇥1 = ⇥2 =1.69 0.99 A=1.347

2D state ⇥1=0.70 and ⇥2=1.46 0.99 A1=0.33, A2=1.14

The performed fitting indicates that within the Dirac
bands we are looking at a simple, one-component scat-
tering mechanism, while in the 2D surface state part,
there are two channels. One of those channels is fast, not
present in the Dirac bands, and the second one is slow
and similar to the mechanism found in the Dirac bands.
The latter indicates that there is a weak inter-band cou-
pling that synchronizes the decay at &1 ps between the
Dirac and 2D bands.
To explain the observed di⇥erence in life-time, we first

ascribe the picosecond decay time to the coupling of sur-
face Dirac quasiparticles and the Sr-doping induced 2D
state to the surface phonons. In this time regime, the
scattering of intra-band quasiparticles o⇥ the phonon
modes is the dominant contribution to quasiparticle life-
time. Theoretically, the decay time is then written as
follows:
1/⇥ = �

P
µ |gµ|2[fBE(�µ) + fFD(�µ)][N(�µ) +

N(��µ)], where �µ is the phonon mode from a branch

-	Single	and	double	exponenSal	decay	finng	funcSons	
-	TSS:	single	decay	funcSon;	2D	states:	double	decay	funcSon	

M.	Neupane	et	al.,	Sci.	Rep.	6,	22557	(2016)	
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Topological insulators in Bi2Se3, Bi2Te3 and Sb2Te3
with a single Dirac cone on the surface
Haijun Zhang1, Chao-Xing Liu2, Xiao-Liang Qi3, Xi Dai1, Zhong Fang1 and Shou-Cheng Zhang3*
Topological insulators are new states of quantum matter in which surface states residing in the bulk insulating gap of such
systems are protected by time-reversal symmetry. The study of such states was originally inspired by the robustness to
scattering of conducting edge states in quantum Hall systems. Recently, such analogies have resulted in the discovery of
topologically protected states in two-dimensional and three-dimensional band insulators with large spin–orbit coupling. So
far, the only known three-dimensional topological insulator is Bi

x

Sb1�x

, which is an alloy with complex surface states. Here, we
present the results of first-principles electronic structure calculations of the layered, stoichiometric crystals Sb2Te3, Sb2Se3,
Bi2Te3 and Bi2Se3. Our calculations predict that Sb2Te3, Bi2Te3 and Bi2Se3 are topological insulators, whereas Sb2Se3 is not.
These topological insulators have robust and simple surface states consisting of a single Dirac cone at the 0 point. In addition,
we predict that Bi2Se3 has a topologically non-trivial energy gap of 0.3 eV, which is larger than the energy scale of room
temperature. We further present a simple and unified continuum model that captures the salient topological features of this
class of materials.

Recently, the subject of time-reversal-invariant topological
insulators has attracted great attention in condensed-matter
physics1–12. Topological insulators in two or three dimensions

have insulating energy gaps in the bulk, and gapless edge or
surface states on the sample boundary that are protected by
time-reversal symmetry. The surface states of a three-dimensional
(3D) topological insulator consist of an odd number of massless
Dirac cones, with a single Dirac cone being the simplest case.
The existence of an odd number of massless Dirac cones on the
surface is ensured by the Z2 topological invariant7–9 of the bulk.
Furthermore, owing to the Kramers theorem, no time-reversal-
invariant perturbation can open up an insulating gap at the Dirac
point on the surface. However, a topological insulator can become
fully insulating both in the bulk and on the surface if a time-
reversal-breaking perturbation is introduced on the surface. In
this case, the electromagnetic response of three-dimensional (3D)
topological insulators is described by the topological ⇥ term of
the form S⇥ = (⇥/2⇡)(�/2⇡)

�
d3x dt E ·B, where E and B are

the conventional electromagnetic fields and � is the fine-structure
constant10. ⇥ = 0 describes a conventional insulator, whereas ⇥ =⇡
describes topological insulators. Such a physically measurable and
topologically non-trivial response originates from the odd number
of Dirac fermions on the surface of a topological insulator.

Soon after the theoretical prediction5, the 2D topological
insulator exhibiting the quantum spin Hall effect was experimen-
tally observed in HgTe quantum wells6. The electronic states of the
2D HgTe quantum wells are well described by a 2+1-dimensional
Dirac equation where the mass term is continuously tunable by
the thickness of the quantum well. Beyond a critical thickness,
the Dirac mass term of the 2D quantum well changes sign from
being positive to negative, and a pair of gapless helical edge states
appears inside the bulk energy gap. This microscopic mechanism
for obtaining topological insulators by inverting the bulk Dirac
gap spectrum can also be generalized to other 2D and 3D sys-
tems. The guiding principle is to search for insulators where the

1Beijing National Laboratory for Condensed Matter Physics, and Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China, 2Center for
Advanced Study, Tsinghua University, Beijing 100084, China, 3Department of Physics, McCullough Building, Stanford University, Stanford, California
94305-4045, USA. *e-mail: sczhang@stanford.edu.
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Figure 1 | Crystal structure. a, Crystal structure of Bi2Se3 with three
primitive lattice vectors denoted as t1,2,3. A quintuple layer with
Se1–Bi1–Se2–Bi1⇤–Se1⇤ is indicated by the red square. b, Top view along
the z-direction. The triangle lattice in one quintuple layer has three different
positions, denoted as A, B and C. c, Side view of the quintuple layer
structure. Along the z-direction, the stacking order of Se and Bi atomic
layers is ···–C(Se1⇤)–A(Se1)–B(Bi1)–C(Se2)–A(Bi1⇤)–B(Se1⇤)–C(Se1)–···.
The Se1 (Bi1) layer can be related to the Se1⇤ (Bi1⇤) layer by an inversion
operation in which the Se2 atoms have the role of inversion centres.

conduction and the valence bands have the opposite parity, and
a ‘band inversion’ occurs when the strength of some parameter,
say the spin–orbit coupling (SOC), is tuned. For systems with
inversion symmetry, a method based on the parity eigenvalues of
band states at time-reversal-invariant points can be applied13. On
the basis of this analysis, the BixSb1�x alloy has been predicted
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Quantum tunneling modulated spectra: ultrathin Bi2Se3 TI films 

M. Neupane et al., Nat. Commun. 5, 4841 (2014) 	Y.	Zhang	et	al.,	Nat.	Phys.	6,	584	(2010)	
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Observation of quantum-tunnelling-modulated
spin texture in ultrathin topological insulator
Bi2Se3 films
Madhab Neupane1, Anthony Richardella2, Jaime Sánchez-Barriga3, SuYang Xu1, Nasser Alidoust1, Ilya Belopolski1,

Chang Liu1, Guang Bian1, Duming Zhang2, Dmitry Marchenko3,4, Andrei Varykhalov3, Oliver Rader3,

Mats Leandersson5, Thiagarajan Balasubramanian5, Tay-Rong Chang6, Horng-Tay Jeng6,7, Susmita Basak8,

Hsin Lin9, Arun Bansil8, Nitin Samarth2 & M. Zahid Hasan1,10

Understanding the spin-texture behaviour of boundary modes in ultrathin topological

insulator films is critically essential for the design and fabrication of functional nanodevices.

Here, by using spin-resolved photoemission spectroscopy with p-polarized light in topological

insulator Bi2Se3 thin films, we report tunnelling-dependent evolution of spin configuration in

topological insulator thin films across the metal-to-insulator transition. We report a

systematic binding energy- and wavevector-dependent spin polarization for the topological

surface electrons in the ultrathin gapped-Dirac-cone limit. The polarization decreases

significantly with enhanced tunnelling realized systematically in thin insulating films, whereas

magnitude of the polarization saturates to the bulk limit faster at larger wavevectors in thicker

metallic films. We present a theoretical model that captures this delicate relationship

between quantum tunnelling and Fermi surface spin polarization. Our high-resolution

spin-based spectroscopic results suggest that the polarization current can be tuned to zero in

thin insulating films forming the basis for a future spin-switch nanodevice.
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Se-capping layer in place by standard photolithography and dry etching and were
measured at 4.2 K.

High-resolution ARPES measurements. High-resolution spin-integrated ARPES
measurements were performed with 29–64 eV photon energy on beamlines 10.0.1
and 12.0.1 at the Advanced Light Source in Lawrence Berkeley National Labora-
tory. Both endstations were equipped with a Scienta hemispherical electron ana-
lyser (see VG Scienta manufacturer website (http://www.vgscienta.com/) for
instrument specifications). The typical energy and momentum resolutions were
15meV and 1% of the surface Brillouin zone, respectively, for spin-integrated
measurements.

Spin-resolved ARPES measurements. Spin-resolved ARPES measurements were
performed at the UE112-PGM1 beamline at Bessy II in Berlin, Germany, and the I3
beamline at Maxlab in Lund, Sweden, using classical Mott detectors and photon
energies 55–60 and 8–20 eV, respectively. The typical energy and momentum
resolutions were 100meV and 3% of the surface Brillouin zone for spin-resolved
measurements. All the SR spectra presented are measured in BESSY II unless it is
specified.

Theoretical calculations. The first-principles calculations for spin polarizations of
ultrathin films are based on the generalized gradient approximation38 using the
full-potential projected augmented wave method39,40 as implemented in the VASP

package41. The 1QL, 3QL, 4QL, 6QL, 7QL and 12QL slab models with a vacuum
thickness larger than 10Å are used in this work. The electronic structure
calculations were performed over 11! 11! 1 Monkhorst-Pack k-mesh with the
spin–orbit coupling included self-consistently.
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Figure 4 | Experimental versus theoretical spin polarization and texture. (a) Experimentally observed net spin polarization as a function of thin film
thickness for kB0.05 and 0.1 Å" 1. The inset shows a schematic view of quantum tunnelling in ultrathin TI films. (b) Calculation results of spin polarization
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distance of an atom to the top surface, and the /SSatom is the
spin expectation value for each atom. The contribution from each
atom is weighted by exp ð" datom=lÞ, which reduces the con-
tribution from the bottom layer. Figure 4b,c shows the calculated
results with l ¼ 8 Å, which agrees excellently with our experi-
mental observation (see Supplementary Methods for details
related to calculations).

Discussion
It is important to note that the maximum spin polarization
observed in the bulk limit is only B40% (Fig. 4c), whereas the

original ideal theoretical limit is that of nearly 100% without
considering any specific material system31. In real TI materials,
the strong spin–orbit interaction entangles the spin and orbital
momenta of different atomic types, resulting in the reduction of
spin polarization32. Specifically, the low-energy states in Bi2Se3
arise from p-orbitals of Bi (6p3) and Se (4p4), mostly pz levels of
Bi and Se6,12. The dominance of the pz orbitals in the topological
surface states is further suggested by our circular dichroism
measurements (see Supplementary Fig. 4; Supplementary Note 2
and Supplementary Methods). The spin–orbit coupling mixes
spin and orbital angular momenta while preserving the total
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Figure 2 | Spin-texture versus quantum tunnelling in ultrathin Bi2Se3. (a) Experimental geometry used in our measurements. (b) Visualization of
the contrasting spin configurations in 3QL (insulator) and 7QL (metal) thin films. The dumbbell signs indicate that the current experimental geometry
mainly probes the pz orbitals of Bi and Se. (c) High-resolution ARPES measurements on ultrathin films of Bi2Se3: E" k band dispersion images for 1QL,
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These spectra are measured with photon energy of 60 eV. (d) The corresponding EDCs. The EDC through the G point (solid black curve) is highlighted.
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TOPOLOGICAL PHASE TRANSITION AND “PREFORMED” CRITICAL BEHAVIOR IN (BI1−δINδ)2SE3

3.4 Topological phase transition and “preformed”

critical behavior in (Bi1−δInδ)2Se3

Figure 3.15: Topological phase transition and “preformed” surface states in
(Bi1−δInδ)2Se3. (a) ARPES dispersion maps at various In composition δ values. The
critical point of the topological phase transition is about δc ∼ 0.04. (b) Dispersion of
the composition δ = 0.06 sample repeated. The δ = 0.06 sample is found to be in the
conventional semiconductor (topologically trivial) phase. The blue dotted lines define the
momenta chosen for spin-resolved ARPES measurements. (c) Spin-resolved ARPES inten-
sity and net spin polarization for the two spin-resolved cuts. Some panels can also be found
in Ref. [74].

We note that the topological phase transition from a conventional band insula-

tor to a 3D Z2 TI can be realized in another material, namely (Bi1−δInδ)2Se3 [74].

Here, again, the crystal structure remains the same throughout the whole range of

the chemical composition δ. Fig. 3.15(a) shows the ARPES dispersion maps of the

(Bi1−δInδ)2Se3 system at various In composition δ values, where a topological phase
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The	search	for	TBDS	phase	in	stoichiometric	materials	con2nues	----	

-	Requires	fine-tuning	of	the	chemical	doping	
-	Introduces	chemical	disorder	into	the	system	
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3D band dispersion: Cd3As2 

predicted surface (resonance) states14 that lie along the boundary
of the bulk Dirac cone projection has a small spectral weight
(intensity) contribution to the photoemission signal. In other
words, according to our experimental data, the surface electronic
structure of Cd3As2 is dominated by the spin-degenerate bulk
bands, which is very different from that of the 3D TIs.

Discussion
The distinct semimetal nature of Cd3As2 is better understood
from ARPES data if we compare our results with that of the

prototype TI, Bi2Se3. In Bi2Se3 as shown in Fig. 4b, the bulk
conduction and valence bands are fully separated (gapped), and a
linearly dispersive topological surface state is observed that
connect across the bulk band-gap. In the case of Cd3As2 (Fig. 4a),
there does not exist a full bulk energy gap. On the other hand, the
bulk conduction and valence bands ‘touch’ (and only ‘touch’) at
one specific location in the momentum space, which is the 3D
band-touching node, thus realizing a 3D BDS. For comparison,
we further show that a similar BDS state is also realized by tuning
the chemical composition d (effectively the spin-orbit coupling
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Figure 3 | Observation of out-of-plane dispersion in Cd3As2. (a) Angle-resolved photoemission spectroscopy (ARPES) dispersion maps at various
incident photon energies are shown in the first and third rows. First-principle calculated in-plane electronic dispersion at different kz values near the
three-dimensional (3D) Dirac node k0 is plotted in the second and forth rows. (b) ARPES measured out-of-plane linear E! kz dispersion. (c) ARPES measured
in-plane E! kx dispersion. The white dotted lines are guides to the eye tracking the out-of-plane dispersion. (d) Theoretically calculated out-of-plane E! kz
dispersion near the 3D Dirac node shown over a wider energy window. (e) Schematic (cartoon) of the 3D (anisotropic) Dirac semimetal band structure in
Cd3As2. (f) Spin-integrated ARPES dispersion cut measured on the sample used for spin-resolved measurements. The dotted lines indicate the momentum
locations for the spin-resolved energy-dispersive curve cuts. (g and h) Spin-resolved ARPES intensity (black and red circles) and measured net spin polarization
(blue dots) for cuts 1 and 2. Error bars represent the experimental uncertainties (standard deviation) in determining the spin polarization.
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Spin-degenerate	property:	bulk	Dirac	cone	



2D vs 3D Dirac semimetals 

BiTl(S1-δSeδ)2	
δ	=	0.5	

(Bi1-xInx)2Se3	
	
δ	=	0.04	

M. Neupane et al., Nature Commun. 5, 4786 (2014).	
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SURFACE VERSUS BULK DIRAC STATE TUNING IN A . . . PHYSICAL REVIEW B 91, 241114(R) (2015)

FIG. 2. (Color online) Fermi level tuning by surface Na deposition. (a) ARPES dispersion map with successive Na deposition. The time
for Na deposition is noted on spectra. Dirac-cone-like intensity continuum is observed for no surface deposition spectrum. Long (short) blue
dashed line shows the binding energy position of the Dirac point without (with) surface deposition. And vertical arrow indicates the energy
shift of the binding energy (∼300 meV). These data were measured with photon energy of 102 eV and temperature of 10 K at ALS BL4. (b)
Corresponding momentum distribution curves (MDCs).

further doped. These observations are further illustrated by the
momentum distribution curves (MDCs) plotted in Fig. 2(b).

In order to directly visualize the isolation of the surface
and bulk states in Cd3As2, we compare MDCs extracted from
50 meV binding energy at different deposition times (see
Fig. 3). It is worth noting that the topological Dirac SM
carries a nontrivial 2D Z2 invariant on either the kz = 0 or
the kz = π plane. Therefore, the Dirac semimetal turns into
a strong Z2 topological insulator if an external perturbation
breaks the C4 symmetry but does not break time-reversal
symmetry [35]. Thus the projected state on the (001) surface
gives both bulk and surface states, as shown schematically in
Fig. 3(a). The MDCs at different deposition times are shown
in Fig. 3(c), whereas the white dashed line on the ARPES
spectra in Fig. 3(b) depicts the approximate energy position
of the extracted MDCs. From Fig. 3(c) it is evident that after
deposition the double peaks emerge from a single peak of
MDC before deposition. These two peaks correspond to the
surface state of linear dispersion.

In order to illustrate the surface state nature of the dispersion
after deposition, we perform photon energy dependent ARPES
measurement as shown in Fig. 4. For this purpose, we use
a relatively p-type sample where the chemical potential is
located in the vicinity of the DP (see Fig. 4). A 3D Dirac

semimetal is shown to feature nearly linear dispersions along
all three-momentum space directions close to the crossing
point, even though Fermi velocity can vary significantly along
different directions [14]. With the introduction of in situ Na
deposition of ∼120 s, the chemical potential is shifted up by
300 meV, leaving the upper cone now visible. Furthermore, the
boundaries of the upper dispersion maps seem to be sharper.
To identify their origin, we perform photon energy dependent
measurements from 96 to 110 eV with a 2 eV energy increment
(see Fig. 4). Upon varying the photon energy, the resulting
dispersion maps are found to be unchanged, which is evidence
supporting their 2D nature (see Fig. 4). These measurements
further support our claim, which is that the precise control of
the carrier density, and, therefore, the desired Fermi level, can
be achieved in the Cd3As2 system

Now we discuss some interesting consequences of our
experiment. First, the surface alkali metal deposition on
Cd3As2 has revealed that the chemical potential can be tuned,
at least near the surface since ARPES is relatively surface
sensitive. Second, before the surface deposition, the bulk Dirac
cone shows intensity filled inside the cone. The outer boundary
of the bulk Dirac cone dispersion, which mostly represents the
surface states, is observed to become brighter and sharper after
Na deposition (see Figs. 2 and 4). Thus, the deposition of the

241114-3

Surface deposition 

M.	Neupane	et	al.,	Phys.	Rev.	B	91,	241114	(R)	(2015)	
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Surface electronic structure of the topological
Kondo-insulator candidate correlated electron
system SmB6
M. Neupane1, N. Alidoust1, S.-Y. Xu1, T. Kondo2, Y. Ishida2, D.J. Kim3, Chang Liu1, I. Belopolski1, Y.J. Jo4,

T.-R. Chang5, H.-T. Jeng5,6, T. Durakiewicz7, L. Balicas8, H. Lin9, A. Bansil9, S. Shin2, Z. Fisk3 & M.Z. Hasan1,10

The Kondo insulator SmB6 has long been known to exhibit low-temperature transport

anomalies whose origin is of great interest. Here we uniquely access the surface electronic

structure of the anomalous transport regime by combining state-of-the-art laser and

synchrotron-based angle-resolved photoemission techniques. We observe clear in-gap states

(up to B4meV), whose temperature dependence is contingent on the Kondo gap formation.

In addition, our observed in-gap Fermi surface oddness tied with the Kramers’ point topology,

their coexistence with the two-dimensional transport anomaly in the Kondo hybridization

regime, as well as their robustness against thermal recycling, taken together, collectively

provide strong evidence for protected surface metallicity with a Fermi surface whose topology

is consistent with the theoretically predicted topological Fermi surface. Our observations of

systematic surface electronic structure provide the fundamental electronic parameters for the

anomalous Kondo ground state of correlated electron material SmB6.
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Observation of a three-dimensional topological
Dirac semimetal phase in high-mobility Cd3As2
Madhab Neupane1,*, Su-Yang Xu1,*, Raman Sankar2,*, Nasser Alidoust1, Guang Bian1, Chang Liu1, Ilya Belopolski1,

Tay-Rong Chang3, Horng-Tay Jeng3,4, Hsin Lin5, Arun Bansil6, Fangcheng Chou2 & M. Zahid Hasan1,7

Symmetry-broken three-dimensional (3D) topological Dirac semimetal systems with strong

spin-orbit coupling can host many exotic Hall-like phenomena and Weyl fermion quantum

transport. Here, using high-resolution angle-resolved photoemission spectroscopy, we

performed systematic electronic structure studies on Cd3As2, which has been predicted to be

the parent material, from which many unusual topological phases can be derived. We observe

a highly linear bulk band crossing to form a 3D dispersive Dirac cone projected at the Brillouin

zone centre by studying the (001)-cleaved surface. Remarkably, an unusually high in-plane

Fermi velocity up to 1.5! 106ms" 1 is observed in our samples, where the mobility is known

up to 40,000 cm2V" 1s" 1, suggesting that Cd3As2 can be a promising candidate as an

anisotropic-hypercone (three-dimensional) high spin-orbit analogue of 3D graphene. Our

discovery of the Dirac-like bulk topological semimetal phase in Cd3As2 opens the door for

exploring higher dimensional spin-orbit Dirac physics in a real material.
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Conclusions:	
-  Experimental	observaSon	of	the	bulk		
Dirac	semimetal	phase	in	Cd3As2	

-  High	Fermi	velocity	
-  3D	BDS	phase	in	stoichiometric	compound	
-  Basis	for	Weyl	semimetal	phase:	break	
symmetry	(TR	and	IS)	

drive exotic topological phenomena and quantum transport
in such materials as the Weyl phases, high-temperature
linear quantum magnetoresistance and topological magnetic
phases11–14,16–19. Our observation of the bulk Dirac states in
Cd3As2 provides a unique combination of physical properties,
including high spin-orbit coupling strength, high electron
mobility, massless nature guaranteed by the crystal symmetry
protection without compositional tuning, making it an ideal and
unique platform to realize many of the proposed exciting new
topological physics11–14,16–19.

In conclusion, we have experimentally identified the crystal-
line-symmetry-protected 3D spin-orbit BDS phase in a stoichio-
metric system Cd3As2 (see Fig. 5). The combination of a large
Fermi velocity and very high electron mobility of the 3D carriers
with nearly linear dispersion at the crossing point makes it a
promising platform to explore novel 3D relativistic physics in
various types of quantum Hall phenomena. Our band structure
study of the predicted 3D BDS phase also paves the way for
designing and realizing a number of related exotic topological
phenomena in future experiments. For example, if the C4
crystalline symmetry is broken, the 3D Dirac cone in Cd3As2
can open up a gap and therefore a TI phase is realized in a high-
mobility setting (current Bi-based TIs feature low carrier
mobility). Furthermore, upon doping magnetic elements or
fabricating superlattice hetero-structures, the 3D Dirac node in
Cd3As2 can be split into two topologically protected Weyl nodes,
realizing the much sought out Fermi arcs phases in solid-state
setting.

During the preparation of this manuscript, we became aware of
another study34 reporting ARPES studies of experimental
realization of 3D Dirac semimetal phase in Cd3As2; however,
many of the experimental details and interpretations of the data
differ from ours. Two other studies35,36 also reported
experimental realization of the 3D Dirac phase in a metastable
low-mobility compound, Na3Bi.

Methods
Sample growth and characterization. Single crystalline samples of Cd3As2 were
grown using the standard method, which is described elsewhere24. The Cd3As2
samples used for our ARPES studies show carrier density of 5.2! 1018 cm" 3 and
mobility up to 42,850 cm2V" 1s" 1 at temperature of 130K, which is consistent
with the mobility of 104–105 cm2V" 1s" 1 reported elsewhere22,23. A slight
variation of the value of carrier density and mobility is observed for different
growth batch samples. We note that our samples show different chemical potential
position (measured by ARPES) and different carrier density (measured by
transport) depending on the detailed growth conditions. Moreover, our crystals
of Cd3As2 are nearly stoichiometric within the resolution of electron probe
micro-analyser and X-ray diffraction analysis. The existence of some low-level
defects is not ruled out.

Spectroscopic measurements. ARPES measurements for the low-energy
electronic structure were performed at the PGM beamline in Synchrotron
Radiation Center (SRC) in Wisconsin, and at the beamlines 4.0.3, 10.0.1 and 12.0.1
at the Advanced Light Source in Berkeley, California, equipped with high-efficiency
VG-Scienta R4000 or R8000 electron analysers. Spin-resolved ARPES measure-
ments were performed at the ESPRESSO endstation at HiSOR. Photoelectrons are
excited by an unpolarized He-Ia light (21.21 eV). The spin polarization is detected
by state-of-the-art very-low-energy electron diffraction spin detectors using
preoxidized Fe(001)-p(1! 1)-O targets37. The two spin detectors are placed at an

Top view of lower cone3D Dirac semimetal
(Cd3As2, Na3Bi)
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FIG. 2: Observation of Fermi arc surface states on the (001) surface of TaAs. (A)

ARPES Fermi surface map and constant binding energy contours of the band structure of TaAs

at various energies. The square BZ and C4 rotational symmetry at higher binding energies both

clearly indicate that the sample is cleaved on the (001) surface. The strong C4 violation by certain

bands at shallow binding energies is consistent with C4 screw axis symmetry broken by the (001)

surface and clearly shows that the C4 asymmetric states are surface states. These states consist

of Fermi arcs and are observed near the X̄ point, Ȳ point, and midpoint of the Γ̄− X̄ and Γ̄− Ȳ

lines. (B and C) High-resolution ARPES Fermi surface maps of the Fermi arc

14

FIG. 1: Crystal structure, Brillouin zone symmetry, and electronic structure of TaAs.

(A) The ARPES measured Fermi surface of the (001) cleaving plane of TaAs. The high symmetry

points of the surface Brillouin zone (BZ) are noted. (B) A first-principles band structure calculation

of the Fermi surface on the (001) surface of TaAs, in agreement with our experimental data. The

projected Weyl points are denoted by small circles. Black and white indicate the opposite chiral

charges of the Weyl points. (C) A schematic showing the projected Weyl points and their projected

chiral charges. (D) Body-centred tetragonal structure of TaAs, shown as stacked Ta and As layers.

The lattice of TaAs does not have space inversion symmetry. (E) X-ray diffraction measurements

showing that the lattice parameters match well with the space group of I41md, which confirms the

lack of inversion symmetry in the crystal. (F) First-principles band structure calculations of TaAs

without spin-orbit coupling. The blue box highlights the bulk bands touchings locations in the BZ.

(G) ARPES core level spectrum showing clear Ta 4f and As 3d core level peaks. The inset shows

a picture of the TaAs samples used in our ARPES experiments.
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charges of the Weyl points. (C) A schematic showing the projected Weyl points and their projected

chiral charges. (D) Body-centred tetragonal structure of TaAs, shown as stacked Ta and As layers.

The lattice of TaAs does not have space inversion symmetry. (E) X-ray diffraction measurements

showing that the lattice parameters match well with the space group of I41md, which confirms the

lack of inversion symmetry in the crystal. (F) First-principles band structure calculations of TaAs

without spin-orbit coupling. The blue box highlights the bulk bands touchings locations in the BZ.

(G) ARPES core level spectrum showing clear Ta 4f and As 3d core level peaks. The inset shows

a picture of the TaAs samples used in our ARPES experiments.
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!Weyl fermions have long been known in quantum field 
theory, but have not been observed as a fundamental 
particle in nature (1–3). Recently, it was understood that a 
Weyl fermion can emerge as a quasiparticle in certain 
crystals, Weyl fermion semimetals (1–22). Despite being a 
gapless metal, a Weyl semimetal is characterized by 
topological invariants, broadening the classification of 
topological phases of matter beyond insulators. Specifically, 
Weyl fermions at zero energy correspond to points of bulk 
band degeneracy, Weyl nodes, which are associated with a 
chiral charge that protects gapless surface states on the 
boundary of a bulk sample. These surface states take the 
form of Fermi arcs connecting the projection of bulk Weyl 
nodes in the surface Brillouin zone (BZ) (6). A band 
structure like the Fermi arc surface states would violate 
basic band theory in an isolated two-dimensional system 
and can only arise on the boundary of a three-dimensional 
sample, providing a dramatic example of the bulk-boundary 

correspondence in a topological 
phase. In contrast to topological 
insulators where only the surface 
states are interesting (21, 22), a 
Weyl semimetal features unusual 
band structure in the bulk and 
on the surface. The Weyl 
fermions in the bulk are 
predicted to provide a condensed 
matter realization of the chiral 
anomaly, giving rise to a 
negative magnetoresistance 
under parallel electric and 
magnetic fields, unusual optical 
conductivity, non-local transport 
and local non-conservation of 
ordinary current (5, 12–16). At 
the same time, the Fermi arc 
surface states are predicted to 
show unconventional quantum 
oscillations in magneto-
transport, as well as unusual 
quantum interference effects in 
tunneling spectroscopy (17–19). 
The prospect of the realization of 
these phenomena has inspired 
much experimental and 
theoretical work. (1–22). 

Here we report the experi-
mental realization of a Weyl 
semimetal in a single crystalline 
material tantalum arsenide, 
TaAs. Utilizing the combination 
of the vacuum ultraviolet (low-
photon-energy) and soft X-ray 
(SX) angle-resolved photoemis-
sion spectroscopy (ARPES), we 
systematically and differentially 

study the surface and bulk electronic structure of TaAs. Our 
ultraviolet (low-photon-energy) ARPES measurements, 
which are highly surface sensitive, demonstrate the exist-
ence of the Fermi arc surface states, consistent with our 
band calculations presented here. Moreover, our SX-ARPES 
measurements, which are reasonably bulk sensitive, reveal 
the three-dimensional linearly dispersive bulk Weyl cones 
and Weyl nodes. Furthermore, by combining the low-
photon-energy and SX-ARPES data, we show that the loca-
tions of the projected bulk Weyl nodes correspond to the 
terminations of the Fermi arcs within our experimental res-
olution. These systematic measurements demonstrate TaAs 
as a Weyl semimetal. 

 
The material system and theoretical considerations 
Tantalum arsenide, TaAs, is a semimetallic material that 
crystalizes in a body-centered tetragonal lattice system (Fig. 
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A Weyl semimetal is a crystal which hosts Weyl fermions as emergent 
quasiparticles and admits a topological classification that protects Fermi 
arc surface states on the boundary of a bulk sample. This unusual 
electronic structure has deep analogies with particle physics and leads to 
unique topological properties. We report the experimental discovery of a 
Weyl semimetal, TaAs. Using photoemission spectroscopy, we directly 
observe Fermi arcs on the surface, as well as the Weyl fermion cones and 
Weyl nodes in the bulk of TaAs single crystals. We find that Fermi arcs 
terminate on the Weyl nodes, consistent with their topological character. 
Our work opens the field for the experimental study of Weyl fermions in 
physics and materials science. 

/!sciencemag.org/content/early/recent!/!16!July!2015!/!Page!1!/!10.1126/science.aaa9297!
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Observation of topological nodal fermion semimetal phase in ZrSiS
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Unveiling new topological phases of matter is one of the current objectives in condensed matter physics. Recent
experimental discoveries of Dirac and Weyl semimetals prompt the search for other exotic phases of matter. Here
we present a systematic angle-resolved photoemission spectroscopy study of ZrSiS, a prime topological nodal
semimetal candidate. Our wider Brillouin zone (BZ) mapping shows multiple Fermi surface pockets such as the
diamond-shaped Fermi surface, elliptical-shaped Fermi surface, and a small electron pocket encircling at the
zone center (!) point, the M point, and the X point of the BZ, respectively. We experimentally establish the
spinless nodal fermion semimetal phase in ZrSiS, which is supported by our first-principles calculations. Our
findings evidence that the ZrSiS-type of material family is a new platform on which to explore exotic states of
quantum matter; these materials are expected to provide an avenue for engineering two-dimensional topological
insulator systems.

DOI: 10.1103/PhysRevB.93.201104

A three-dimensional (3D) Z2 topological insulator (TI) is a
crystalline solid, which is an insulator in the bulk but features
spin-polarized Dirac electron states on its surface [1–13]. The
first 3D TI was theoretically predicted and experimentally
realized in a bismuth-based compound. The discovery of
the first TI tremendously accelerated research into phases of
matter characterized by nontrivial topological invariants [1–4].
Not only did the 3D Z2 TI itself attract great research
interest, it also inspired the prediction of a range of new
topological phases of matter [4]. The primary examples are
the topological Kondo insulators, the topological 3D Dirac and
Weyl semimetals, the topological crystalline insulators, and the
topological superconductors [4,7,8,10,14–19]. Each of these
phases was predicted to exhibit surface states with unique
properties protected by a nontrivial topological invariant.
Moving ahead, new materials have been recently predicted to
exhibit the topological Dirac line semimetal phase [20–24]. In
Weyl semimetals the bulk Fermi surface has zero dimensions,
whereas in nodal line semimetals one-dimensional Fermi lines
in momentum space are expected.

Multiple types of nontrivial topological metallic states
have been proposed for Dirac materials such as the Weyl
semimetal [14–19,25–27], Dirac semimetal [6,10], and nodal
semimetal [20–24]. All of these semimetals have band-
crossing points as a result of the band inversion. For Weyl and
Dirac semimetals, the band-crossing points which compose
the Fermi surface are located at separate momentum space
locations. Conversely, for a nodal semimetal, a closed loop
is formed in the vicinity of the Fermi level, where an
additional symmetry protects an extended linelike touching

*Author to whom correspondence and requests for materials should
be addressed: Madhab.Neupane@ucf.edu

between the conduction and valence bands. Since angle-
resolved photoemission spectroscopy (ARPES) is the only
momentum-resolved technique capable of isolating the surface
states from bulk states in topological Dirac-type materials,
convincing evidence of the topological nodal semimetal phase
may be obtained by ARPES, which provides an energy- and
momentum-resolved probe of the electronic structure.

PbTaSe2 has recently been reported as a material with Dirac
line nodes [28]. However, many bulk bands are interfering
with the topological nodal line bands at the Fermi level, which
prevent the manipulation and control of the topological nodal
phase in this system. Moreover, the recently reported ARPES
data on ZrSiS are limited because these ARPES data were
obtained by using single photon energy [29], which prevents
the experimental observation of all the possible electronic
pockets at the Fermi level over a wider Brillouin zone (BZ)
window. Despite many theoretical discussions of the nodal-line
semimetal phase, a direct convincing experimental signature
in a clean system of the nodal-line semimetal fermion phase
is still lacking.

In this Rapid Communication, we report the experimental
observation of the topological nodal fermion semimetal phase
in ZrSiS using ARPES. Our measurements demonstrate the
topological Dirac line node phase in ZrSiS, which is further
supported by our first-principles calculations. Our wider BZ
mapping reveals the existence of multiple pockets at the
Fermi level. Specifically, we observe a diamond-shaped Fermi
surface at the zone center (!) point, an elliptical-shaped Fermi
surface at the M point, and small electronlike pockets at
the X point of the BZ. Furthermore, our experimental data
show that this material possesses linearly dispersive surface
states, supported by our slab calculations. Our findings suggest
ZrSiS as a new platform to explore the exotic properties of
nodal fermion semimetals, a material which favorably remains

2469-9950/2016/93(20)/201104(6) 201104-1 ©2016 American Physical Society
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FIG. 2. Electronic structure measurements of ZrSiS. (a) Fermi surface map (with binding energy of 0 meV shown in the top left panel) and
constant energy contours. The value of the binding energy is denoted at the constant energy contour plots. (b) Dispersion map of ZrSiS along
the high-symmetry directions obtained by using incident photon energy of 50 eV at a temperature of 20 K. ARPES data were collected at the
SIS-HRPES end station at the SLS, PSI. The high-symmetry directions are marked on the plots. (c) Slab calculations along high-symmetry
directions. Blue and red curves represent the surface and bulk bands, respectively. A small bulk gap is observed at the X point along the M-X-M
high-symmetry direction.

2p (∼99 eV), Si 2s (∼149 eV), S 2p (∼162 eV), and Zr 3d
(∼181 eV) states, respectively. The observation of the sharp
peaks suggests that the samples used in our spectroscopic
measurements are of high quality.

Now we discuss the electronic band structure of the ZrSiS
system. The calculated bulk band structure along various
high-symmetry directions is shown in Fig. 1(d). Small gaps are
observed due to the spin-orbit coupling. The measured Fermi
surface maps using photon energies of 70 eV and 30 eV are
shown in Figs. 1(e) and 1(f). These maps are obtained within
the energy window of ±5 meV near the Fermi level. Various
Fermi pockets are observed in the Fermi surface map obtained
at 70 eV by covering a larger area of the Brillouin zone. Specif-
ically, a diamond-shaped Fermi surface is observed around the
zone center (!) point, and an elliptical pocket is seen at around
the M point. Interestingly, we also observe a small electronlike
Fermi pocket around the X point of the BZ. Figure 1(g) shows
the calculated bulk Fermi surface map. By comparing the
experimental Fermi surface maps in Figs. 1(e) and 1(f) with
the calculated Fermi surface shown in Fig. 1(g), it can be con-
cluded that the states around the X point do not originate from
the bulk band. We attribute these states to the surface electronic
structure, in good agreement with the slab calculations.

In order to determine the detailed electronic structure of
ZrSiS, we present the results of our systematic electronic

structure studies in Figs. 2 and 3. Figure 2(a) shows a plot
of the Fermi surface map (left) and several constant energy
contours measured with various binding energies as noted in
the plots, which is measured by using the photon energy of
50 eV. Experimentally we observe a diamond-shaped Fermi
surface consisting of the Dirac line node [Fig. 2(a), left].
At around 300 meV below the Fermi level, the pointlike
state is observed at the X point, which is located around
the binding energy of the Dirac point of the observed surface
state [see Fig. 2(a)]. Moving towards higher binding energy,
the diamond-shaped Fermi surface, having the Dirac line node,
becomes disconnected into inner and outer diamond-shaped
structures as seen clearly in Fig. 2(a) (right). The dispersion
maps along the high-symmetry direction at around the X point
are presented in Fig. 2(b). Along the !-X-! high-symmetry
direction, a Dirac-like dispersion at higher binding energy
(∼600 meV) is observed, which is due to the square Si
plane and this state is protected by nonsymmorphic symmetry.
The observed Dirac-like surface states along the M-X-M
high-symmetry direction indicate that the Dirac point is located
about 300 meV below the Fermi level. Our experimentally
observed dispersion maps qualitatively agree with the band
calculations shown in Fig. 2(c). We note that the small gap
observed in right panel of Fig. 2(c) is due to the quantum
size effects that appear in the slab calculations. Moreover,
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stable in air and does not contain any toxic elements in its
composition. Since the ZrSiS-type materials family consists of
numerous members with more than 200 compounds [30], our
study paves the way to search for exciting quantum materials
from such a large pool of material systems.

Single crystals of ZrSiS were grown by the vapor transport
method as described elsewhere [30,31]. Synchrotron-based
ARPES measurements of the electronic structure were per-
formed at the SIS-HRPES end station of the Swiss Light
Source and ALS BL 10.0.1 with a Scienta R4000 hemi-
spherical electron analyzer. The energy resolution was set
to be better than 20 meV and the angular resolution was
set to be better than 0.2◦ for the synchrotron measurements.
The electronic structure calculations were carried out us-
ing the Vienna ab initio simulation package (VASP) [32],
with the generalized gradient approximation as the density
functional theory exchange-correlation functional [33,34].
Projector augmented-wave pseudopotentials [35] were used
with an energy cutoff of 500 eV for the plane-wave basis,
which was sufficient to converge the total energy for a given
k-point sampling. In order to simulate surface effects, we used
a 1 × 5 × 1 supercell for the (010) surface, with a vacuum
thickness larger than 19 Å. The Brillouin zone integrations
were performed on a special k-point mesh generated by a
25 × 25 × 25 and a 25 × 25 × 3 !-centered Monkhorst Pack

k-point grid for the bulk and surface calculations, respectively.
The spin-orbit coupling was included self-consistently in the
electronic structure calculations. The electronic minimization
algorithm used for static total-energy calculations was a
blocked Davidson algorithm.

We start our discussion by presenting the crystal structure
of ZrSiS. It crystallizes in a PbFCl-type crystal structure with
space group P 4/nmm [30]. In this system, Si is situated at the
center of a tetrahedron consisting of Zr atoms [see Fig. 1(a)].
The relatively weak Zr-S bonding between two neighboring
structures provides a natural cleavage plane between the
adjacent ZrS layers. The crystal easily cleaves along the (001)
surface, which contains Zr and S termination. Figure 1(b)
shows the temperature dependent resistivity of ZrSiS measured
without the applied magnetic field. The zero-field dependence
resistivity has a clear metallic character with residual resistivity
ratio value [RRR = ρ(300 K)/ρ(2 K)] equal to 50, that con-
firms the high quality of the crystal used in our measurements.
The inset in Fig. 1(b) shows the picture of the sample used in
our transport and spectroscopic measurements.

Photoemission spectroscopy also provides information
about the core level states relative to the chemical potential.
Figure 1(c) shows the core levels in the 0–200 eV binding
energy range of the ZrSiS sample. From low to high binding
energies, we observe the Zr 4p (∼28 eV), Zr 4s (∼50 eV), Si

FIG. 1. Crystal structure and sample characterization of ZrSiS. (a) Tetragonal crystal structure of ZrSiS. The atoms form clear two-
dimensional structures. Zr layers are separated by two neighboring S layers, where both are sandwiched between Si atoms forming a square
net. (b) Temperature dependence of the electrical resistivity of single-crystalline ZrSiS measured with the electrical current flowing within
the ab plane, in zero magnetic field applied along the c axis of the tetragonal unit cell. The inset shows a picture of the sample used in our
measurement. (c) Core level spectroscopic measurement of ZrSiS, which shows various core energy levels of the constituting elements. Here
the vertical dashed line at zero energy represents the Fermi level. (d) Calculated band structure along various high-symmetry directions. Small
gaps are observed due to the spin-orbit coupling. (e), (f) Measured Fermi surface maps covering multiple Brillouin zone regions. Photon
energies of the measurements are denoted in the plots. (g) Calculated bulk Fermi surface maps over the wider BZ regions. High-symmetry
points are also marked on the plot. ARPES data were collected at the SIS-HRPES end station at the SLS, PSI.
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stable in air and does not contain any toxic elements in its
composition. Since the ZrSiS-type materials family consists of
numerous members with more than 200 compounds [30], our
study paves the way to search for exciting quantum materials
from such a large pool of material systems.

Single crystals of ZrSiS were grown by the vapor transport
method as described elsewhere [30,31]. Synchrotron-based
ARPES measurements of the electronic structure were per-
formed at the SIS-HRPES end station of the Swiss Light
Source and ALS BL 10.0.1 with a Scienta R4000 hemi-
spherical electron analyzer. The energy resolution was set
to be better than 20 meV and the angular resolution was
set to be better than 0.2◦ for the synchrotron measurements.
The electronic structure calculations were carried out us-
ing the Vienna ab initio simulation package (VASP) [32],
with the generalized gradient approximation as the density
functional theory exchange-correlation functional [33,34].
Projector augmented-wave pseudopotentials [35] were used
with an energy cutoff of 500 eV for the plane-wave basis,
which was sufficient to converge the total energy for a given
k-point sampling. In order to simulate surface effects, we used
a 1 × 5 × 1 supercell for the (010) surface, with a vacuum
thickness larger than 19 Å. The Brillouin zone integrations
were performed on a special k-point mesh generated by a
25 × 25 × 25 and a 25 × 25 × 3 !-centered Monkhorst Pack

k-point grid for the bulk and surface calculations, respectively.
The spin-orbit coupling was included self-consistently in the
electronic structure calculations. The electronic minimization
algorithm used for static total-energy calculations was a
blocked Davidson algorithm.

We start our discussion by presenting the crystal structure
of ZrSiS. It crystallizes in a PbFCl-type crystal structure with
space group P 4/nmm [30]. In this system, Si is situated at the
center of a tetrahedron consisting of Zr atoms [see Fig. 1(a)].
The relatively weak Zr-S bonding between two neighboring
structures provides a natural cleavage plane between the
adjacent ZrS layers. The crystal easily cleaves along the (001)
surface, which contains Zr and S termination. Figure 1(b)
shows the temperature dependent resistivity of ZrSiS measured
without the applied magnetic field. The zero-field dependence
resistivity has a clear metallic character with residual resistivity
ratio value [RRR = ρ(300 K)/ρ(2 K)] equal to 50, that con-
firms the high quality of the crystal used in our measurements.
The inset in Fig. 1(b) shows the picture of the sample used in
our transport and spectroscopic measurements.

Photoemission spectroscopy also provides information
about the core level states relative to the chemical potential.
Figure 1(c) shows the core levels in the 0–200 eV binding
energy range of the ZrSiS sample. From low to high binding
energies, we observe the Zr 4p (∼28 eV), Zr 4s (∼50 eV), Si

FIG. 1. Crystal structure and sample characterization of ZrSiS. (a) Tetragonal crystal structure of ZrSiS. The atoms form clear two-
dimensional structures. Zr layers are separated by two neighboring S layers, where both are sandwiched between Si atoms forming a square
net. (b) Temperature dependence of the electrical resistivity of single-crystalline ZrSiS measured with the electrical current flowing within
the ab plane, in zero magnetic field applied along the c axis of the tetragonal unit cell. The inset shows a picture of the sample used in our
measurement. (c) Core level spectroscopic measurement of ZrSiS, which shows various core energy levels of the constituting elements. Here
the vertical dashed line at zero energy represents the Fermi level. (d) Calculated band structure along various high-symmetry directions. Small
gaps are observed due to the spin-orbit coupling. (e), (f) Measured Fermi surface maps covering multiple Brillouin zone regions. Photon
energies of the measurements are denoted in the plots. (g) Calculated bulk Fermi surface maps over the wider BZ regions. High-symmetry
points are also marked on the plot. ARPES data were collected at the SIS-HRPES end station at the SLS, PSI.

201104-2



1 © 2016 IOP Publishing Ltd Printed in the UK

Journal of Physics: Condensed Matter

M Neupane et al

Observation of Dirac-like semi-metallic phase in NdSb

Printed in the UK

23LT02

JCOMEL

© 2016 IOP Publishing Ltd

2016

28

J. Phys.: Condens. Matter

CM

0953-8984

10.1088/0953-8984/28/23/23LT02

23

Journal of Physics: Condensed Matter

The discovery of topological Dirac and Weyl materials have 
gained intense research interest both theoretically and exper-
imentally as they can host many different novel phenomena 
such as linear bulk band crossings, surface Fermi arcs, chi-
ral anomalies, perfect compensation between electron and 
hole carriers, resistivity plateaus, Shubnikov–de Hass (SdH) 
oscillations, etc [1–13]. These semi-metals (not insulators) 
show that the conduction and valence bands disperse linearly 
through the crossing points in all directions throughout the 
three-dimensional momentum space. Bands are doubly degen-
erate in Dirac semi-metals, whereas the degeneracy is lifted 

by breaking either the time-reversal or inversion symmetry 
in Weyl semi-metals. The linear band crossing at the Dirac 
point in a Dirac semi-metal is protected by the crystalline 
symmetry. Interestingly, extreme magnetoresistance (XMR) 
was found in Dirac semi-metals such as in Na3Bi and Cd3As2  
[14, 15], which is further extended to Weyl semi-metals such 
as the TaAs family [16] and layered semi-metals such as 
WTe2 [17]. XMR materials are observed to be semi-metals 
with nearly compensated electron and hole carriers. Recently, 
XMR has also been reported in rare earth monopnictides such 
as LaSb and LaBi [18–22].

Rare earth monopnictides possess the simple NaCl-type 
structure (see figure 1(a)). Using first-principles calculations, 
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Abstract
The search of new topological phases of matter is one of the new directions in condensed 
matter physics. Recent experimental realizations of Dirac semimetal phases pave the way to 
look for other exotic phases of matter in real materials. Here we present a systematic angle-
resolved photoemission spectroscopy (ARPES) study of NdSb, a potential candidate for 
hosting a Dirac semi-metal phase. Our studies reveal two hole-like Fermi surface pockets 
present at the zone center (Γ) point as well as two elliptical electron-pockets present in the 
zone corner (X) point of the Brillouin zone (BZ). Interestingly, Dirac-like linearly dispersive 
states are observed about the zone corner (X) point in NdSb. Our first-principles calculations 
agree with the experimentally observed bands at the Γ point. Moreover, the Dirac-like state 
observed in NdSb may be a novel correlated state, not yet predicted in calculations. Our study 
opens a new direction to look for Dirac semi-metal states in other members of the rare earth 
monopnictide family.
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functional theory calculations were performed to compute 
the electronic structure using the WIEN2K code. The PBE 
functional under the generalized gradient approximation was 
employed and spin orbit coupling was included via a second 
order variational scheme and the three Nd f-electrons were 
treated as core electrons [27]. NdSb was computed using the 
rock salt structure with lattice parameters of a 6.319 Å =  [28].

We start our discussion by presenting the crystal structure 
of NdSb. It crystallizes in a NaCl-type crystal structure with 
space group Fm m3¯  (see figure 1(a)). Figure 1(b) shows the 
bulk and surface Brillouin zone (BZ) of NdSb. The high-sym-
metry points are marked on the bulk BZ. The center of the 
surface BZ is the Γ and the corner of the BZ is the X point as 
indicated in figure 1(b). The calculated bulk band structure 
along the high-symmetry direction of the Brillouin zone is 
shown in figure 1(c). Two hole-like bands cross the Fermi level 
while a third band is about 0.4 eV below the Fermi level at the 
Γ point. An electron-like band also crosses the Fermi level at 
the X point. Inset of figure 1(c) shows the Fermi surface plot 
obtained from bulk band calculations of NdSb. Photoemission 
spectroscopy also provides the core level of the orbital relative 
to the chemical potential. Figure 1(d) shows the core levels in 
the 0–70 eV binding energy range of NdSb. We observe the Sb 
4d (∼33 eV) and Nd 5p (∼20 eV) states. We observe a small 
peak about  ∼6 eV below the Fermi level, which is mostly 

coming from Nd 4f-orbitals. This justifies our treatment of the 
Nd f-electrons as core electrons in the calculations. The obser-
vation of sharp peaks suggests that the samples used in our 
spectroscopic measurements are of high quality. The inset in 
figure 1(d) shows resistivity in zero field up to room temper-
ature, which demonstrates a clear peak in the resistivity at the 
Neel temperature (TN)  ∼15 K. XMR of 1.2 104× % at 2 K and 
9 T has also been observed in NdSb [29].

In order to determine the detailed electronic structure of 
NdSb, we present the results of our systematic electronic 
structure studies in figures 2 and 3. Figure 2(a) shows the 
plot of the Fermi surface map measured experimentally. 
We observe various pockets at the Fermi level. Figure 2(b) 
shows the plot of the Fermi surface map and constant energy 
contours measured with various binding energy noted in the 
plots, which is measured using a photon energy of 50 eV. 
The blue dashed line shows the Brillouin zone and the 
white dashed lines marking cut1 and cut2 indicate the direc-
tion of the dispersion maps presented in figures  2(c)–(d). 
Experimentally, we observe two circular-shaped Fermi sur-
faces at the zone center and two overlapping elliptical Fermi 
pockets are found at the zone corner. At 300 meV below the 
Fermi level, the pockets around the zone center grow in size, 
thus confirming the hole-like nature of the bands, where the 
size of the bands at the zone corner decrease upon increasing 

Figure 2. Measured electronic dispersion of NdSb. (a) ARPES measured Fermi surface mapping along the X-Γ-X direction with incident 
photon energy 50 eV at a temperature of 20 K. (b) Fermi surface and constant energy contour map along the X-Γ-X direction. Blue dash 
line indicates the surface Brillouin zone. White dash lines noted as cut1 and cut2 are the momentum directions of the dispersion maps 
shown in (c) and (d). The binding energies are noted on the constant energy contour plots. (c) Dispersion map along the X-Γ-X direction as 
indicated in (b) (left). The right figure shows the calculated band structure with   /π=k a0.1z . (d) Dispersion map along the Γ-X-Γ direction 
as indicated in (b) (left). ARPES data were collected at SIS-HRPES end-station at SLS, PSI with a photon energy of 50 eV and temperature 
of 20 K.
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