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Interface superconductivity

❖ Interface exhibits 
superconductivity (or much 
higher Tc ) than constituent 
materials

LAO/ STO!
Hwang group, 
Nature 2004!
Tc ~ 0.5K

1-layer FeSe/ STO!
Liu-Xue-Jia group,            
Nat. Materials 2014 !
Tc > 100K



PbTe/SnTe superlattice!
K. Murase et al.,  !
Surf. Sci 1986!

PbS/PbSe; PbTe/PbSe; 
PbS/YbS bilayers!
N.Y. Fogel et al., PRB 2002!

Single films non-superconducting; 
multilayers Tc~6KOlder experiments !
Why superconductivity at the interface? !
What is the origin or mechanism?



Outline

A. Our theoretical model!

1. IV-VI semiconductors ➤ Topological crystalline 
insulators!

2. Strain + Dirac fermions ➤ Pseudo-magnetic field!

3. Landau-levels ➤ Large DOS ➤ Non-BCS 
superconductivity!

B. Comparison with experiments/ Our predictions!

C. Discussion and outlook
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IV-VI semiconductors

❖ Chalcogenide material class e.g. SnTe, PbSe!

❖ Alloying, pressure or strain: Band inversion!

❖ Topological crystalline insulator (TCI) phase!

❖ Protected by mirror symmetry and U(1) charge conservation!

Rocksalt FCC structure 
Mirror symmetry!

T.H. Hsieh et al., 
Nature Comm. 2013!
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FIG. 1: (a)The bulk Brillouin zone and projection to [110]

and [111] direction. It is clear that all the momenta in the

�L1L2 plane of the bulk Brillouin zone are kept invariant

under the mirror operation about the {11̄0} plane in the real

space. Another tow mirror-invariant K planes are labeled

by P1 and P2, which are projected to �̄K̄ and �̄Ȳ for [110]

and [111] surface, respectively. (b) the band structure for the

[110] surface. (c, d) the band structure of {111} surface for Te

termination and Sn termination, respectively. The insets in

(b, c, d) schematically show the corresponding Fermi surfaces

Dirac velocity at �̄ is found to be xxx cm/s, whereas the

surface band dispersion at M̄ is anisotropic and strongly

particle-hole asymmetric. Similarly, Te-terminated sur-

face also has four branches of Dirac fermions. How-

ever, the Dirac points are buried in the conduction band,

and there are other coexisting midgap states. To avoid

these unimportant complications, we will consider Sn-

terminated surface in the rest of this paper.

The Dirac surface states shown here are spin-polarized.

Fig.2 shows the expectation value of spin at di⇥erent mo-

menta over the Fermi surfaces. The Fermi surface near

�̄ is nearly isotropic with a small hexagonal warping[26].

The Fermi surface near M̄ is elliptical due to the lower

symmetry. The in-plane spin components of all the four

Fermi surfaces show a vortex configuration, with the

counterclockwise chirality. This leads to a 2D Dirac sys-

tem with a net chirality.

The existence of these Dirac surface states follow from

the unusual orbital ordering at four L points in SnTe, in

which the valence (conduction) band edge is composed of

Sn (Te) orbital[8]. Such an ordering is opposite to that

of an ionic insulator, in which the valence (conduction)

band is derived from the anion (cation) orbital. This or-

bital inversion leads to the four branches of massless 2D

Dirac fermions on the (111) surface shown in Fig.1. The

locations of these Dirac fermions are precisely given by

the projection of L1, ..., L4 onto the (111) surface Bril-

louin zone, with L1 ⇥ �̄ and Lj ⇥ M̄j , j = 2, 3, 4.

The (111) surface states with four Dirac fermions are

topologically protected by crystalline symmetry rather

than time-reversal symmetry. In particular, in the pres-

ence of reflection symmetry with respect to the mirror

plane, these surface states cannot be removed. This can

be understood from surface band dispersion along the

mirror-invariant line �̄�M̄ � �̄. There are four branches

of surface states on this line, all of which are eigenstates

of mirror symmetry. Since the mirror eigenvalue of a

spin-1/2 electron is directly related to its spin, the spin

polarization of surface states on the line �̄M̄ is guaran-

teed to be in-plane and perpendicular to the momentum,

as our calculation shows (Fig.2). Moreover, since the

spin textures of Dirac pockets at �̄ and M̄ have the same

chirality, the two branches of surface bands moving in

the same direction have the same mirror eigenvalue, and

any two counter-propagating states have opposite mirror

eigenvalues. Provided that mirror symmetry is present, it

is impossible to couple counter-propagating surface stat
es

and open up a gap. The locking between electron’s di-

rectionality and mirror eigenvalue is a unique property of

surface states of TCI stemming from its bulk topological

invariant, and cannot appear in any 2D material[8].

Some essential features of surface states can be under-

stood from the continuum k ·p Hamiltonian for the bulk:

H = m⇥z + v(kxsy � kysx)⇥x + vzkz⇥y. (1)

H describes the conduction and valence bands near L

points. Here kz is along the �L direction, and kx is along

the (11̄0) axis of reflection. The Pauli matrices si corre-

sponds to j = 1/2 spin degrees of freedom, and ⇥z = ±1

corresponds to the p-orbital of Sn and Te respectively[8].

m < 0 corresponds to the inverted band ordering. The

k · p parameters are well-established in the literature:

v = ..., vz = ..., and m = ....

Surface states at �̄ can be obtained by solving eigen-

value problem at kx = ky = 0:

(�iv⇥y⌅z +m⇥z)⇤(z) = E⇤(z), (2)

subject to an appropriate boundary condition for Dirac

fermions. Due to time-reversal symmetry, there is a one-

parameter family of allowed values for two-component

wavefunction at the boundary:

⇤(z = 0) =

✓
cos �

2

sin �
2

◆
(3)

up to a normalization constant. Here the parameter �

specifies the relative amplitude of Sn and Te orbitals at

the surface. By solving equation (2) with the boundary

condition (3), we obtain the energy of the Dirac point

E0 at �̄ measured from the middle of the band gap:

E0 = m cos �. The surface state penetration length is

given by vz/(m sin �) = vz/
p

m2 � E2
0 . The parameter

� depends on both the band structure and the boundary

condition. From fitting E0 with surface states obtained

in tight-binding calculation, we estimate that the Dirac

point energy E0 ⇤ m/2 is located halfway in between

•  IV-VI rocksalt semiconductors: 
    SnTe, PbTe, PbSe  

•  TCI phase in SnTe protected by 
    (110) mirror symmetry

Γ X

E

ARTICLE   NATURE COMMUNICATIONS | DOI: 10.1038/ncomms1969

NATURE COMMUNICATIONS | 3:982 | DOI: 10.1038/ncomms1969 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

A comprehensive theory of disordered topological crystalline  
insulators is in progress.

On the experimental side, the surface states of SnTe we predicted 
can be readily detected in angle-resolved photoemission spectros-
copy and tunnelling spectroscopy experiments. The underlying 
mirror Chern number can be deduced from the spin polarization of 
surface states30. Moreover, SnTe-based thin films and superlattices 
have remarkably high mobility, exceeding 2500 cm2 /Vs at room 
temperature31,32, which provide a promising platform for device 
applications.

Finally, we relate our work to a wider class of materials, including 
PbTe and PbSe. Although both are topologically trivial at ambient 
pressure, our first-principles calculation (Fig. 2c) shows that decreas-
ing the lattice constant by 2% inverts the band gap and drives PbTe 
into a topological crystalline insulator. This band inversion is real-
ized under moderate pressure (around 3 GPa in PbTe and 2 GPa in 
PbSe24,22). Alternatively, one can achieve the topological regime by 
growing these materials on substrates with smaller lattice constants. 
As a precedent, high-quality PbTe quantum wells have been fabri-
cated and exhibit ballistic transport33,34. It is also known that the 
alloys Pb1 − xSnxTe and Pb1 − xSnxSe undergo band inversion as Sn 
composition increases35,36, so that they become topological crystal-
line insulators on the inverted side.

We briefly comment on how our work relates to early pioneer-
ing field-theoretic studies, which predicted the existence of two 
dimensional massless Dirac fermions at the interface of PbTe and 
SnTe37,38, or domain wall of PbTe39. Our work has made it clear that 
only interfaces symmetric about the {110} mirror plane have pro-
tected gapless states, which are solely derived from the topological 
crystalline insulator SnTe and exist even when PbTe is removed. In 
light of ther topological nature, which we identified, SnTe material 
class in IV–VI semiconductors is likely to lead a new generation of 
topological materials.

Methods
Tight binding model. The tight-binding model for SnTe is constructed from the 
Wannier functions of the conduction and valence bands, which are primarily  
three p-orbitals of Sn and Te atoms. The Hamiltonian Htb is given by

H m

t
j

j
j j

j j
jj j

tb = ( 1) ( ) ( )

( )
,

, ( , ),

r

r r
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c r

†
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Here r labels the site, j = 1,2 labels the Sn or Te atom,  = ,  labels electron’s spin. 
The components of vectors c† and c correspond to the three p-orbitals. In the 
Hamiltonian (equation (8)), m is the on-site potential difference between Sn and 
Te; t12 = t21 is the nearest-neighbour hopping amplitude between Sn and Te; t11 and 
t22 are the next nearest-neighbour hopping amplitudes within a sublattice; d̂rr  is 
the unit vector connecting site r to r . The second line thus represents -bond hop-
ping (head-to-tail) of the p-orbitals. The 1,2 term is L·s atomic spin-orbit coupling, 
where Lj = i jkl is the orbital angular momentum in p-orbital basis. The bulk and 
surface bands of the above tight-binding Hamiltonian nicely reproduce the essen-
tial features of the first-principles calculation, and additional terms such as -bond 
hopping of the p-orbitals can be added to improve the fit.

The effect of a structural distortion in which atoms are displaced by u can be 
captured by adding the modulated hopping

t h c
( , ),

1 2( ) ( ) . .
r r

rrc r d u c r 

to the tight binding model. 
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❖ Low-energy surface states in the (111), 
(110) and (001) directions!

!

!

!

!

!

!

!

❖ Dirac fermions described by k.p theory

Surface states of the TCI

J.W. Liu et al., 
PRB 2013

H
X̄1

(~k) = v1k1sy � v2k2sx +m⌧
x

+ �s
x

⌧
y

Madhavan group, 
Science 2012



Surface states in the (001) direction

❖ Two pairs of Dirac cones!

❖ Lie along two orthogonal mirror axes!

❖ Related by four-fold rotation symmetry

ARPES: Hasan group, Nature Comm. 2012

STM: Madhavan group, Science 2012



Properties under time-reversal

❖ TCI: Dirac points occur in pairs as time-reversed partners!

❖ Couple oppositely to strain-induced pseudo gauge-field!

❖ Unlike Dirac points in a regular TI which cannot couple to strain

ARPES: Hasan group, Nature Comm. 2012

❖ Qualitatively different features!

❖ Topological insulator (TI): 
Dirac points at time-reversal 
invariant momenta (TRIM)!

❖ Its own time-reversed partner



Shifting of Dirac cones in Pb1-xSnxTe 

❖ In TCI phase, pair of Dirac 
points seen!

❖ With changing alloy 
composition, they move 
towards zone center!

❖ Similar effect from strain!
❖ Serbyn & Fu, PRB 2014

Ando group 
PRB 2013



Outline

A. Our theoretical model!

1. IV-VI semiconductors ➤ Topological crystalline 
insulators!

2. Strain + Dirac fermions ➤ Pseudo-magnetic field!

3. Landau-levels ➤ Large DOS ➤ Non-BCS 
superconductivity!

B. Comparison with experiments/ Our predictions!

C. Discussion and outlook



The strain field ! ! ! !    !
(where     is the displacement field) is!
• Compression/dilation:!
• Uniaxial stretch:!
• Shear:

Three independent types of strain; resulting shift in BZ

Strain in a TCI
uij ⌘ (@jui + @iuj)/2

u a
u
xx

+ u
yy

u
xx

� u
yy

u
xy

+ u
yx



Ab-initio calculations

❖ Isotropic strain pushes certain 
materials into a TCI!
!

❖ In TCI phase, compressing the 
lattice shifts surface Dirac points!
!

❖ Extract how strongly strain 
couples to Dirac point shifts, e.g. 
for PbTe,!

! ! ! ! !

↵1 = 2.2Å�1

P. Barone et al., Phys. Status Solidi 2013



❖ Linear shift of momentum: similar to minimal coupling!

❖ Allows identification with a gauge-field!

❖ Nonrelativistic fermions instead also give terms of !

❖ Exact form depends on lattice symmetries!

❖ Graphene has one coupling constant, J.L. Mañes PRB 2007!

❖ TCIs have three independent coupling constants!

❖ For the Dirac fermion at valley       , the strain-induced vector 
potential                              is to lowest order 

 Pseudo gauge-field for Dirac fermions

Kj

Aj ⌘ K0
j �Kj

A1 = (↵1uxx

+ ↵2uyy

, ↵3uxy

),

A2 = (↵3uxy

, ↵1uyy

+ ↵2uxx

).

A
j

= (Ax

j

, Ay

j

);

~k · ~A

~k ! ~k + ~A



Strain profile in a TCI bilayer

❖ Lattice mismatch between two materials of 3-10%!

❖ Spontaneous formation of misfit edge dislocations!

❖ Regular two-dimensional dislocation array along the mirror axes

TEM image of the square 
misfit dislocation grid, 
which forms at the interface 
of PbTe/PbSe!
(lattice spacing is 0.64nm)!
!
N.Y. Fogel et al., PRB 2002!



❖ Total strain field is sum of contributions from each dislocation!

❖ Field for single dislocation given by classical strain theory!

❖ Similar behavior along other mirror axis obtained by rotation

Spatially-varying strain field
Plotted using representative parameters: 
array period 15nm, Poisson ratio for PbTe 
of 0.26, lattice constant 0.64nm

u

xx

(x) =
X

N

u

0
xx

(x�N�),

u

0
xx

(x) =
bz

2⇡(1� ⌫)

(3x2 + z

2)

(x2 + z

2)2
.



!

❖ Maximum pseudo-magnetic field is ~180 Tesla!

❖ Spatially-varying strain necessary to produce non-zero B-field!

❖ Periodically-alternating field that averages to zero

Periodically-alternating B-field

Strain coupling from ab-initio 

B2(x) = r⇥AT
2 (x)



Macroscopic array vs. nanobubbles

❖ Pseudo magnetic-fields seen in localized graphene nanobubbles!
❖ Dislocation array covers macroscopic regions altering electronic 

properties globally!
❖ A periodic field is easier to achieve than a uniform field (which has 

infinite gauge potential at boundary) 

STM images of grapheme 
nanobubbles, and STS spectra of 
strain-induced pseudo Landau-levels!
Crommie group, Science 2010
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A. Our theoretical model!

1. IV-VI semiconductors ➤ Topological crystalline 
insulators!
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superconductivity!
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C. Discussion and outlook



Pseudo Landau-levels
❖ When the field varies on scales larger than the magnetic 

length, we expect the formation of local Landau levels!

!

❖ Energy level spacing depends on local field strength!

❖  !

!

❖ n=0 Landau level has E=0 regardless of field strength!

❖ Extensive degeneracy at zero energy

E

n

(x) = sgn(n)
q

2nv
x

v

y

|B(x)|.



Flat bands at low momenta

❖ Two flat bands corresponding to 
positive and negative regions of 
pseudo B-field respectively

❖ Approximate periodic field with first Fourier component

H = �iv
x

@
x

s
y

� v
y

(k
y

�A
y

(x))s
x

, A
y

(x) = A0 cos(2⇡x/�)



❖ Large DOS at E=0 from flat bands!

❖ Dispersive states at transition 
regions: chiral snake states!

❖  

Large DOS and snake states

�
xy

= sgn(µB)
1

2

e2

h

!
❖ Another time-reversed copy from 

opposite valley!

❖ Jointly give helical snake states



❖ Large density of states enhance interaction effects and 
can favor superconductivity!

❖ Carrier density in the flat band ~ 1012cm-2!

❖ Expect Fermi energy there!

❖ Solving the BCS mean-field gap equation gives!

!

!

❖ Khodel & Shaginyan, JETP Lett 1990;                                           
Kopnin, Heikkila & Volovik, PRB 2011

Flat bands drive instabilities

kBTc ⇠ �0
~!D exp(�1/V D(EF )) Fermi surface

V nFB flat band
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Experimental features
❖ Superconductivity measured in several  

IV-VI multilayers, Tc is 2.5-6.4K!

❖ Individual constituents non-
superconducting above 0.2K!

❖ Superconductivity is two-dimensional !

❖ Anisotropy of upper critical field!

❖ In narrow-gap semiconductors (Eg < 0.3eV)!

❖ Wide-gap semiconductors do not 
superconduct above 1.5K!
!

Six PbTe/PbS bilayers 
(different thicknesses)!
N.Y. Fogel et al., PRB 2006



Dependence on dislocation array
❖ Samples without a regular 

dislocation array show only 
partial superconducting 
transitions !
!

❖ In superconducting samples, Tc 
increases from 3K to 6K as array 
period Dg decreases from 23nm 
to 10nm
!

❖ Consistent with Tc depending parametrically on the flat band 
degeneracy — non-BCS dependence

N.Y. Fogel et al., PRB 2002!



Predictions from our theory

❖ Unique DOS spectrum from 
tunneling conductance 
measurements !

❖ Drop in Tc when gating out of 
flat band!

❖ De Haas-van Alphen 
measurements should reflect 
periodicity of superlattice



STM measures Dirac point shifts
❖ SnTe thin film grown on PbSe substrate!

❖ Local atomic measurements map strain: 
tensile (red) and compressive (blue)!

❖ QPI measures wavevector Q1: dispersions are 
offset in momentum — agrees with theory

Madhavan group, arXiv 2015
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Summary

❖ Theoretical model for strain-induced helical flat bands 
and interface superconductivity in TCIs!

❖ Demonstrates role of topological electronic states!

❖ Opens realistic route to strain-induced flat bands !

❖ Can account for previously unexplained experimental 
features (e.g. dependence on dislocation array and its 
relation to Tc)



Further work
❖ Open questions!

❖ Role of interactions?!
❖ Analytical description?!

!

❖ Connection to interface superconductivity in other systems? !
❖ Conductance channels in STO related to structural distortions!
❖ Strain effects seem important !
!

❖ Usefulness of flat bands!
❖ New states with repulsive interactions? E.g. FQHE!
❖ Possible route towards higher Tc  by strain engineering

Moler group, Nature Mat. 2013



Summary

❖ Theoretical model for strain-induced helical flat bands 
and interface superconductivity in TCIs!

❖ Demonstrates role of topological electronic states!

❖ Opens realistic route to strain-induced flat bands !

❖ Can account for previously unexplained experimental 
features (e.g. dependence on dislocation array and its 
relation to Tc)

Thank you!



Coloumb repulsion in a flat band?
❖ Typically, the electron repulsion is renormalized by the electron 

bandwidth W, so phonon-mediated attraction can dominate.!

!

!
!

❖ In a flat band (no bandwidth), how does this happen? !

!

❖ Revisit Anderson-Morel calculation, using a peak in density of 
states at very narrow bandwidth (less than phonon energy):

kBTc = 1.14✏D exp

✓
� 1

�� µ⇤

◆
where µ⇤

=

µ

1 + µ ln(W/✏D)

kBTc = 1.14�FB

✓
✏D
�FB

◆ 1
↵

exp

✓
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)
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(1)


