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We consider the tunneling current through a double pointaxi Fabry-Pérot interferometer such as used
in recent experimental studies of the fractional quanturth plateau at filling fractionv = 5/2. We compare
the predictions of several different models of the statehefélectrons at this plateau: the Moore-Read, anti-
Pfaffian, SU2)2 NAF, K = 8 strong pairing, and3, 3, 1) states. All of these predict the existence of chaxge
quasiparticles, but the first three are non-Abelian whitelést two are Abelian. We give explicit formulas for
the scaling of charge/2 and charge /4 quasiparticle contributions to the current as a functioteofperature,
gate voltage and distance between the two point contactallfthree models. Based on these, we analyze
several possible explanations of two phenomena reportdefa.[1.2, namely halving of the period of the
observed resistance oscillations with rising temperaduackalternation between the same two observed periods
at low temperatures as the area of the interference loopriedvavith a side gate. We conclude that the most
likely explanation is that the observed alternation is a@usvtitching between even and odd numbers of charge
e/4 quasiparticles enclosed within the loop as a function oé gjdte voltage, which is a clear signature of
the presence of non-Abelian anyons. However, there arertaofeatures of the data which do not have a
simple explanation within this picture. We suggest furtiigueriments which could help rule out some possible
scenarios. We make the corresponding predictions forduturneling and interference experiments at the other
observed second Landau level fractional quantum Hallstate

PACS numbers: 71.10.Pm, 73.43.-f, 73.43.Jn 05.30.Pr

“With luck, we might see a non-abelian interferometerdependence. Thus, there is a glaring need for experiments
within a year.” — attributed to Kirill Shtengel, April 16, B8  which directly probe the braiding statistics of quasijes.
in Quantum computation: The dreamweaver’s abacus®.

In order to probe braiding statistics in FQH systems, one
can use a double point-contact interferometer, as proposed
) ) Ref/28 for Abelian states and later considered forthe 5/2

The observatiot® ofafrf_;\ctlonalquantum Hall (FQH) state giate in Refs, 20.40.81/32. Such interferometers can play a
atv = 5/2 and suggestidnthat the Moore-Read Pfaffian ¢ cial role in properly identifying which phase a FQH state
(MR) state®?might occur at this filling fraction gave the first ;| by providing information about the topologicgimatrixe®.
real indication that non-Abelian topological phases ofterat They are also important for the implementation of topolog-
might actually occur in Nature. The striking feature of such;4 quantum computatidA!® because they can be used for
new phases is that they possess _quasif?zrtliglﬁ ?gﬁitatib_lms Wthe topological charge measurements necessary for reafiout
exotic non-Abelian braiding statistigs-:121214153% This qubits® and, through adroit manipulation, can even be used to
property makes non-Abelian topological phases appeaing f i yiement computational gaf$5 Fortunately, there have
their potential use as |ntrlns_maLI;igfgult-tolerant med®&  peen recent advances in realizing quantum Hall interferom-
quantum information processiHgH®:1%:2 _eters at integer fillind3” and fractional filling in the lowest

Recent experimental studies of transport through a point 5qau leveé®3° Even more recently, double point-contact

contact in FQH systems at= 5/2 gave evidence that there e rferometers have been experimentally implementethtor
are charges/4 quasiparticles in this stateand found that v = 5/2 FQH staté240

the dependence of the current on voltage and temperature is

most consisteAt with two particular non-Abelian models:

the anti-Pfaffian Pf) staté®2* and the S2), NAF (non-

Abelian FQH) stat&:2% However, these results are not con-  In this paper, we study the signatures of non-Abelian statis
clusive because thes, 3, 1) staté’, which is Abelian, also tics which can be seen in a double point-contact interfeteme
supports charge/4 quasiparticles. It is also roughly consis- and discuss other effects which can mimic these signatures.
tent with the voltage and temperature dependence of tunnele propose further experiments which can help disentangle
ing found in Refl 22 and, in any case, one might expect nonthe effects of non-Abelian statistics from Coulomb blockad
universal physics to have a significant effect on the obskrveand disorder physics.

I. INTRODUCTION
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Il. THE EXPERIMENT a non-Abelian fundamental quasihole with chaegé. The
basic assumption is that as one changes the area of the inter-

In recent experiments, Willett al.*2 measured the current ferometry region, one also occasionally changes the number
through a double point-contact device, depicted schealbtic 4 Of chargee/4 quasiholes contained in the bulk within the
in Fig.[I As a function of magnetic field, the longitudinal ~ interference loop. (For the purposes of this counting, géar
resistance?;, of the device has prominent minima at roughly 72¢/4 €xcitations, where < Z, count as: fundamental quasi-
the B values at which the: = 2,7/3,5/3 and5/2 quantum holes.) Thus, changing the area will cause the edge cuoent t
Hall states occur in the bulk (near, but not at, the point con€xhibitinterference behavior due to the AB effect, modedat
tacts). At the minima correspondingto= 5/2 and7/3, the by occasional changes in the number of quasiparticles in the
longitudinal resistance i&;, ~ 200 — 300 ©, while aty = 2 loop and their concomitant braiding statistics. The irgerf
and5/3itis R, < 50 . There are small oscillations with ~ €NCe terns» of the backscattered current due to lowest order

on top of these large features, but these were not the focus 8§fnneling ofe/4 edge quasiholes is predicted th®

the experiment since changing the magnetic field can change -
e/4) cos ( —=
2 X {

2T F -l—nww) for n, even

both the flux enclosed and, possibly, the quasiparticle num- j( 1o,
for ny odd

1

, (1
ber, thereby making it difficult to isolate the effect of lutiaig @)

statistics. Instead, a side gate voltage is varied, as slmwn
Fig.[dl As the side gate voltag¥, is varied, R;, oscillates ~Where the- corresponds to the MR and $2J, states and the
with an amplitude of roughlg . -+ to thePf state; andi,, = 0 or 1, depending on whether the
The period of the oscillationsAV, is larger atv = 5/3 contained quasiparticles are in a collective state coomrasp
and7/3 than atv = 2. This was interpreted in the follow- ing to thel oryz quion channel_. This interference exhibits the
ing way: it was assumed that the principle effect of varyingusual AB oscillations with perioch A = 4®,/B correspond-
the side gate voltage is to change the area of the interfefdg toe”/e = 1/4, butalso a striking complete suppression of
ence loop between the two point contacts and that they ar&lis term that results from the non-Abelian braiding stéts
related linearly byAA = cAV,, wherec is essentially con- ©Of the edge quasiparticle with the bulk quasiparticles when
stant, even between different filling fractions. Thus, tise o ¢ i 0dd. Thus, as the area of the interferometry region is
cillations are hypothesized to be due to the Aharonov-Bohn¢hanged, and bulk quasiparticles enter or exit the interiee
(AB) effect, which implies a period\A = (e/e*)®q/B, qup, the r_lon-Abellan states should gkﬁ = 4%, /B oscil-
wheree* is the charge of the tunneling quasiparticle and  1ations switch on and off, as they do in going from the type |
is the electron charge, anl, — hc/c is the magnetic flux  regions to the type Il regions in the experiments of Refs. 1,2
quantum. Willettet al.2 analyze their data to find that the ~ The observed reproducibility of oscillation type regions i
period atv = 5/3 and7/3, normalized by the correspond- Multiple scan& suggests that the buly/4 quasiparticles are
ing magnetic fields, is three times larger thanvat= 2:  Pinned and do not move on the time scale of the experiment.
(AA)s/3Bs/s ~ (AA)73Br3 ~ 3 (AA)sBs. Thus, _The ot_)servatlon of the oscillations in a given type | regien b
they interpret their findings as evidence thate = 1/3 at  ing shifted by from one scan to the next also agrees with
v = 5/3,7/3, assuming that the oscillation periodiat= 2  the expected behavior of non-Abelian states. Specificiéy,
reflects interference of ordinary electrons. /At= 5/2, two  collective state of several quasiparticles, some of whietira
types of behavior are seen2it mK. In some regions, which side and some outside the interferometry loop, is decotisred
we will call type I, (AA)] , Bsjo = 4 - (AA)2B,. In the re-
gions of type II,(AA)LL, Bs ;5 =~ 2+ (AA)2B. At 150 mK, I

5/2
only one behavior is seefAA)L!, Bs o ~ 2-(AA)2B,. The

5/2 0 I 0
type of oscillations observed for a regionlaf were found to / /
be reproducible throughout multiple scans over the perfod o -

7 day€. The type | oscillations in a given region sometimes , 1
exhibited a roughlyr phase shift from one scan to another. In A ,//
the next section, we discuss several possible explandtons /

/ I A

the occurrence of these two period2atmK and the disap- /
pearance of one of them at higher temperatures-ats /2.

W

FIG. 1: A double point-contact interferometer. Edge quasiples

I11. INTERPRETATIONS tunnel at two point-contacts with amplitudesandi., respectively.
The interferometry area is changed by applying a voltigeo a
plunger gateP that depletes the 2DEG beneath it. Quantum inter-
ference between the two paths manifests an observabletwigrat
the Aharonov-Bohm effect and the braiding statistics (& ¢uge

At first glance, these experimental results appear to be draasiparticle with the bulk quasiparticles in the centnéiferome-
matically consistent with the predicted behavior of the-pro try region) in the oscillation patterns of the tunnelingremt when
posed non-Abelianv = 5/2 FQH states, particularly with the areais changed.
that of the MR Pf, and SU2), NAF states, all of which have

A. Non-Abelian Interference
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the current of edge quasiparticles around the #6opience, These two sources adhA = 2d,/B oscillations were
depending on the bulk quasiparticles entering or exitirgy th not discussed in Refs, 81|32 because it was assumed neither
interferometry loop, the collective state of quasipaeticin-  would have significant contributions to the tunneling caotre
side the interferometer may be randomized betwegnr= 0 For the double pass interferencesgfl quasiparticles, this ap-
and1 whenn, is changed to an even value. (This is the samepears to be a valid assumption, since higher-order turmelin
randomization that gives rise to a non-Abelian signatuthén processes are suppressed in the weak-backscatteringeregim
switching noisé?®.) On the other hand, for interference ©f2 quasiparticles this
There are two sources that could potentially contribute taassumption was based on such quasiparticles having less rel
AA = 29,/B oscillations in the non-Abeliamw = 5/2  evanttunneling operators than thél quasiparticles. We will
states. The first is tunneling of the Abeliayi2 edge quasi- see in the following that there are several ways in which this
particle*45 which to lowest order gives the interference cur- line of reasoning can break down and permit ¢feé quasi-

reng® particles to have a contribution to the tunneling currewilos
lations that is comparable to that of thél quasiparticles.
(¢/2) . ¢ ngm e )
115 o cos (QWE — T) . (2) Combining these results, we see that tunneling of both non-
0

Abeliane/4 quasiparticles and Abeliaty2 quasiparticles at
The second possibility comes from higher-order tunnelingh€ point contacts of the interferometer would produce a-com
processes where the interference path encircles theanterf Rined backscattered current with regions of type I, eximit

ometry area twice. The resulting double pass interferenc@ SUM of bothAA = 4®,/B and AA = 2®,/B oscilla-
term in the current coming fromnd order tunneling of/4  tions, whem, is even, and regions of type Il, exhibiting only

edge quasiparticles¥s AA = 29,/B oscillations, whem, is odd. We also note
that the bulk-edge coupling that occurs as a byl quasi-
cos (om -2 _ M) for n.. even particle approaches the edge gives the regions near toanssit
1y 2@ 2 ¢ , (3) between type | and Il oscillations the most potential for ex-
cos (2myp- — T + %) for n, odd hibiting non-linear and/or noisy behavior.

o In order for interference to be observed, it is necessarty tha
where the+ corresponds to the MR state and theo thePf  the current-carrying excitations remain phase coherergnE
and SU2), states. Of course, thignd order contribution to  if we neglect (irrelevant) interactions between the edgdesp
the tunneling current will typically have much smaller aimpl coupling to localized excitations in the bulk, and phonons,
tude, since it both incurs an additional tunneling proligbil there will still be thermal smearing of the interferencet@art.
factor and doubles the distance over which coherence mugtonsequently, as shown in Ref] 47 (see also|Réf. 48), the am-
be maintained. For the interferometer of R&fs! 1,2, theiguasplitude of interference oscillation for double point-caaitin-
particle tunneling probability at each point contactis@pp  terferometers will be exponentially suppressed in tentpega

imately5%. This estimate is based on the relaffon and in the average lengfhbetween point contacts along each
Lo P edge, (" o« e~ T/T(L) — ¢~L/Le(T)) where the coherence
= S p (4)  lengthL4(T') and temperaturé™(L) of edge excitations are
given by

for point-contact tunneling of the half-filing edge modéds a

v = 5/2, whereP ~ P; + P; here is roughly the sum of in- 1 ge  Un -1

dividual tunneling probabilities of the two point-contacand Ly(T) = 5= (v— + U—> (5)

Raz ~ 200 Q in Refs[1.2. Furthermore, there will generally ©

be a suppression of the interference oscillation amplgulat T*(L) = 1 (& T 9_n> ' (6)

results from the loss of coherence. Roughly speaking, this 2rL \v. v,

gives a suppression fact6y ~ max(l12) /(1 + I2). The

observed oscillations iR,.,. have amplitude of approximately We can use these expressions, together with estimates of the
2 Q, indicating a coherence suppression faclar .01. Com-  charge and neutral edge mode velocities from numericat stud
bining these, the amplitude of double pass interferenci¢-osc ies of = 5/2 on a disk® (the charged and neutral scaling ex-
lations is expected to be roughlyn05 times that of the lowest  ponents;. andg,, are given in Tablgl), to estimate coherence
order oscillation amplitude. (Under the best coherencelicon lengths and temperatures for the chargé ande/2 excita-
tions, @ ~ 1, the double pass oscillation amplitude would tions in the various candidate states (the states are aléthe,

still only be roughly.05 times that of the lowest order oscil- as far as the chargg’2 quasiparticle is concerned). In Tafle
lation amplitude.) Hence, thA A = 2, /B oscillations, for  we give estimates of coherence length¥'at 25 mK and co-
which the amplitudes are of the same order of magnitude aserence temperatures for= 1 um, the approximate interfer-
that of theAA = 49,/B oscillations, should be attributed ence path length in the experiments of Refs. 1,2. We note that
almost entirely to the tunneling of/2 edge quasiparticles. the observation of only type Il oscillations at higher tempe
We emphasize that th& A = 2®, /B oscillations (from both  atures in Refd.|1],2 also excludes double pass interference o
sources) have an amplitude that is independemt,cfunlike  e/4 quasiparticles as the explanation ivd = 2, /B oscil-

the AA = 49,/ B oscillations), but pick up phase shifts when lations, whereas it fits very nicely with the'2 quasiparticle

nq changes. tunneling explanation.
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Eq. [ is replaced by a different constant dependent on this

e/4 MR | Pf/SU(2), |K=8|(3,3,1)| e/2 violation. If S, is conserved (or only weakly non-conserved),
Lyinum| 14 0.5 19 | 0.7 || 48 there will again be edge zero modes for egdand the bunch-
T*inmK| 36 13 484 | 19 | 121 ing will disappear. Thus, switching between bunching and

non-bunching regions in Coulomb blockade at 5/2 is not
. necessarily an indication of a non-Abelian state. More gen-
TABLE I: Estimated coherence lengtlis, atT = 25 mK and co-  gra|ly the switching between different bunching pattems
herence temperaturds for L = 1 pm for the (relevanty/d quasi- i mp plockade described in Refs|[31,50 for non-Abelian
particles of the candidate = 5/2 states, and the/2 Laughlin- states may similarly be mimicked by corresponding Abelian
type quasiparticle for all these states. We use the velesitynates .
ve & 5 x 10" m/s andv,, = 4 x 10* m/s from numerical studié% states (see Appe“@ for more details). o
The strongly-pairedy = 8 staté&’ always exhibits bunch-
ing, now withv,, /2v.. in Eq. [§) replaced by a constant depen-

B. Coulomb blockade dent upon the finite energy cost of having an unpaired elec-

tron. If this energy cost is small, it may not appear bunched.

In the limit that the region between the two point contacts isOn the Oth‘?r hand, if it is large enoug_h, it will be ”_‘ax'ma"y
unched withAA = 2¢/p, corresponding to tunneling elec-

a nearly isolated puddle, the Coulomb charging energy of th i
puddle dominates the behavior of the device. Due to its isolalO" PAIrs:
tion, the puddle must contain an integer number of electrons

The electron number can change when the gate voltage is in-

creased by enough to allow one additional electron into the C. Non-linear Areavs. Vs

puddle. At this point, there is a peak in the longitudinal-con

ductance (which are also peaks in the longitudinal resistan ~ The assumptions that A = cAV, with only a single value
sinceR;, < Ry) since itis only at this point (or withikgT'  of ¢ across a range of filling factors and a rangé/pivalues
of it) that the charge on the puddle can fluctuate. If the denare important for the interpretation of this experiment.eOn
sity in the puddle is fixed, then the spacing between peaks asight question their validity. However, the assumptiort tha
a function of area is naively just the additional area regplir is independent of the filling fraction for nearby filling ftaans

to allow one more electron into the puddle: is, in fact, reasonabléel; is several volts, and the oscillation
. periods are~ 10 mV which are much higher energy scales

AA = — (7) than the weak energy gaps and correlation effects assdciate
Po with thev = 5/3,7/3,5/2 quantum Hall states. Thus, the

wherepg is the charge density inside the dot. However, inOletalls of the_se quantum Hall states are probablyummpbr_ta
the case of a paired state, one would expect that it is easier nddA/dV; is probably .d_etermlned by the electric potentlgl
ﬂue to the donor impurities and the electron density, which

add an electron when the electron number is odd than whe . L .
re not varying significantly. However, when there are filled

it is even since, in the latter case, it an unpaired fermionif dau levels b th th turm Hall state of interest. th
excitation is necessarily created. So one would expect tha andau levels benea € quantum Hafl state of interest,

instead of evenly-spaced peaks, the interval between an o ges canscreenthe side-g_ate vo]tage, presumably wagkeni
peak and the next even peak would be smaller than the interv. € depend_ence of On.VS (smceA IS the area of the droplet
between an even peak and the next odd peak bedausest 0 the fractional state in the partially-filled Landau levelin
also supply the energy needed to create an unpaired fem:nion?art'cmar’ we would expechA = c;AV; atv = 1/3 but

excitation. Consequently, the peak spacing would alternat>4 = c2AVs atv = 7/3, with ¢; > cp. However, by the
betwee? same reasoning, we expect that the relationship betwken

andV; will be the same for = 5/3,7/3,5/2 (ifthev =5/3
(1 L Un > edge is two filled Landau levels with a backwards propagating

Ady =&

20 @ = 1/3 edge mode).

Furthermore, itis less clear thatl /dV; should be constant

As a result of this ‘bunching’ effect, the periodicity woudé  across an appreciable rangel@fvalues because the density
the interval between two successive even peaks, i.e. twicis not constant across the device. In fact, we expgto vary
what one might ordinarily expect. But when there is an oddinearly with total charge in the central puddle. So longres t
number of charge/4 quasiparticles in the MR dPf states, electron density is essentially fixed, apart from a small bem
the minimum energy to create a fermionic excitation is zeroof quasiparticlesy; will vary linearly with A. However, if
Thus, there is no ‘bunching’ effect in this case, and thequeri there are high-density and low-density regions, then wé wil
is not doubled. haveAA = cAV; in some regions and A = ¢/ AV; in the

In the case of thé3, 3, 1) state, bunching generically oc- others, withc # ¢’. (This could lead, for instance, to= 7/3
curs with either an even or odd number of quasiparticlesen th puddles within ther = 5/2 droplet.) This would, in turn,
puddle. However, when, is odd, the bunching depends on lead to two different regions with different oscillationrjmsls.
the strength of the violation af, conservation (wheré, is  However, it is difficult to see why one period would be twice
the z-component of the spin or, if one contemplates a bi-layetthe other or why there would be two periods onlyat 5/2
version of this experiment, the layer pseudospin),s2v. in and notawv = 5/3,2,7/3.

20,
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One other possibility, which also depends on spatial inhosuppressed. This would require a coincidence — that thermal
mogeneity although still assuming a linedrvs V, is that  smearing ofe/4 excitations compensates for the the small-
there are regions in the sample in which tiie= 8 Abelian  ness of the ratid".,,/T'.;4. However, this could be tested
state occurs. The rest of the state is assumed to be noby decreasing the suppression by going to lower tempeature
Abelian, i.e. either the MR oPf state. Then, when&A = 8 and by increasing the suppression by increasing the separa-
region is at the edge of the system, varyligdoesn’t change tion between the point contacts. At any rate, given thyat
the area enclosed by the edge of the non-Abelian part of thescillations are observed in the type Il regions, it wouldabe
system, which would lead /4 oscillations. It does cause the problem for the non-Abelian interferometer picture if treeg
total area to vary, but this only cause& oscillations since not generically seen in the type | regions.
these oscillations can move coherently along bith= 8 However, it is worth noting in this context that the presence
Abelian and non-Abelian edges. Thus, the two regions coref chargee/2 quasiparticle tunneling is not manifest in the
respond to when the edge of the system near the side gate i8int contact experiments of Re,22. In the former, the
K = 8 region or a non-Abelian region. shot noise appears to indicate that only chargequasipar-

ticles tunnel at the point contact (although there is sufiti
scatter in the data that one might argue that there could be a

IV. CRITICAL ANALYSIS component due te/2 quasiparticle, the scatter does not seem
to be asymmetric in the direction of charges larger thahas

The data of Refd.|[l,2 are broadly consistent with the hy®n€ might have expected). In the latter experiment, theflbest

pothesis that the device is functioning as a quantum Hakedg!® the data is actually” /e = 0.17, so including any:/2 tun-
state interferometer. As the temperature is raised, the-put "€ling leads to a worse fit to the d&aThus, the appearance
tive ¢/4 oscillations, which are observed at 30 mK, disappeafd Strength oé/2 quasiparticle tunneling remains a mystery
while thee/2 oscillations persist even at 150 mK. This was !N Several different experiments. . .
anticipated in Ref._49, where it was noted that the coherence A conventional Coulomb blockade picture seems inappro-
length will be substantially longer far/2 quasiparticles than Priate sincel;, < .1l indicates that the system is in the
for ¢/4 quasiparticles since the former do not involve the slowWeak back-scattering limit. Itis also unlikely that Coulom
neutral edge modes. Thus, any of the propased5/2 states blockade could lead to two dllstlngwshable penods sinoe, f
(apart from the strong-pairing state) would be broadly ns vn/2v. small (as we expect it to be), the bunching will be
tent with thee /4 oscillations seen in Refs[1,2. However, theredifficult to resolve. Numerical calculations of the edgeoel
is no simple explanation of their absence in the type |l regio ities*® give v, =~ 0.1v,, confirming this expectation. On the
in the (3, 3, 1) state, while the MRPY, and SU(2) states all ~ other hand, we note that Coulomb blockade is capable of pro-
provide a simple explanation, as described in the previeas s ducing peaks that alternate betweendi¢ande,/2 periodic-
tion. ities, with noe/2 background in the /4 region. Thus, if the
Perhaps the most serious challenge to the non-Abelian ifWo Prior points against it were somehow incorrect, Coulomb
terferometer hypothesis is that2 oscillations should always Plockade could provide a consistent explanation of the-peri
be present whilez/4 oscillations should only be observed ©dicity issue.
when the quasiparticle number contained within the interfe  Furthermore, Coulomb blockade could be easily ruled out
ometry region is even. In particular/2 oscillations should by measuring its temperature dependence and its dependence
be present in the/4 regions. This appears to be the case inOn asymmetry between the tunneling amplitudes at the two
Fig. 2a and, perhaps to some extent, 2c but definitely not iffoint contacts. In particular, the Coulomb blockade peak
Fig. 2b of Ref[2. It is possible to generate some accidentavidths are expected to scale linearly with temperature
destructive interference between the oscillations dueite t However, a more general view of Coulomb blockade has
neling ofe/2 quasiparticles given in Ed2Jand that of double emerged (see, also Ref._41), according to which Coulomb
pass interference af/4 quasiparticles given in Eq3), since  blockade (CB) can be distinguished from Aharonov-Bohm
the relative phase of these terms is not fixed. This couldtresu(AB) interference byinter alia the dependence AV on
in the appearance and disappearance of type Il oscillationd (it should be inversely proportional for AB and indepen-
however, as previously mentioned, the amplitude of oscilladent for CB). This more general view of Coulomb blockade
tions in Eq. @) are so strongly suppressed in the experimentés probably better described as ‘Coulomb dominated’ since
of Refsl]lﬂz that it could not explain such behavior there. it corresponds to a regime in which the charging energy of
As we describe in Appendig] a simple model of quasipar- the puddle between the point contacts is the delnant en-
ticle tunneling predicts that the amplitude fof4 quasipar-  €rgy scale. It doesot rule out a simple interpretation of the
ticle backscatteringl. /4, is much larger than the amplitude Packscattered current according to E.
for ¢/2 quasiparticle backscattering, .. However, the am- At any rate, by this criterion as well, the data appears to be
plitude fore/2 oscillations in the type Il regions is comparable more consistent with AB interference sin@&V;)s /385 /3 ~
the amplitude for/4 oscillations in the type | regions. Itmay (AVs)7/3B7/3 = 3+ (AVs)2 Ba. However, itis worth keeping
be that]Fe/Q‘ is ‘accidentally’ large, e.g. due to the presencein mind that we do not know precisely how the area of the
of a resonant/2 quasiparticle in the point contact. Alter- dropletchanges with; or with B; knowing this would enable
natively, as a result of the shorter coherence lengthefdr  Us to cement an interpretation of the experiment.
excitations, the corresponding oscillations are morengiiso Similarly, the possibility that the existence of two peliwd



ities signals different regions with different electromdities

and, therefore, two different possible relatiaigl = cAV, v=2 e |nA?| ¢ ge | gn | g
andAA = ¢ AV, could be ruled in or out through a more MR: e/4| yes | e™/* |1/8[1/8]1/4
detailed knowledge of the electron density in the sample. e/2| no | e"™/% |1/2] 0 |1/2
Pf: e/4| yes e /4 |1/8(3/8|1/2
V. ADDITIONAL PROPOSALSAND NON-TRIVIAL ¢/2] no ez.rr/Z 1/2] 0 J1/2
CHECKS SU(2),: e/4| yes | ™/ |1/8|3/8|1/2

e/2| no | &7/ [1/2| 0 |1/2

As beautiful as the non-Abelian anyon explanation of the K=8: |e/4| no | e™/® |1/8] 0 |1/8
results of Ref./1]2 may be, itis clear from the precedingynal e/2| no | ™% |1/2| 0 |1/2
sis that there are some significant gaps which need to beclose (3,3,1): |e/4| no |e®™/®|1/8|1/4|3/8
through further measurements. e/2| no | ™2 [1/2| 0 |1/2

Ifitis, indeed, the case thdi, is due to the weak backscat-
tering ofe/4 quasiparticles at the constrictions, then both the o o
non-oscillatory and oscillatory parts of the current siddve TABLE II: Relevant quasmqrtlcle excitations of model FQtdtes at
non-trivial temperature and voltage dependences. Moglelin? = 5/2. Here we list their values of charge; whether they are
the edge in the simplest way (i.e. fully equilibrated nelutra non-Abelian; their topological twist factdt; and their charge and

. . W . neutral scaling exponenigs, g», andg. The MR,Pf, and SU2)-
modes and no edge reconstruction) using the “natural” CONgAE states are non-Abelian, while the K=8 (strong pairing}i a

formal fielc_i theory inh_erited from the_bulk, one can perform a(3,3,1) states are Abelian. All of these have Abeligt Laughlin-
more detailed analysis of the tunneling edge cuf@ft!®>? e quasiparticles.

along the lines of that carried out in Refs|[28,53 for Abelian
states.

The non-oscillatory part of the backscattered current — thgne same voltage dependence as the non-oscillatory current
sum of th_e contributions from each point contact indepeng, larger voltages, it becomes apparent that there arisosci
dently —will behave as the power laws: tions with a periodv 47v,, / L, but these are much larger volt-

T2y § A ages than are probed in the experiments of Réfs. 1,2 We note

Ilgqp) ~ orsmalleV < kp ’ (9) that these oscillations can be turned around and inteprete

Vv29-t forsmalleV > kT as oscillations as a function df, which changes when the

) ) o interferometry area is changed (i.e. when the side gate volt
whereg = g.+g, IS the tunneling exponent combining charge 446 is changed). However, these oscillations have pefipdic
and neutral (Abelian and non-Abelian) sectors of the quaslary, /e*V, wherev represents several characteristic velocities,
particles’ tunneling operator [see EJEJ) and forthe  \which are all dominated by the slowest edge mode velocity
definitions]. The tunneling operator is relevant fpr< 1, (which is expected to be,). SinceV ~ 10~% V, these will

and quasiparticles with smallgrare more relevant, and are o)y give rise to envelopes with periods much longer thah tha
thus expected to dominate the tunneling current in the weaks ihe oscillations observed in the experiment.

backscattering limit.

From Tabldlll] we see that the/4 backscattering opera-
tor is a relevant perturbation of the edge effective theory f
all of the candidate states. Thus, the effective tunnelng a
plitude(s) will decrease as the temperature is raised; &2,
T-5/4, orT~'inthe MR,(3, 3, 1), andPf states, respectively.
Chargee/2 backscattering is also relevant in all of the candi
date states. Becausg¢2 excitations havgy = 1/2 and are
entirely in the charge sector, their lowest order, singlepo
contact tunneling current contribution is the same in athef
candidate states and can be given explicitly as

The temperature dependence of the oscillatory current in-
cludes a power-law prefactor of the form in HE) in addition
to the exponential suppression?/? (L) = ¢=L/Ls(T) which
we discussed earlier. Thus, the relative suppression ef/the
contribution, compared to the/2 contribution, must be due
entirely to the shorter coherence length inBiease but could

“be due to a combination of effects in the MR(6r 3, 1) case.

To make the case for interference stronger, it would be help-
ful to disentangle the effects of the temperature deperelehc
the coherence length from the temperature dependence of the
effective tunneling amplitude. One way to do this would be

e 9 2 eV to carefully study the bias voltage dependence of the cturren
3 T /o] - tanh ( ) (10)  backscattered by the interferometer of REf. 2 at some figed

¢ in the low-T" limit. If the behavior is similar to that observed
Thus, in the linear response regime, the effective tungelinin Ref.[22 (and, especially, if it is the behavior expected fo
amplitude fore/2 backscattering decreases@s!. For the one of the possible = 5/2 states), then this is a strong in-
MR and Abelian states, chargg4 backscattering is more rel- dication thatR,, is due to the weak backscattering of charge
evantthan charge/2 backscattering, so it is expected to dom- e /4 quasiparticles. Another useful way to do this would be to
inate at lower temperatures. For tReand SU2), NAF, e/4  turn on the point-contacts one at a time and study their tunne
ande/2 backscattering are equally relevant (with= 1/2). ing behavior individually. This would help determine which

Turning now to the oscillatory current, we note that for state occurs in the point-contact region; it is importaat ih

eV <« v, /2L, where2L is the interference path length, it has is at the same filling fraction as the rest of the bulk. Further
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more, it would allow one to determine the relative tunnelingfirst plunger exhibits type Il oscillations, this would demo
amplitudes ot /4 ande/2 quasiparticles and confirm that the strate that a particular oscillation type is not associatét
experiment is not in the CB regime. that particular voltage range of the first plunger, but rathe
It is important to verify that the oscillation periodiciide-  that an ability to change between oscillation types is @ssoc
have as expected. In addition to confirming the dominancé@ted with a localized quantity in the area added or removed
of AA = 4®,/B and AA = 2®,/B oscillations in the by the second plunger. This would greatly strengthen the evi
Fourier spectrum, one should examine the spectrum in théence for non-Abelian braiding statistics.
different regions more carefully. Specifically, by usingwi  We note, as a consistency check on the data of[Ref. 2 that
dowing techniques in the Fourier analysis of the data, on@ne can use the area periodicity of the AB oscillations to
should check that the type | regions have bAtH = 4®,/B estimate the density of bulk/4 quasiparticles from the ob-
andAA = 2®,/B oscillations, that the type Il regions have served switching between type | and Il regions topbg, ~
only AA = 2®,/B oscillations, and that the amplitude of 50 um~2. This translates te- 10 chargec/4 quasiparticles
AA = 2d,/B oscillations are roughly the same in the type | in the interference loop. There could alsod@ quasiparti-
and Il regions. Itis also useful to know the relative ostitlas ~ cles in the bulk that enter or exit the interference loop when
amplitudes of the two frequencies in the type | regions. the area is changed (or pairs @f4 quasiparticles that enter
Once this is done, it is still important to establish that theor exit nearly simultaneously). Since these would not switc
periodicities withV;, thereby obtained correspond directly to the oscillations between type | and II, but do cause changes
periodicities withA. One way to attempt to do this would be in the phase of oscillations, we could attribute (though- per
to vary bothV, and B at v = 2 and to use the periodicity haps less reliably) phase disruptions observed within ype t
in B to determine the area for several different value¥of  region to are/2 quasiparticle crossing the interferometry re-
One could, in this way, check that the assumed constant ~ gion. Using this to similarly estimate the density of bajk
AA = cAV, is really constant. Such a measurement wouldjuasiparticles givep.,» ~ 50 um~2, or roughly the same
also determine whether the oscillation pattern correspemd number as charge/4 quasiparticles in the interference loop.
AB interference or Coulomb blockade, as in 37. OneDepending on how seriously one takes the contribution,
could also check that the oscillations are due to AB interferthis gives approximatel§.5 — 1.5% depletion of the electron
ence by turning down or off one of the point contacts (and therflensity in the bulk, which is the reported density variation
the other) and repeating the experiment, which should caugbe devicé?. With a scanning SET setup, it may be possi-
the oscillations to disappear. This will further excludeae ble to find the~ 10 chargee/4 quasiparticles that are nec-
nances at a single point contact as the source of oscillatioressary for the non-Abelian interferometer interpretatod
and will give a better value of the tunneling amplitude for aobserve them entering or exiting the interference loop al-oc
single point contact. ized e/2 quasiparticles or, equivalently, closely-spaced pairs
A more ambitious approach to measuring the area withirPf ¢/4 quasiparticles should also be observable.
the interference loop, which could simultaneously tackle
the even more fundamental problem of determining directly

whether thee/4 and e/2 regions correspond to even/odd VI. DISCUSSION
guasiparticle numbers, would be to image the 2DEG in the in-
terferometer using a scanning single electron transiSeny, A double point-contact interferometer may also be used to

as in Ref[ 54. In this earlier experiment, a scanning SET wasgest whether the quantum Hall statesrat 7/3, 12/5, 8/3,
used to image the compressibility of the electron liquid atand 14/5 are non-Abelian. These filling fractions all have
v =1,1/3,2/3. By measuring the compressibility, it should compelling Abelian alternatives which almost certainly oc
be possible to determine where the edge of the Hall fluid is ircur at their corresponding lowest Landau level countespart
the droplet and, hence, the area of the interferometry regio While numerical studies strongly supportthe MR @&idtates

Fermi energy where/4 quasiparticles could be trapped. By gate) Laughlin state at = 14/5384 they are far less conclu-
imaging the charge/4 quasiparticles, one might even be able sive forv = 7/3, 12/5, ands /36465:65.67 where several candi-
to see these localized quasiparticles enter or leave tee int dates seem plausible, including ones that are non-Abdlian.
ference loop a¥’; is varied, and hence allow the most direct is clearly important to also test these FQH states experimen
verification of the non-Abelian interferometer interpteta. tally, so we discuss the signatures of plausible candidates
A more crude, but also more easily implementable way toAppendiXAl The signatures of non-Abelian statistics in these
further strengthen the correlation between which oswmilat states will again be dramatic, though not quite as much as for
type is observed and the localization of excitations in thikb the MR,Pf, or SU2)» NAF states.
is to independently vary two or more plunger gates of the in- We close this discussion by assuming, for a moment, that
terferometer. By refining the ability to control how the inte the experiments of Refd./[1,2 are, in fact, performing inter-
ferometry area is changed beyond a single plunger variabléerometry on thev = 5/2 state of the sort envisioned in
the changes between oscillation types can be more strongRefs[28,29,30,31,82 and are detecting non-Abelian qagsip
associated with a particular area. If a region of one pluager ticles. What forecast would these results give for topalabi
gate voltage exhibits type | oscillations, but then, afterng-  quantum computatid181%2% Certainly, it would be encour-
ing a separate plunger’s position, the same voltage rarthein aging that a non-Abelian topological state, giee qua non
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for topological quantum computing, would be found. One po-combine to give the lowest order interference contributmn
tential source of concern is the appearance of some segminghe tunneling current (in the asymptotic limit where theesta
unpredictable phases slips, which would make it difficult toof the bulk quasiparticles is projected onto a definite value
distinguish the two states of a topological qubit, whicHeatif  b)

by a7 phase shift in their interference patterns. If, however, s

further investigation shows that they arephase slips, then 1{3” o Re{e’%m My F(T,V, L)} . (A2)
they may be attributable to pairs@f4 quasiparticles entering

the loop at nearly the same time. Finally, the apparentlistabilf either a or b is an Abelian chargel/,; is simply a phase.
ity of thee/4 ande/2 regions implies that thermally-activated More generally, whem andb are both non-Abelian charges,
chargee/4 quasiparticles do not move in and out of the inter- M, is a complex number with\/,;,| < 1. This leads to the
ferometry region over the time scales of this experiment. Inpotential for a suppression of the interference term [B@))
deed, these regions are stable on a time scale of a week, whichsulting from non-Abelian braiding statistics, similarthe

would imply a topological qubit error rafe/A < 10~15. non-Abelianv = 5/2 states.
“With luck, we might see a topological qubit within ayear.”  For the non-Abelian FQH states considered here, the braid-
— attributed to Kirill Shtengel, January 9, 289 ing statistics are essentially given by the (34 theorieg?,

up to Abelian phase factors. These theories have topologica
chargeg =0,1/2,1,...,k/2and

sin ((2.7'1+1)(2j2+1)7r) sin (L)
k+2 k+2
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APPENDIX A: OTHER SECOND LANDAU LEVEL STATES 1 1 1 1
- | M@ = |1 e (A5)
In this section, we consider the other observed FQH states 1 —¢p2 —¢p2 1|’
in the second Landau [e$8® ie. v = 7/3, 12/5, 8/3, 1 -1 1 1

and14/5. We provide the data of their prominent candidate
descriptions that will be useful for interpreting tunneliand  \yheres — 15 is the Golden ratio, and
interference experiments, similar to earlier in this paper 2

As described earlier, the interference term of the tungelin

current combines: (1) the AB effect, (2) the braiding stetss 1 i (1) i _1

with encircled quasiparticles, and (3) the edge physice Th @) V3 V3

AB effect simply contributes a phagé ®//c = ¢i2me”®/c®o M%7 =110 4% 0 1]. (A6)
when the quasiparticle of chargé encircles flux®. The 1 :/—% 0 \/Lg -1

physics describing propagation of excitations on the edge 1211 -1 1

gives rise to a temperature, bias voltage, and interfergatte

length dependence of the tunneling edge cuﬁ@éﬁﬁ—?’ththe The braiding statistics of the MR, and SU2), NAF

denote ast' (T',V, L). The details of this edge physics can ,, — 5/ states are all derived from $2),. The non-Abelian

generally be complicated, but the most sig_nifi(_:ant_ aspect iguasiparticles in these states carry(3)d chargel /2. It fol-

the coherence length and temperature, which is given as bgyys that an odd number cluster of such quasiparticles will

fore in Eqs.[B6), with the appropriate scaling exponents for giso carry a collective S(2), charge of1 /2, while an even

excitations of a given state (which are given in the tables). numper cluster will carry eithed or 1. Thus, looking at the
For the lowest order tunneling interference process, the; — 1/2) middle column of Eq.[&4), we see exactly the

M,y — SabSoo7 (A1)
S0aSob 1. v=7/3

where S,;, is the topologicalS-matrix, anda andb are the
topological charges of the tunneling edge excitation ard th For ther = 7/3 FQH plateau, the leading candidates are
encircled bulk quasiparticle excitations, respectivelyiese  the Laughlin (L) stat&, two types of Bonderson-Slingerland



v=1=|¢e |n-A? 0 ge | gn g v=21 ¢ |nA? 4 ge | gn g
Liz: |e/3| no | & |1/3] 0| 1/3 HHs/s: [ e/5 | no | e®™/% | 1/5|2/5 | 3/5
BS,/3: |e/3| yes |e """/ | 1/3 |5/8|23/24 2¢/5| no | €2/° | 2/5| 0 | 2/5
e/3| no | e [ 1/3]| 0| 1/3 BS,s: | e/5 | yes| €™/ |1/10| 1/8 | 9/40
BS!5: |e/3| yes | e®™/* | 1/3 |3/8|17/24 e/5 | no | e 2%/5 |1/10] 1/2 | 3/5
e/3 no | ™% |1/3] 0| 1/3 2/5| no | €5 |2/5] 0 | 2/5
RRe_s: |¢/6] yes | e /0 |1/12|1/4] 1/3 BSys: | /5 | yes|e /4|1 10| 3/8 [19/40
e/3| no | e |1/3| 0| 1/3 e/5| no | e 7% 11/10| 1/2 | 3/5

e/2| yes| e/ | 3/4 |1/4] 1 2/5| no | €?™° [2/5] 0 | 2/5
RRy—3:| ¢/5 | yes| e "™/® |1/10|3/10| 2/5

TABLE III: Relevant quasiparticle excitations of model F@thtes 2¢/5] no en/? 2/5] 0 2/5

atv = 7/3. Here we list their values of char@é; whether they are
non-Abelian; their topological twist factdr, and their charge and 1A E |v: Relevant quasiparticle excitations of model FQtates
neutral scaling exponents, g», andg. TheBS, BS’, andRRi—s 4, _ 12/5. Here we list their values of chargé; whether they are

Ztgt?s aregﬁn-Atr)]?Iiatn, while the Lft;;\te is lﬁbtel_iafpb' A2”hﬁ3,‘t9 t;ave non-Abelian; their topological twist factat, and their charge and
eliane/3 Laughlin-type quasiparticles. (Note: Th¢? excitation neutral scaling exponents, g., andg. The BS,BS’, andRR._3

for RR is marginal, but we include it for the sake of representieg states are non-Abelian, while the HH state is Abelian. Altlafse

possibility ofe/2 charge.) have Abeliar2e/5 Laughlin-type quasiparticles; all of these except
RR have a relevant Abeliaty 5 quasiparticle.

(BS) state®, and a4-clustered Read-Rezayi (RR) ste
(The bar indicates particle-hole conjugation.) The BSestat 2¢/5 excitation with scaling exponent = 2/5, so there

considered here are hierarchically constructed over the MRpq,iq always be a background of such excitations in tunnel-
and Pf states, so have similar non-Abelian statistics derived

— .
from Eq. [&4) using the fact that the non-Abelian quasipar-'""9- The HHb /5, BS; /5, andBS, ; states all have an Abelian
ticles carry SU2), chargel /2. The RR,_, state is related ¢/5 €xcitation withg = 3/5, so there should be a weaker
to SU(2),, and so has more complicated non-Abelian Statis_baclgground of these excitation in the tunneling. The sm_alle
tics, derived from EqI&B). Its fundamentat/6 quasiparti-  SCaling exponent for the By state belongs to non-Abelian
cles carry SW2), chargel /2. e/5 excitation, which is therefore expected to dominate the

We see in Tabl@ that all of these states have af8 ex-  tunneling in this state. ThBSlf/5 state has a non-Abelian'5
citation with smallest scaling exponept= 1/3, and so one €xcitation which has slightly less relevant tunneling aper
expects these to dominate the tunneling. RiRy_, state also  than the2e/5 excitation. TheRR,—3 state has a non-Abelian
hase/6 excitations withy = 1/3, which should give a compa- ¢/5 excitation with the same scaling exponent 2/5 as the
rable contribution to the tunneling current. The experitaen 2¢/5 excitation, so they should have roughly equal contribu-
of Ref.[21, which observes only/3 tunneling, appear to ex- tion to tunneling.
clude theRR;—, state, and agree with the |5, BS; 3, and In interferometry experiments, the BS, B_S;b/5, and

lef/g states. In fact, since the relevant excitations of thes®R,_; states will all exhibite/5 oscillations that will some-
three states all have/3, and furthermore, the most relevant times be suppressed. However, there are important distinc-
tunnelers are all Abelian, it will likely be difficult to dist-  tions within this behavior that can distinguish betweemihe
guish between |3, @/3, and 33”/3 using tunneling and In particular, the BS states will exhibit an even-odd effect
interferometry experiments. Thermal transport experimen Similar to Eq. [[), always returning to suppression fag,

are probably the best hope of distinguishing between these. ©dd, whereny, is the number of non-Abeliagy 5 fundamen-
tal quasiparticles. On the other hand, the RR state can ex-

hibit both suppression and full amplitude oscillations &ir

values ofrn,, and it has a probability of switching between

them when a given quasiparticle is taken in and out of the in-

terferometry region. Furthermore, when the oscillatiores a
For ther = 12/5 FQH plateau, the leading candidates suppressed for the BS state, the smaller amplity@eoscil-

are the Haldane-Halperin (HH) st&t€> two types of BS lations will be due to tunneling of the Abelianf5 excitations

state€®, and a3-clustered RR stafe. These BS states again (which will always be present), because the non-Abelian ex-

have non-Abelian statistics derived from E@4)) using the citation will have fully suppressed interference. The tieta

fact that the non-Abelian quasiparticles carry(8)4 charge  contribution to the tunneling of these excitations is nokadi

1/2. The RR.—3 state is related to SU)s, and so has non- amount, and will change dependent on temperature and volt-

Abelian statistics derived from EJAB). Its fundamentat/5 age (i.e. they have different scaling). In contrast to tthis,

quasiparticles carry SQ); chargel /2. suppression that would be observed in the RR state is due en-
We see in TablV]that all of these states have an Abelian tirely to the braiding statistics of the non-Abeliayb excita-

2. v=12/5



V:% e* | n-A? 0 ge | gn g
izt | e/3| no | e ™/3 | 1/3 [1/3] 2/3
2¢/3| no | e?™/% | 2/3| 0 | 2/3
BSys: | e/3 | yes| /2 | 1/6 |1/8| 7/24
e/3 | no | /3 | 1/31/3| 2/3
2¢/3| no | €27/3 | 2/31 0 | 2/3
BS,s: | e/3 | yes|e /24| 1/6 |3/8]13/24
e/3 | no | /3 | 1/6 |1/2| 2/3
2¢/3| no | €27/3 | 2/31 0 | 2/3
RRu—4:| /6 | yes| e™/® [1/24(1/8| 1/6
e/3 | yes| /3 | 1/6 |1/6] 1/3
e/2 | yes| ™% |3/8|1/8| 1/2
2¢/3| no | €27/3 | 2/31 0| 2/3

TABLE V: Relevant quasiparticle excitations of model FQHitst at

v = 8/3. Here we list their values of chargé; whether they are
non-Abelian; their topological twist factdt; and their charge and
neutral scaling exponenis, g., andg. The BS,B_S”’, and RR._4
states are non-Abelian, while thestate is Abelian. All of these
have Abeliar2e/3 Laughlin-type quasiparticles; all of these except
RR have a relevant Abeliaty 3 quasiparticle.

tion, and the suppressed oscillation amplitude shouldydwa
be a constant factor @f 2 ~ 0.38 smaller than the full oscil-
lation amplitude.

3. v=2_8/3

The candidates for = 8/3 FQH plateau are, of course,
similar to thev = 7/3 candidates, since the filling fractions
are particle-hole dual. We stress, however, that the palgic
observed states at these filling fractions need not be feartic
hole dual to each other, since physical effects, such as La
dau level mixing, will tend to break particle-hole symme-

10

1/:1—54 e’ | n-A? 0 ge | gn g
Lis: | e/5| no | e /5 |1/20]1/4]| 3/10
3e/5| no | e™/® |9/20|1/4| 7/10
4e/5| no | ¥ /5 | 4/5 | 0 | 4/5
BSis: | /5 | no | e*™/° 11/20|3/4| 4/5
2¢/5| yes |e3/40 | 1/5 [1/813/40
4e/5| no | e*™/5 | 4/5 | 0 | 4/5

TABLE VI: Relevant quasiparticle excitations of model FQtdtes
atv = 14/5. Here we list their values of chargé; whether they
are non-Abelian; their topological twist factér and their charge
and neutral scaling exponengs, g», andg. The BS state is non-
Abelian, while thel state is Abelian. Both of these have Abelian
4e/5 Laughlin-type quasiparticles.

thus dominate tunneling. There are additional relevant tun
nelers for RR—, that are non-Abelian with different statistics
than the fundamental quasiparticle, namely ¢i8 ande/2
excitations which carry S(2), chargesl and3/2, respec-
tively. The experiments of Ref. 21, which observes anlg
tunneling, appear to exclude the RR state and best agree

with the BS, /3 andB_Slf/3 states.

4. v=14/5

Thev = 14/5 FQH plateau is most likely the standard
(particle-hole conjugate) Laughlin stéebut we include this
filling fraction for completeness, and list a BS stdtas an
(unlikely) alternative candidate. This BS state again l@as n
Abelian statistics derived from EJA#) using the fact that the
non-Abelian quasiparticles carry $2J, chargel /2.

We see in Tabl®&T] that both of these states have Abelian
e/b and4e/5 excitations with relevant scaling exponents, so

Yhere should always be a background of such excitations in

tunneling. Thee/5 excitation is the most relevant tunneler

try at these fillings. The leading candidates are the Laugh],Or thefl/5 state. For the B state, the non-Abeliaz/5

lin state?, two types of BS statéd and a4-clustered RR
staté®. These BS states again have non-Abelian statistics d
rived from Eq.[A4) using the fact that the non-Abelian quasi-
particles carry S(2), chargel/2. The RR.—, state again
is related to S\(2)4, with non-Abelian statistics derived from
Eqg. (A6) and fundamental/6 quasiparticles carrying S@),
chargel /2.

We see in Tabl®/] that all of these states have an Abelian
2e¢/3 excitation with scaling exponent = 2/3, so there

should always be a background of such excitations in tun-

neling. TheL,;, BS,/3, andB_Slf/3 states all have an/3

excitation also withg = 2/3, so these two excitations are
expected to have roughly equal contribution to the tunigelin
in these theories. However, the smallest scaling expoment f

the BS 3 andB_Slf 5 States belong to non-Abeliaii3 excita-
tions, which are therefore expected to dominate the tungeli
in these states. The smallest scaling exponent for the-RR
state belongs to the non-Abeliaf6 excitation, which should

e_

excitation has the most relevant tunneling.

We also mention that a BS type hierarchy could be built
over the SU2)» NAF state to produce candidates for all the
filling fractions listed abov&. The relevant data could be read
off the above tables for the non-Abelian quasiparticle taxci
tions in the BS states by simply adding4 to g,, andg, and
multiplying the twist factors by7/4.

APPENDIX B: CHARGE e/4 AND ¢/2 BACKSCATTERING
MATRIX ELEMENTS

When they are small, the tunneling amplitudes, and
I'./, are the matrix elements for the transfer of charge from
one edge of a Hall device to the other. For simplicity and con-
creteness, let us suppose that the device is a Hall bar with
a single constriction. Then, the transfer of chagg&om
one edge to the other entails a momentum chafge ~
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(q/e) Ay /L3, where thex-direction is along the Hall bar. andV(z,y) is the potential due to the gates which define the
(This is seen most easily in Landau gauge, as we discuss bpeint contact.
low in the context of specific trial wavefunctions.) However  While we would need a detailed knowledgeléfz, y) and
in order to cause a momentum change’df,, the potential  of the precise shape of the Hall droplet in order to determine
due to the gates must have weight at this wavevector, i.e. the, ,, andT’, , quantitatively, we can make a few qualitative
matrix element is determined by the variation of the po#nti remarks which echo our earlier observations. First, legus i
on a length scalé\z ~ 1/Ak, ~ (e/q)(3/Ay. Hence, in noreS(Zi,...,Z,). Then, ¥y, ¥,,,, V¥, , are eigenstates
order to transfer chargefrom one edge to the other, we need of angular momentum around the cylinder with eigenvalues
the potential to vary on a length scaler satisfying M = My, My + N/2, My + N. Thus, the tunneling ma-
trix elementsl’. ,, andI',,, are controlled by (k.. y) for
Ax- Ay~ (e/q) b BL) 4, — N/2r anij ky = ]<7/7’, respectively. YI['/h(esey\zvill be
If the constriction were much smaller than this, then we doul cOmparable if the scaléz over which the potential varies
expect that the potential would have comparable weight aif? the z-direction is smaller tham/k, ~ r/N. But the dis-
the wavevector necessary for chargél transfer, Ak, ~  tance between the two edges is Ay ~ (GN/r. Hence,
Ay/4¢2, and at the larger wavevector necessary for chafge We needAz - Ay ~ (§ in order for the two tunneling ma-
transfer Ak, ~ Ay/2¢2. Otherwise, we expect the weight to {rix elements to be comparable. Otherwise, both are deter-
fall of rapidly with wavevector, and foF, /4 > T, /5. mined by the tails of the (Fourier transform of the) poten-
This can be made a little more precise by considering, fofidl and /s > T'./>. The presence of the constrictions,

the sake of concreteness, the MR Pfaffian state. We work iWhichis reflected irb(Z, . . ., Z,) means that the wavefunc-
Landau gauge on a cylind&r tions are no longer angular momentum eigenstates. Instead,

¥, has non-zero amplitude for a range of angular momenta
1 H (Zi— 7,)? i Mo < M < My+m while ¥, /4 has non-zero amplitude for
Zi — Z; ¢ J arangeMy + N/2 < M < My + N/2 + m, and similarly
(B2) for ¥, /5. Here,m is determined by5(Z1, .. ., Z,,); the min-
where Z; = ei@it)/7 4 andy, are the coordinates imum distance between the two edges at the constriction is

around and along the cylinder, respectively, anid the ra- 2¢ ~ (N — m)/r. Thus, the tunneling matrix elements
dius of the cylinder. S(Zi, ..., Z,) is a symmetric poly- Le/4 @ndlc/; are controlled byk, = (N — 2m)/2r and
nomial which deforms the shape of the Hall droplet from alie = (N — m.)/r' Hence, we obtain the same requirement as
rotationally-symmetric band around the cylinder to onenwit 2°0Ve, but withAy now understood as the distance between
a constriction. For instance, we could tak&Z, ..., Z,) = the two edges at their point of closest approach.

IL; (Zi — &1)" (Z; — &)" where¢; and(, are pointsoutside

the droplet with the same-coordinate. The precise form of

S(Zi,...,Z,) is notimportant at the present level of discus- APPENDIX C: COULOMB BLOCKADE FOR GENERAL

sion, but we will assume that it is a polynomial of degtee FQH STATES

which is less thag N.. Then, the wavefunction

\110:S(Zl,...,Zn)Pf<

i>j

Coulomb blockade occurs when a puddle of the Hall fluid
Zi+ Z; « is almost completely pinched-off so that it is isolated fritma
Zi — Z; rest of the Hall fluid, with only the possibility of electrons-
N2 2282 neling between this puddle and the other regions of Hall fluid
H (Zi = Zj)" e /" (B3) Electron tunneling is resonant when the energies are degene
27 ate for two different values a¥V,, the number of electrons in
has charge/4 transferred from one edge to the other, while the pinched-off puddle.
As we mentioned earlier, several autié¢s:’" have em-
Uyjo=S(Z1,..., Zn) HZi % phasized that a device can be ‘Coulomb-dominated’ even

\111/4 == S(Zl,,Zn) Pf(

when it is not strictly-speaking in the Coulomb blockade
1 regime, meaning that the Coulomb energy of the puddle can
g ( ) H (Zi - Zj)2 eivi /205 (B4)  be the dominant energy even when the puddle is far from be-

Zi = Zj i>j ing pinched off from the rest of the Hall fluid. In the Coulomb-
dominated regime, the number of electrons in the puddle is

has charge/2 transferred from one edge to the other. determined by the condition that they exactly neutralize th
The tunneling matrix elements, , andI'./, for charge-  positively charged background. As the side-gate voltage is
e/4 ande/2 quasiparticles, respectively, are varied (or a back-gate voltage), the charge of the neutraliz

ing background varies. The relationship between the twe (th
‘lever arm&.7%) is not expected to depend on the magnetic
field, so the period in side-gate voltage is expected to be-ind

pendent of the field in this regime (unlike what is observed in

V= /d:c dyV(w,5) 6 (= - =) 86) the experiments of Refs[1,2).
- In this appendix, however, we focus on the Coulomb block-

Teja = (U1a|V|Wo), Topp={(T1,|V|¥) (B5)

where
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ade regime of a nearly pinched-off puddle — which, as we havaritten somewhat more transparently as
argued, is not likely to govern the experiments of Refs. 1,2.

The bulk of the pinched-off puddle will have some definite to- B = v (Nq L5— N¢) 2 (c4)
tal collective topological charge determined byV, together “ 2\ ¢

with the bulk quasiparticle excitations in the puddle. Iéth N — Ne i Za('C) (C5)
bulk quasiparticles are all Abelian, then this uniquelycsfies ¢ v — ]

a,i.e.a = Nea X Hj a; wherej indexes the bulk quasipar- BA !

ticles (whereu, is the topological charge of an electron and Ny = ——, (C6)
a; the topological charge of thé" bulk quasiparticle). When Do

the bulk quasiparticles are non-Abelian, there can be pialti
fusion channels, and so we writec N.a. x []. a; to indi-
cate thata is one of the allowed fusion channels of the elec-electrons (which have” = 1/v flux per electron) and bulk
trons plus quasiparticles. The entire puddle must have trivquasiparticles (thg'" quasiparticle having<c) fluxes), S is

ial total topological chargé, so, to compensate for the bulk a finite shift, andV, is the actual number of magnetic fluxes
topological charge, the edge of the puddle carries the conju-through the puddle. In this form, the energy is seen to be
gate topological charge This topological charge determines due to the discrepancy between the actual number of fluxes
which sectors of edge excitations are allowed to occur, anghrough the puddle and the flux quantization condition. From
hence the energy spectrum of the edge excitations. Thus, theis, we can see that without the inclusion of neutral modes
pattern of tunneling resonance peaks is determined gnlivel  the spacing between resonance peaks would simply Ae=

the ground-state energy (N., B, 4, a;,a) of the puddI€®,  ¢/p,, the area that a single electron occupies.

which depends on the number of electravisin the puddle, The charge sector CFT scaling dimension of an excitation
the background magnetic field, the puddle areal, and the  with electric charge* is given by

collective topological charge of the bulk.
The edge of a quantum Hall fluid can be described using b v { (C)r 1 <e*>2
ale) = 5 @

WhereNg is the quantized number of fluxes ascribed to the

CFT. For a pure CFT on a circle of length the energy of a o, \ o (C7)

2v
m*" level descendent of the primary fiejdis 2”7” (hy +m),
wherev is the velocity and:,, is the conformal scaling dimen-  If there is an array of Abelian (1) sectors with couplinds-
sion of p. For a quantum Hall system, there can be multiplematrix, it is useful to separate them into the charge and neu-
edge modes, and the topological chafigen the edge deter- tral modes. This can be done by directly diagonalizing the
mines which primary field* of thei*» mode is present. For K-matrix, or at the level of the flux vector, where for an exci-
this analysis, we are interested in the ground-state e#&rgi tation with U1) ¢ flux vector I one can writg3
and can ignore descendents (let= 0). Some of the edge
modes may couple to other quantities that break their cenfor *  f KTl

e

c (&

mal symmetry. We can thus write the energy as the sum over al? = ve I K1.%. (C8)

effective energies from the edge modes 012 ¢ ¢
2TV, ~ hu,(c) = [a2} fc'Kil 'tAc (Cg)

E(NevaAaajaa):ZTzha(i) (Cl) — — R
i I'n = 1 —al9%, (C10)
11— 1

whereL is the length of the puddle’s perimetet, is the ve- hoon = ) ’ L K70 L, (C11)

locity of thei*" mode, andh,, ;) is the effective scaling dimen-
sion of thei* edge mode. The effective scaling dimensionswheret, is the “charge vector” of the correspondiRigmatrix
includes any modification of these modes that arise when theandi, - k-1 - Tn = 0). (Note: these equations can also be
CFT couples to other quantities. When there is no modificaysed for electrons by treating them as excitations witk: e,
tion of an edge mode, one simply hag: = h,u, the con-  rather than their actual charge:.) In these terms, the charge
formal scaling dimension ofi(Y). For example, we include sector’s scaling exponent is = 2h, and the Y1) sectors’
the electrostatic area dependence in the energy of theehargontribution to the neutral sector scaling exponeng,is=
mode (denoted) by writing®°: 2.

From this, we get that the spacing between two peaks, say

2 .
- v B(A—- A the resonances betwed&h = N andN, = N =+ 1, will be
By = (\/ha(c> - \/; (TO)) (C2)

v M 2 AAy = £ 1+ Yui ]TLEGNH) + ;L,EGN—I) . 2;%('[“\7)
2 (a o, ’ (©3) po ; Ve ( )

) (C12)
whereA, is the area of the puddle with just enough quasiholegassuming thakt; do not depend ol for i # ¢), where the
fewer than the given configuration in order to hav€ =  fractional part of the filling is denoted = v — |v|. This

0 (see Refs. 50,78 for more clarifying details). This can begeneral, yet simple equation allows one to easily prediet th
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spacings for a candidate state just by knowing the conformalirection). When the area of the puddle is changed quickly
dimensions of the corresponding CFT’s primary fields, andcompared to the neutral excitation bulk-edge tunneling,rat
how the edge modes couple to other quantities. the spacing will simply look like EqlG@12. For intermedi-
When there are non-trivial electrically neutral excitaso ate time scales, the spacing between consecutive resonance
in FQH state, there will generally be tunneling of such exci-peaks will be given by some smearing between HGIA(
tations between the edge and bulk quasiparticles that will n and [C13.
change the bulk energy, but may lower the edge energy. (Note:
this can occur for Abelian states.) If the area of the pudslle i
changed slowly compared to the tunneling rate of such nleutr

When there are multiple flavors of electrons (e.g. in bilayer
or unpolarized FQH systems), one generalizes the above dis-

excitations, the spacing between consecutive resonaiads pe cussion in the _obvious way. S_pecifically, each electron_flavo
! ay have a different topological charge assigned to it, and

will be modified because the topological charge on the edg nneling a particular electron flavor may be energetidaly

(and in the bulk) will change as a result of the tunneling ¢ven : ) , . . .
The resulting spacing when such bulk-edge relaxation mcurvored in a given configuration, so this must be taken into ac-

will be’® count when determining the spacing of resonance peaks.
From Egs.[CI9 and [CI3J, it is clear that states with
A = © 14 Dv; lav-1) _ f(an) dramatically different braiding statistics can nonethelgive
N = % +ZTC ( i M rise to Coulomb blockade patterns that are experimentally
e indistinguishable, even assuming one has good enough ex-
, ) perimental resolution to overcome the challenges intreduc
RV }TLE“N)) ,(C13) by the likely small values of; /v, and the thermal smear-
ing of resonance peaks. The only requirement for indis-
tinguishability is that the conformal scaling dimensiores b
where the primed topological charges are the ones that resuch that they produce similar relative spacings between re
sult from the unprimed ones when relaxation has occurred besnance peaks. Hence, in contrast to interference expetsmen
tween theN, = N — 1, N resonance and th€. = N, N +1 Coulomb blockade lacks the ability to unambiguously idgnti
resonance (or vice-versa if the area is being varied in therot the presence of nhon-Abelian statistics in a FQH state.
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