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Topological insulators

(2D) Quantum spin Hall effect in HgTe/CdTe heterojunction

Experiment:

König et al. Science (2007)
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� gapless surface states present in the bulk bandgap

� Topological protected surface states appear in some 
materials due to strong spin orbit coupling

� Examples of topological insulators are:
strained HgTe,  Bi1-xSbx      Sb2Te3 Bi2Te3

Bi2Se3 BiSbTeSe …

Topological insulators

3D topological insulators
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Theory :

Fu, Kane and Mele PRL (2007)

Moore and Balents PRB (2007)



Topological insulator Bi2Se3

BiBi22SeSe33 topological insulator

Normal insulator Topological insulator
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D. Hsieh et al. Nature (2009) 

Bi2Se3
Bi2Se3

At each surface the electron dynamics are described by a single Dirac cone 

~300meV



Crystal structure of Bi2Se3

� Strong bonds within quintuple layer

� Weak bonds between quintuple layers (Van der Waals type)

Se

Bi

Quintuple layer
(thickness ~ 1 nm)

Se layer

Se layer

Se layer

Bi layer

Bi layer

The layered structure of Bi2Se3 crystals

enables exfoliation of multiples of quintuple layers  

Zhang et al., Nature Physics, 2009



Thin flakes of Bi 2Se3 (>> 10 nm) on a Si/SiO 2 substrate

Adhesive tape with 
thin layers of Bi 2Se3 crystals

PROBLEM:

getting/finding µm-flakes

of thickness ~ 10 nm

is extremely rare !

2 µm

Our record:
4 nm thin flake

Bi 2Se3 crystals are grown
by floating zone technique

3 mm

How to obtain thin layers of Bi2Se3 ?



Electronic transport in Bi2Se3 devices

Aluminum contacts are:

- normal conducting if T > 1 K

- superconducting if T < 1 K

P++ Si wafer
SiO2

V

I

Vg

2µm

~ 10 nm
thin flake

2µm Ti / Al contacts
(5 / 75 nm)

To study the presence

of surface states, we did:

� magnetoresistance

measurements

� supercurrent

measurements
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Sweeping the gate

voltage indicates

bipolar transport:

�Electron transport

at Vg > -10 V

�Hole transport

at Vg < -10 V

T = 4 K
B = 0 T

Bipolar transport

E

k

EF

hole regime
of surface states

See also Steinberg et al. Nano Lett. 2010



charge neutrality

hole
regime

electron
regime

T = 4 K
B = 0 T

Bipolar transport

~ 70 W at the charge neutrality point !

E

k

Impurity band 
in the bulkEF

Electronic states in the bulk bandgap :

The presence of an impurity band in the gap may hinder full isolation 
of the surface states from the bulk in transport measurements.

Analytis et al., PRB, (2010)



Sweeping the magnetic

field shows:

� a positive magnetoresistance

� the presence of resistance

oscillations

T = 4 K

Magnetic field dependence



Magnetic field dependence

Vg = -62 V

-d2R/dVg
2 (a.u.)

1/B periodicity

Gate-dependent Shubnikov-de Haas Oscillations



Magnetic field dependence

Gate-dependent Shubnikov-de Haas Oscillations

Vg = -62 V

electron

regime

hole

regime

-d2R/dVg
2 (a.u.)

Continuous evolution from electron to hole type SdHO without gap:

� Evidence for Dirac fermionsEvidence for Dirac fermions

1/B periodicity

CN



-d2R/dB2 (a.u.)
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For massless Dirac fermions on a surface,
the Landau level filling should be anomalous:

additional factor ½ is characteristic
for massless Dirac fermions

with n = 1.05·1012 cm-2 at Vg = -80 V 

N = 3

5

7

9

Landau level indexation

Landau level filling factors for massless Dirac fermions



-1/2

-d2R/dB2 (a.u.)

Landau level indexation : massless Dirac fermions

Extrapolation of Landau level indices

Extrapolation to -1/2:
� Berry phase = p

� Evidence for masslessmassless Dirac fermionsDirac fermions at the surface of Bi2Se3



Magnetic field dependence

Two families of Shubnikov-de Haas Oscillations

-d2R/dB2 (a.u.)-d2R/dVg
2 (a.u.)

-d2R/dB2 reveals two types of SdHO:
1. gate-dependent fan shaped SdHO

2. gate independent SdHO
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Thomas-Fermi screening length in Bi2Se3 is λTF ≈ 5 nm (< thickness crystal):

� charge density at bottom surface depends on gate voltage
� charge density at the top surface is constant

Gate voltage independent

SdH oscillations due to states

at the top surface 

n = 1.5·1011 cm-2

at top surface 
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-d2R/dB2 (a.u.) F.T.

Top and bottom surface states



Vg
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The induced charge at the surface, as determined from SdH oscillations,
is smaller than the total induced charge, as determined from gate effect.

At Vg = -80 V : 5.1·1012

cm-2
1.05·1012

cm-2
4.05·1012

cm-2
− =

νbulk = 7.2·1019 cm-3eV-1

which is consistent with

values reported in literature
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Relation between density of Dirac electrons at bottom surface

and gate voltage:

Surface states and states in the bulk impurity band



Vg

λλλλTF ≈≈≈≈ 5 nm
t = 10 nm

δσδσδσδσbottom
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Using the expression of nbottom (Vg),
we can estimate the mobility of the Dirac electrons in the bottom surface

gate voltage

independent

The fit provides an accurate value

of the mobility of the Dirac electrons

at the bottom surface:

µDirac = 2500 cm2/Vs

Vg (V)

T = 4 K
B = 0 T

Mobility of the Dirac fermions



P++ Si wafer

SiO2

V

I

Vg

30 mK < T < 1 K

B = 0 T

Supercurrent measurements

Superconducting electrodes : S-TI-S junction



T = 30 mK
B = 0 T

Josephson

supercurrent

Ic
~ 200-250 nA

The critical current has a small gate voltage dependence and is The critical current has a small gate voltage dependence and is minimal at minimal at VVgg = = VVgg
CNCN

Gate-tunable supercurrent

Josephson

supercurrent

+2∆∆∆∆/e-2∆∆∆∆/e



P++ Si wafer
SiO2

In normal SNS-junctions the IcRn product equals:

IcRn ~ 2∆/e ~ 300 µV (if ∆ < EThouless)

However, if we use the estimated 
resistance of the top surface
(Rn ~ 1 kΩ), then IcRn ~ 2∆/e

We determine the IcRn product by
using Rn and Ic as a function of Vg

IcRn << 2∆/e

This may indicate that most of
the supercurrent is carried by

Dirac fermions at the top surface

The IcRn product



Magnetotransport in Bi2Se3 devices:

� We have observed bipolar transport properties, demonstrating 
electron and hole transport by surface state

� Features of Landau level filling demonstrate the presence of 
massless Dirac electrons and holes at the surface

B. Sacépé, et al. Nature Commun. 2:575 (2011)

Supercurrent measurements :

� First observation of gate-tuned supercurrent in S-TI-S 
Josephson junctions

� The bipolar supercurrent indicates that part of the supercurrent
goes through the states at the bottom surface 

Conclusions


