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Semi-infinite one-dimensional system
with a periodic potential (CDW, SDW)

1 92

. ﬁz—%gﬁ—QAocos(Qkpm—@) o ox
| AL
+0

Y(a) = Py (2) €5 + y_(z) e
—ivp8;  —LDoe® (Y (z) — o [¥+(2)
—Doe®  ivpd, v-(z) ] T\ ¥-(2)

Delocalized bulk st‘ates

(ﬁfgg ) o ek (:/Z’_‘) , e=+y/(vrk)2 + A3

Localized edge state

Boundary condition: y(z =0) =0 = ¢, = —_

(48) e (). <= avemor a=trano



V(%) = - %(%) Reflection around = = 0 and kink-soliton states
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Brazovskii (1980)
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STRUCTURAL ASPECTS OF {THE BECHGAARD SALTS |

Fig. 1. — Projections of the crystallographic structure of (TMTSF)2X in the (a, ¢) plane (a) and the
(b, c) plane (b). Only the Se (large grey dots) and C (small black dots) atoms of the TMTSF molecule
are represented. The grey dots of medium size between the molecules symbolizes the location of the
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The structure of (TMTTF)sX

Bonds are always dimerized, but the sites dimerize only
below the ferroelectric transition, where the anions X dis-
place to asymmetric positions [Nad Monceau et al. (2000),
S. Brown et 8l (2000). Brazovskii et al. (2001)].
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For the single-particle gap around ¢ = 0 (at 1/2 filling):
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4k Umklapp and charge gap
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Charge gap: p x exp(Ap/T) No spin gap

Bosonization
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At K, = 1/2, Luther-Emery fermionization: % — P,
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Charge gap A, = g?éﬂgz% for the holons 1,.

Holon edge state
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Prediction: The holon edge state should appear below the
ferroelectric transition, which causes site dimerization.

For spin channel: Fabrizio & Gogolin (1995), Gogolin (1996).
For two legs: Maslov, Giazman et 8). (1999), Le Hur (2000).
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Edge states in the triplet superconducting

state of Q1D conductor (TMTSF)oX

Singlet pairing: s-wave. common; d-wave: high-T. cuprates
(Pa(kp)Ps(—kr)) = eap(kp) =ioyA(kp), A(+kp)=A(—kr)

Triplet pairing: (TMTSF),X, p-wave: 3He, Sr2RuO4
(Ba(kr)Pp(—krp)) = ioy(d-a)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). "9
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Midgap Andreev edge states

The wave function of a Bogolyubov quasiparticle in a Q1D
superconductor:
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[ui(x),v_-g_(x)] obey the Bogolyubov-de Gennes equations:
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To satisfy the boundary condition w(0) = 0, we choose

A = —B and [u1(0).74+(0)] = [u-(0).v-(0)]. Then we ex-
tend the problem to —co < z < 400:
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Self—co.nsistent pair potential:
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Exact mapping to the solitons in polyacetylene (CH)y




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

Gx10?

2 a0
eV/IA,

Similar to tunneling into the [1,1] and [1,0] edges for the
d-wave superconductivity in high-7, cuprates:
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Spin response of the edge states

H || d: net spin and magnetic moment appear
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Schematic experimental setup to measure magnetic suscep-
tibility of the edge states localized at the ends of the chains.
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Phase Diagram of (TMTSF),PFg

W. Kang et al

SC = Super conoluc é{vh‘g
SDW= Spin-— Densi'foq Wave
FISPW= M a.ém.e.ﬁc, - Field-Induced
Spin- Density Wave
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Quantum Hall effect in Q1D conductors

H = L 22— — 2Ag cos[(2kr — NG)z] + 2t, cos(kyb — Gx)
2m Ox2
e Ag - the FISDW order parameter
e N - an integer number characterizing FISDW
G = ebH/hc - the magnetic wave vector
e H - the external magnetic field, use gauge A, = Hz
t, - the interchain tunneling amplitude
k, - the electron momentum transverse to the chains
e b - the interchain distance

The effective Hamiltonian (after some transformations):
—1WpOp — A ye VR V4 (z, ky) = e(k,) V4 (z, ky)
—AyeNkb wpOy Y (z, ky) YA\ (x,ky) )
The same.as the Hamiitonian in part I with © — Nkyb.

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:

o Apply electric field &, transverse to the chains

e Use gauge A, = —&,ct and substitute k, — k, — eAy/c

e The phase © — Nk,b+ Ne&ybt becomes time-dependent

e That r_esults in the Frohlich current along the chains:
Jjr = e©/mb

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

(itgg) o ehy—rz ( 1) . K= —%—Fﬂ sin(Nkyb) = e’%

| k
e(ky) = AN COS(Nkyb), v, = Oe(ky) = —NAnpb
Oky |.—o

Lot 7] ,{/umﬂ‘apé @%Jn%.oafzs 7194’
@%é\*‘/ N1, n=2K( 24=6k e 25T)

R R S

Proposed,
{um ‘ﬁM¢€ ’MJ‘*
Ve warimenf’

Detectsr 1

Tus A Detector2
- A >

o By 3¢ ot

The edge contribution to the specific heat:

Céigs  2N7k3 (Ly L$> _2mk3Ly,  Clage™  2¢n

T  3h Ay Cpomal L,

Ly,
v

~1073
vy UF '

“l3-



Conclusions

In the charge-gap state of (TMTTF),X:

Holon edge states exist at the ends of the chains, at
temperatures below the ferroelectric anion transition.

They are similar to soliton states in 1D polymers.
Reference: cond-mat/0106516.

In the triplet p-wave superconducting state of (TMTSF),X:

Midgap edge states exist at the ends of the chains.

These states should produce a zero-bias peak in electron
tunneling. |

The spins of the edge states respond paramagnetically
to a magnetic field paraliel to the vector d that charac-
terizes triplet pairing.

They are similar to the midgap states in the singlet d-
wave superconductors (high-T, cuprates).

Reference: PRB 63, 144531 (2001), cond-mat/0010206.

In the FISDW (QHE) state of (TMTSF)2X:

There exist N chiral electron edge states with the en-
ergies inside the gap.

The velocities of the edge states are very anisotropic:
300 m/s perpendicular to the chains and 240 km/s par-
allel to the chains.

We propose time-of-flight and specific-heat experiments
to observe these edge states.

Similar states should exist in the chiral p-wave super-
conductor SraRuQyg4, cond-mat/0106198.

Reference: PRL 86. 1094 (2001), cond-mat/0006050.
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