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Localized electron state at the end of a one-dimensional
system with a periodic potential

Chiral edge states in the guantum Hall regime of the
quasi-one-dimensional organic conductors (TMTSF)>X

Midgap Andreev bound states in the triplet supercon-
ducting state of (TMTSF),X. Relation to

e Solitons in polyacetylene

e Midgap Andreev bound states in d-wave cuprate su-
perconductors

Chiral edge states and spin quantum Hall effect in the
triplet superconductor SroRuQOq

. Work in progress

e Edge states in graphite and carbon nanotubes

e Entropy of black holes



Semi-infinite one-dimensional system
with a periodic potential (CDW, SDW)
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Delocalized bulk states
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Spectral flow of localized edge states
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Left edge: k > 0, 0 < ©® < 7. Right edge: K < 0, m < © < 2.
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When © increases by 2n
e The periodic potential moves to the right by one period
e It moves one electron to the right (two for spins 1 & 1)

e Spectral flow: An electron state flows
e from the upper to the lower band on the left edge
e from the lower to the upper band on the right edge
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Conversion of electric current from metallic leads into the
collective Frohlich current of a sliding charge-density wave
(CDW) via spectral flow
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Fig. 1. — Projections of the crystallographic structure of {TMTSEF) X in the (a.c) plane (a) and the
(b, c) plane (b). Only the Se (lacge grey dots) and C (small black dots) atoms of the TAMTSE molecule )

are represented. The grey dots of medinm size between the molecules symbolizos the location of the
anions X,



Phase Diagram of (TMTSF),PF¢

W. Kang et al
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Quantum Hall effect in Q1D conductors

H = 1 —QQ— — 200 cos[(2kr — NG)z] + 2t, cos(kyb — Gx)
2m Ox?

Ap - the FISDW order parameter

e N - an integer number characterizing FISDW

e G = ebH/hc - the magnetic wave vector

H - the external magnetic field, use gauge A, = Hx

t, - the interchain tunneling amplitude

ky - the electron momentum transverse to the chains

b - the interchain distance

The effective Hamiltonian (after some transformations):

—'ivp'a_r ' ——ANe—iNk”b "J"-f-(ma ky) — E(k ) ¢+(-’Ea ky)
""'ANeZNkyb 'L’UFar 1P— (3"7 ky) - v ’(:b*(mv ky)

The same as the Hamiltonian in part I with © — Nkb.

Topological winding number: The phase of the gap changes
by 27N when k, traverses the Brillouin zone from 0 to 2x/b.
The quantum Hall effect:
e Apply electric field £, transverse to the chains
¢ Use gauge A, = —&,ct and substitute k, — k, — eA,/c
» The phase © — Nk,b+ Ne&, bt becomes time-dependent
e That results in the Frohlich current along the chains:
Jje = e@/7h '
o After substitution, we find the (integer) quantum Hall
effect: j, = (2Ne?/h) &,
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Chiral edge states in the quantum Hall
regime of Q1D conductors

Use the results of part I with © — Nkyb.

N chiral branches of edges states at the ends of the chains
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The edge contribution to the specific heat:
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Edge states in the triplet superconducting
state of Q1D conductor (TMTSF),X

Singlet pairing: ~-wave: common; J-wave: high-T, cuprates
(Ya(kr)Ps(—krp)) =€apD(kr) =ioyD(kr), A(+kr)=A(—kr)
Triplet pairing: (TMTSF)>X, p-wave: 3He, SraRuQq4

(Valkr)Pp(~kr)) = ioy(d - o)A(kr), A(+kr) = —A(—kF)
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Because A(#%kr) changes sign, Andreev bound states form

at the ends of the chains with the energy exactly in the
middle of the energy gap (midgap states).
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Midgap Andreev edge states

The wave function of a Bogolyubov quasiparticle in a Q1D
superconductor:

e = [aet (113 e ()

[ws(x).7+(r)] Obey the Bogolyubov-de Gennes equations:

Fivpd, LA ue(x) ) _ ut(x)
+A Fivplx ve(z) ) vi(x)
To satisfy the boundary condition w(0) = 0, we choose

A= —B and [u4(0).v4(0)] = [v-(0).»-(0)]. Then we ex-
tend the problem to —0 <z < 00!

[ us(@),ve(®)], z>0 7
w(m)—{[u_e;m), ’U-_}-(—SC)], x <0

»
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Self-consistent pair potential:
A(x)=~Agtanh(kz), «k=~0Do/vF

Localized zero-energy state: -05 |
60=05 uO(‘rB) — \/E 1 -1.0 .
: vo(x) 2 cosh(kz) \—1 ~30 -20 -1.0 ?(.g 10 20 30

Exact mapping to the solitons in polyacetylene (CH)x




Tunneling into midgap

Andreev edge states
Tunneling along the chains:

Across the chains:
Zero-bias conductance peak

No zero-bias peak
1.6 v v v v v v

Gx10?

-2 -1

0
eV/A,

Similar to tunneling into the [1,1] and [1,0] edges for the
d-wave superconductivity in high-7,. cuprates:
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Chiral edge states in the triplet
Fermd \2.=4 superconductor SroRuO4
a .

SroRuQ4 is a layered Q2D
superconductor similar to the

high-T, cuprates. T, = 1.5K

The superconducting state is _-
-pelieved to be triplet, of the
‘o +ip," type: A = DoeS

The edge states are chiral, like
in the quantum Hall systems:
g = ApCOS @k = Ao(kn/kp),
v= Ng/kr ~50m/s

Hf!;% v~ 508
3

Edge states have no electric
e charge (p = |ul* — lu|2 = 0),
AN \\-1 —~ NN NN but they do carry spin 1/2.

Time-of-flight experiment with spin or temperature pulses:
t = L/v =~ 40 pus.
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Spin response of the edge -21»

Ford L H|| z: |
A=A = NAop. ' ;
Zeeman magnetic field
induces no net spin cur-
rent on the edge.

Ford | H| z:

ATl = AIT — AO.
Zeeman magnetic field
splits the energies of the
1+ and | edge states.
That produces a net
spin current on the
edge.

Spin current perpendic-
ular to the gradient of a
Zeeman magnetic field:

- oH
J.:,%in — s €ab Bdﬁd(r
T Oxp

Only the component of
H parallel to d produces
edge spin current.

Problem: cancellatio'n
of the edge and bulk
spin Hall currents.
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Edge states In graphite

The band structure of graphite has two Dirac points (where
the energy gap vanishes). That is similar to the d-wave

superconductors, which have four Pirac points.

z K AE

What are the energies of the edge states as a function of
the angle © between the edge and a crystal axis?
Boundary conditions are tricky ...

Edge states in carbon nanotubes

The effective Dirac eguation for electrons in an insulating
carbon nanotube:

Tivpdy ODoet® usr(x) | _ . ut(z)
Do etT®  Livpld; ve(z) ) vilz) )’
where © is the angle between the nanotube axis and a crystai

axis of graphite (the chiral angle).

Localized states
e at the ends of a nanotube? :
e at a junction between nanotubes with different chirat

angles ©; and ©27
@ J /D

Experiment: electron tunneling spectroscopy e
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Entropy of black holes

From sE = T 45, 515 = (~/8%) 4.4, and the Hawking radiation
temperature /" = ~ 27, it follows that

Horizon area
4 x (Planck length)?

Black hole entropy =

On the other hand,

Entropy « log(Number of states)

Thus, some states may be associated with the horizon area.
What are those states?

¢ The volume inside the black hole horizon is effectively
excluded from our space. In other words, the horizon
serves as a boundary of our space. Any associated edge
states?

¢ When horizon expands, our space looses some volume
to the black hole. Thus, the number of available states
must decrease: spectral flow?

¢ Anything changing sign at the horizon: index theorem?
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