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® Topological quantum computation depends on the
existence in nature of non Abelian topological phases
of matter.
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® The leading candidate is
v=25/2.

Perhaps v = 12/5 as well ....

R_(kQ)

J.S. Xia et al.,’04;
J.P. Eisenstein et al.,’02.




How will we know if they are?

® The belief that the 5/2 state is non-Abelian
comes primarily from numerical solutions

of small systems.
Morf '98; Rezayi and Haldane ’00; Feiguin et al. ’07; Peterson et al.’08

@ Ultimately, experimental proof will have to come
from experiments in which quasiparticles are

braided, e.g. two point contact interferometers.
Chamon et al. '97; Fradkin et al. ’98;

Das Sarma, Freedman, and Nayak ’05;

Bonderson et al.’06; Stern and Halperin ’06

® However, some simpler experiments can give
important corroborating evidence about these states.
And are a partial step towards interferometry anyway.



Edge Excitations

One important resource at our disposal in a
chiral topological state: gapless edge excitations.

The edge of the system provides us with a
cheap supply of ‘test’ quasiparticles with which
we can probe quasiparticles in the bulk by, e.g.
the non-Abelian version of the Aharonov-
Bohm effect.

On the other hand, the edge does not seem
like a good way to probe the topological
structure of a state. It is gapless, so there
may not be well-defined quasiparticles.



Point Contacts

To have a useful probe of topological properties, we
need some kind of interplay between edge and bulk:
quasiparticle tunneling from one edge to
another.

The edge need not

have well-defined -
quasiparticles, but the / v
bulk does. /

Tunneling through the - Jr

bulk selects these.



Effective Theory for the MR Pfaffian Edge
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Milovanovic and Read ’95

The ‘quasiparticles’ of this edge
theory are just free bosons and

fermions. %W

However, tunneling favors the edge N
counterparts of bulk gps.
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Therefore, we expect e/4 gps to dominate
tunneling transport. If they do ... good news
for interferometry.



Effective Theory for anti-Pfaffian Edge

@ If there is no Landau-level mixing, the Hamiltonian
is particle-hole symmetric. ¢! — ¢, Cm — ¢l
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The Pfaffian state is not particle-hole symmetric.



Analogy to Lattice p-wave SC

@ Spinless electrons, H = Z( tele; + Ayelc] —I—hc)
square lattice,
p-wave SC order. —#ZCICZ- — Z socf{cj + h.c.

® Particle-hole symmetricif =0, p =
/

P

spontaneous 2nd neighbor hopping

Gapless Majorana fermion

t (m,0), (Om)

@ |If p/h symm is broken, w #+ 0
then k., = &
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Edge Theory of the Anti-Pfaffian
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Anti-Pfaffian Point Contact

© There are two charge e/4 gp ops. at the
anti-Pfaffian edge:

where: %7 = ¢ + i,

@ All four have scaling dim. =1/2,
(different from the Pfaffian, dim=1/4).
Charge e/2 tunneling has same scaling dim.

Fendley, Fisher, Nayak, in prep.



(3,3,1) Point Contact

@ Pf: 5. =1 triplet Upr = H(ZJ — Zk)mH6_|Zj|2/4 Pf(‘ 1)i T>k>
. z Sk p Zj — Zk

d=i —ij

@ (3,3,1):5,=0 Voon = [T — o) e Pf(|T>ju>k+u>m>k>
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® e/4 gp tunneling op. has scaling dim=3/8.



Weak Backscattering Limit

G

: —3/2
MR Pfaffian: R, ~ )\1/4 T
Fendley,Fisher, Nayak PRL ’06

(3,3.1): Rap ~ A3 4T 75/

3 Majorana
fermions

anti-Pfaffian: Ry ~ )\1/4 T-1

Lee, Ryu, Nayak, Fisher '07; Levin, Halperin, Rosenow 07



T'and IV Dependence in Weak-BS. Limit

@ At finite T'and V,

1 3 1 1 e wxt=29 ST\ |2 .
g = 13 3 A(x) = 751 T(2g) ‘F(g—i—z%)‘ sinh(x/2)
Pf (3’3’ | ) Pf Bishara and Nayak '08

for Laughlin states: Wen 91

Since 7T'dependence is difficult to measure at
very low temps,, it is useful to have both 7'and V.
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Shot Noise

® The ratio between the low-freq. noise
and the tunneling current at a point contact

is the gp. charge:

e* B B
(S(w)) = ?Itﬂl —w/wol” Tt + |1+ w/wol° ]
Laughlin states: Kane and Fisher ‘93; (a) ) 80
Chamon, Freed,Wen ’95 mry— im
Expts on LLL: Samindayar et al. ‘97; v =52 & 60\/

de Picciotto et al. ‘97.

Pfaffian state: Bena and Nayak ‘06

Shot noise x102° (A2/Hz)

@ Recent Dolev et al. expt.
is consistent with e/4.
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Taken together, these two

experiments point towards

e/4 gps with point contact /- V

curves consistent with the
anti-Pfaffian state.

But only a true probe of topological

broperties will be definitive.
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Beyond the Weak-BS. Limit

As temperature or voltage is

VG
decreased, tunneling becomes ﬁlf
effectively stronger. %W

i
Vv N v=2

Eventually, the droplet will pinch off
and there will be weak hopping from
left to right. IV

2
Experiments are probably a_J\ %

somewhere in the crossover regime.




Non-Perturbative Treatment
1 1
edge _ T
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|. Redraw with one b weak constriction

2. Combine the two

edge flipped. W \f
' . thp - J\

Majorana fermions

into a single Dirac /;
fermion. %) % -
1p - !

3 Boso nize strong constriction



Vo + 1Py ~ e'?
i%ﬂﬁb ™~ a¢

Standard bosonization:

However, to recover the pert.

+ _—ig/2 — i})2
expansion of e/4 tunneling: To0p ~ STe /2 4 5 et/

bOOkkeerg Fendley, Fisher, Nayak PRL, PRB ’06.




Crossover from Weak to Strong Tunneling

@ Pf. point contact can be rewritten as resonant
tunneling between Luttinger liquids

Hres — / dz ﬁ ((axqba)Q + (axgbb)Q)
0 2T
_|_t dTeiCba(O)/\/g _|_ t dTei¢b(0)/\/§ _|_ h.C.

D) t
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| | | |

@ Tunneling current can be computed by time-
dependent DMRG.




Agrees with perturbative calculations

around the weak- and strong-backscattering
limits. Only way to compute the current in

the crossover regime.

Agrees with Bethe ansatz for |/3 point contact.
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Future: time-dep. DMRG for anti-Pfaffian, 33 1.



What about 12/5?

@ One Abelian candidate, sevg"al nﬁn-AbeIian
ones: BS = Pf + hierarchy, BS = Pf + hierarchy

RR = p/h conjugate of RR.

o BS: Rmx -~ T—31/20 B_S: Rxm ~ T—21/20

Abel.2/5: R, ~ T~ %/° RR: R,, ~ T—/%

/ /
2¢e/5 at low-T e/5 and 2e/5 at low-T

Bishara, Fiete, Nayak '08

®© Thermal Hall conductance distinguishes these
states, and also Pfaffian and anti-Pfaffian.



Summary

Quasiparticle tunneling at point contacts
is a good probe of the topological character
of possible non-Abelian quantum Hall states.

Measurements of current, noise through

a pt. contact at 5/2 indicate

e/4 gps.,

consistent with anti-Pfaffian.

Single point contact in MR Pfaffian: closely
related to 2-channel Kondo.
Current can be computed outside weak-

backscatt. regime by time-d

ep. DMRG.

Multiple point contacts ena
interferometry.

ble quasiparticle



