Skyrmionsin the Moore-Read stateat v = 5/2

A. Wojs,12, G. Moller', S. H. Simori and N. R. Coopér
1TCM Group, Cavendish Laboratory, J. J. Thomson Ave., Cambridge CB3 OHE, UK
?Institute of Physics, Wroclaw University of Technology, Wroclaw, Poland
3Rudolf Peierls Centre for Theoretical Physics, 1 Keble Road, Oxford OX1 3NPO, UK
(Dated: February 26, 2010)

We study spinful excitations in the Moore-Read state. Egtizg of the skyrmion based on a spin-wave
picture support the existence of skyrmion excitations & phateau below = 5/2. This prediction is then
tested numerically. We construct trial skyrmion wavefions for general FQHE states, and obtain significant
overlaps for the predicted skyrmionsmof= 5/2. The case of = 5/2 is particularly interesting as skyrmions
have twice the charge of quasiparticles (gp’s). As the spiarfzation of the system is tuned from full to
none, we observe a transition between gp- and skyrmiorbigkaviour of the excitation spectrum that can be
interpreted as binding of gp’s. Our ED results confirm thatrshon states are energetically competitive with
quasiparticles at low Zeeman coupling. Disorder and laeyesitly of quasiparticles are discussed as further
mechanisms for depolarization.

Ther = 5/2 state has been intensely studied in recent yearsver pairs of quasiholes. We then establish this result itefin
due to accumulating evidence that it realizes a non-abeliasystems on the sphere based on exact diagonalization tech-
phase of matter [1], that could serve as a basis for topaibgic niques. In particular, we formulate trial wavefunctions fo
guantum computation [2]. A crucial step towards establish-general skyrmions and obtain satisfactory overlaps with th
ing the experimental = 5/2 state as in the weakly paired exact states. An alternative construction of these tritlest
Moore-Read phase [1, 3, 4], is to show that the groundstatasing model Hamiltonians is also given. In light of these
is spin-polarized. This has been achieved theoreticallglpy results, we then consider the competition of skyrmions and
merical simulations of model systems [5—7]. However, récenquasiparticles, which is found to confirm the conclusions ob
experiments [8, 9] cast doubt on the realization of a podatiz tained from spin-wave theory. Finally, we discuss how the in
quantum liquid at> = 5/2. Experiments by Piczukt al.[8] terplay ofe/2 skyrmions anct/4 quasiparticles intriguingly
are consistent even with a completely unpolarized Halkstatinfluences transport properties.
at this filling. It appears crucial to resolve the discrepane-
tween the current theoretical understanding of the- 5/2
as a spin-polarized Hall state and these puzzling expetahen

findings. Skyrmions in quantum Hall liquids are topological exci-

tations created by adding a single flux quantum to a fully
In this Letter, we analyze the possibility whether skyrmionspin polarized state while creating a spin texture that @isso
excitations exist, and contribute to depleting the spin-the additional degree of freedom. Given the spin-stiffness
polarization atv = 5/2. An important factor influencing p, of a polarized electron gas, the energy of an infinitely
the spin spectrum, that was ignored in previous studies [Slextended [lowest energy] skyrmion &y = 4mp,. How-
is the role of finite layer widthu. Indeed, the leading even ever, p, can also be found from the single-spinwave spec-
pseudopotentialky, V> of the Coulomb interaction in the sec- trum of the groundstate. We considered such spectra in ex-
ond Landau level soften considerably upon increasindn  act numerical diagonalizations (ED) of finite systems on the
line with this observation, it was found for integer quantumsphere for the Moore-Read state at fliy = 2N — 3 and
Hall states in higher LL that skyrmions are stabilized onlyspinS = N/2 — 1. At long wavelength, spinwaves have a
in finite w [10]. We shall therefore include variations of  quadratic dispersion which reads, expressed for the 2nd LL
in all our considerations, below [*** define somewhere the and on the spherd;;, = VSJ\’; psL(L+1) (*** Ny orNg—2
width-model used, or add reference ***]. At finite > A\  in denominator? **). In the spectra for systems of size
(where) = [hc/eB]'/? is the magnetic length), we find hole- ' — 10,... 16 (check!) that could be calculated in ED,
like Skyrmion excitations to eXiSt, and to be stable. TheSQ)rﬂy the L = 1 state is well Separated from the further ex-
skyrmions are found to be very different from the skyrmionscitation spectrum. Therefore, we estimateby regression of
of integer QH states or at = 1/3. As _the_|r charge is twice p _ [Efffm — EPO/N as a function of the system size,
that of the fundamental charged excitations, skyrmions mayq shown in Fig. 1a). The resulting skyrmion energy has to be
break up into pairs of quasiparticles. This has important co ¢mpared against the energy-cost to creating a pair of quasi
sequences for high quasiparticle densities or in the poESen 5 (electrons) upon adding (removing) one flux quantum to
of disorder, where gp’s can spontaneously bind and acquire g polarized’ = 5/2 liquid. While the most common quan-
Spin texture to minimize their energy. tity to be evaluated is the charge-gap= e, + .1, care has
Our study proceeds as follows. We first estimate the ento be taken to determine how this energy-cost is distributed
ergy of skyrmions based on an estimate of the spin-stiffaess between these two particles. When comparing differentsype
v = 5/2. This leads us to predict that skyrmions are favouredf quasiparticles, the relevant quantity is the neutrabipea-
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FIG. 2: a) Spin correlations of the skyrmion stateNgf = 2N — 2

in terms of guiding center coordinates (left) and electroordinates
(right). [for clarity, show a single correlation functiorf 2N-2,
maybew = 0, andw = 3, but maybe one is sufficient] b) Split-
ting of theL = S = 0 Hilbert space forN = 10 and2/ = 18 under
the consecutive action of pair and triplet pseudopotestig (m)
andWs(m). At each step, green labels give squared projections of
the Coulomb ground state onto the lowest subspace (uppdéowed
value: w = 0 andw = 3)) with dimension indicated in red. The
nondegenerate ground state obtained by the successivieadiopl
of Vo(0), W3,2(3), andV,(2) is an approximation to the skyrmion
formed in the pfaffian state.

FIG. 1: AREK: could you add the extrapolation A% to extractp

as panel a)? a) Extraction of the spin-stiffnegsfrom the long-
wavelength part of the spectra with a single spinflip. b) 8kgn
energy from spin-stiffness, in comparison to the neutralsthole
energyeffh, establishing the skyrmion as the lowest energy hole-like
excitation of thev = 5/2 state at finite width.

ticle energy [11, 12]

N - 1%
€qh(e) — €qh(e) T 575vs 1 . i
ah(e) ah(e) 2/@‘5 @) order to obtain thee = S = 0 many body states for finite
; ; P - N in exact diagonalization, we use a projected Lanczos pro-
which takes into account the gross quasiparticle engjfgy ) e
that expresses a change in correlation energy, as well as tﬁgdu_re [15] tr?lat c_onsltra_lrﬁ% to rentw)am mlnlrglze; t:_etV\(/jeen
change of potential energy associated with modifying thdterations (while simulating in asubspace w. b, - fixed).
number of particles in the liquid. The latter is related te ¢ém- We are thgs ablle to generate_ spm—_prmected groundst%tes ef
ergy per particle in the infinite syste¢p, and we have added T'C'ehmly’ with ﬂcngerlt-;pa]cve dlm2en3|gEs re_achlihg x 1_0”
the possibility of creating: quasiparticles per flux quantum. n t € case oty = at Ny = 26. Skyrmions potentl_a y
Using known quasiparticle- and groundstate-energieshier t €XISt at @ field of one flux quantum above/below an incom-
Moore-Read state [13, 14], we obtain a gh enerﬁyof the Pressible state. For = 5/2 this mother state could be ei-
order of the qa Whi’|EEN ’is slightly negative [20]. Our ther the pfaffiarPf or antipfaffianPf [16, 17], with shifts on
results, as a?‘ugé:tion ofqelayer v%/]iddz arge summari.zed in the sphere of = 3 or o = —1 respectively [with the shift
’ ’ 1 _ —1 _ H
Fig. 1b), and show a cross-over from the quasihole to the, defined byN, = v™V' — o]. There are four possible

: o - rmion states witlr = 4,2, 0 and -2, of which the state
skyrmion as the lowest energy excitation at small but finite ky BN .
N at o = 2 appears most energetically favourable in extrapo-

w3 lations of the respective GS energies from the ED spectra of

The non-abelian statistics of the Moore-Read state allowgystems with up tov = 12 particles. Let us tentatively name
for two distinct fusion channeld, ) for a pair of quasiholes. these stated, by their shifto, and distinguish skyrmions

F(;r_ cr(])mpletenetssa(lﬂt\aft u: atlﬁo conS|dderts'iates |ﬂ;{pbafnni)l, th ST (increasing flux) or anti-skyrmionS~— (decreasingVy),
which occurs at oddV. As the groundstate energies for both ¢\ 'y o = StPf, Uy = S—Pf, Uy = S+Pf*, and

odd and everV extrapolate to the same thermodynamic limit, _ o— pp*
. . . V_, =8 Pf".
we consider the energy cost of adding a neutral fermion . )
Features of the correlation functions ®f, 5 ¢, _» are con-

AnfIN] = (Ext+1/(N +1) — Ex/N)N (2) sistentwith the interpretation of these spin-singlet gidstate
as skyrmions. Let us discuss the cas&egf shown in Fig. 2.
for states with two gh aV, = 2N —2. The scaling o\, /[N] ~ Remarkably, its charge correlations) = g+++g4, are virtu-
reveals a positive and roughly constant (i) gap towards ally identical to the correlation function of the spin-potzd
adding a neutral fermion. We will therefore focus on evenMoore-Read state at shift = 3. In addition however, there
particle numbersyv, below. is a distinct spin texture revealed by decreasing spin tzrre
Let us analyze the exact numerical spectra of small moddions f = g4+ — g4y, i.e. antiparallel spins are favoured on
systems to verify if the predictions of spin-wave theory forlong distances, while parallel spins dominate at sma8im-
the stability of skyrmions are born out. While we consid- ilar features are consistently found for the other threesides
ered the infinite skyrmion above, the largest skyrmion thaskyrmions witho = 4,0, and—2. To further consolidate our
can be created on a finite sphere is the one which covers itaterpretation of this state as a skyrmionwof= 5/2, we for-
entire surface, and has quantum numb®rs- L = 0. In mulate a trial wavefunction for an idealised skyrmion state
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FIG. 3: (a) Dependence of enerdy on the total spinS for N =
12 unpolarized electrons & = 20 and22 (i.e., atv = 1/2 and
and consider its overlaps with the states from ED. ~ = 4 or 2). Solid and dashed lines connect the ground states and
In the case of the integer quantum Hall effecvat 1, it the lowestl, = S states at eacl. The energies include electrostatic
is known that the wavefunction factors into a part descgbin corrections defined in the text. (b) Phase diagram in theeptn

he ch |ati f a filled ltiolvi f Zeeman energ¥z and lateral harmonic confinemeit, showing
the charge correlations of a filled LL multiplying a factdl; transitions between various states of a paw @f-charged quasiholes

describing the spin-texture of the skyrmion [18}5 can be  (QHs) or spin textures (CSTs), and of the positive skyrmigns=
obtained formally as a many-body states of spibhgonsex-  S).

periencing the added flusV, = N, — N5 _,. AtsmalloN,,

such a state is uniquely defined by its angular-momentum and

spin quantum numbels, L., S andS,. We construct general

skyrmion states by analogy, multiplying a general polatize systems, the pfaffian is not a very accurate descriptionef th

statel ¢, by a spin texture to yield exact Coulomb groundstate [3, 6]. In line with this analogy,
the overlap increases in finite well width [i.e., relativaigher
Vie({zia)) = W) x U {znd) @) Yok

so w Having identified the spin-singlet statés 4y as skyrmions
= Ps—o [\Ilggl({zi}) X ( 1)} , (4) of the MR pfaffian, let us now analyze the entire spin-
vi spectrum including partial spin-polarizations. For gaher
where particle coordinates are denoted by positions= ~ SKyrmions of sizes” on the sphere [18], the angular momen-
zi +yi ¢ (u; ;) and spinorsg;. Up to a projectiorPs_, UM satisfiesL. = S = £ — K > 0, with the ‘infinite’
into a global spin singlet, the spin of electrons in an inéinit Skyrmion studied above being = & Considering the low-
skyrmion (4) simply points radially outwards at all points o €st energy Coulomb states with these quantum numbers at an-
the sphere. We calculate overlaps of these trial statestiéth gular momentum projectioh, = S, = L = S we confirm
exact eigenstates in a standard way [19], where the potarizethat these correspond to states with an accumulation ofjehar
state can be taken either as the Moore-Read state, an opff/2) and spin up within an area K (???) near the north
mized weakly paired state [3] or as the exact Coulomb eigenpPole.
state of the polarized system. The resulting overlaps, show Are these skyrmions stable, however? Carrying twice the
in Table |, are found be moderately large. Further informa<charge ¢sx = ¢/2) of the elementary spinless quasiparti-
tion as to where inaccuracies in our modelling arise can beles of the Moore—Read state,f = e¢/4), they must com-
extracted from a construction of skyrmion states using simbine a pair of like-charged quasiholes (QHs) or quasielec-
ple model Hamiltonians build from short distance two- andtrons (QEs). It would therefore be somewhat of a surprise
three-body repulsions as represented in Fig. 2. Beginnitigw should such skyrmions be stable at small sikedndeed, as
the full L = § = 0 Hilbert spaceH (dimensiond = 1581 shown in Fig. 3(a) forN = 12 particles in a system of fi-
at N = 10), we first construct a zero-energy subspat’e nite widthw = 3\, the energy of the Coulomb-groundstate
(d = 105) of the pair interaction with a single pseudopoten-in the Hilbert-subspace with fixefl is lower than the energy
tial coefficient,Vs(m) = ds,00m,0. Next, within H’ we ap-  of the lowest state with the quantum numbers of the skyrmion
ply a triplet interactioriVs (m) = W5/5(3), to obtain a zero- for K < L. This break-up of a unique/2 skyrmion into
energy subspac®” (d = 21) retaining unpolarized states two separate objects is clearly evidenced by a low total an-
with pfaffian-like correlations at short range. Finallyside  gular momentum (shown in Fig. 3, wherevir# S) of the
‘H" we use minimization 0¥, (2) to select the state with the Coulomb state. Only a pair of two separate objects whose
longest spin wave length, i.e., the infinite skyrmion fornmed individual angular momenta are counter-aligned can emplai
an exact pfaffian parent. Indeed, the single state obtaimed isuch smalll.. We also refer to these intermediate states com-
this procedure is very similar to the trial state (3) based orposed of two separate charged entities as charge-spimgextu
the Moore-Read pfaffian, with a relative overlap($6(1). (CST). A further subtlety comes into play when comparing
Monitoring the total overlap of the exact Coulomb ground-skyrmions of different sizes: finite-size effects causedHhsy
state with vectors ir{("), it becomes evident that overlap is concentration of charge in form of two QEsS/QHs/CSTs have
lost at the stage of enforcing the pair-correlations of tfaf-p  to be compensated for. This is achieved by applying the stan-
fian. This is hardly surprising given that even in polarizeddard electrostatic correctiof® [13] for quasiparticle states
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ats = % and by using cubic interpolation ¢25/N)35E  creasing the Zeeman energy also increases the transport gap

at the intermediate polarizations. A marked asymmetry beas it increases the creation energy of the charge carriev- Ho

tweenS~ andS™ is evident. While quasielectrons are ener- ever, here, if the skyrmions are present only due to pinming i

getically more favourable than antiskyrmions, skyrmiores a the disorder, and the elementary charge carriers a&t&QPs,

clearly preferred over quasiholes. These finite size resultthen one can expect the opposite effect. Namely, if pinned

therefore confirm our above analysis based on extrapolatioguasiparticles are bound into skyrmions, increasing the Ze

of the skyrmion energy from the spin-stiffness. man energy decreases their binding energy and would there-
In realistic systems, skyrmion stability will be reduced by fore decrease the activation energy associated with the un-

the Zeeman splitting”,. However, quite unlike for cases binding of these QPs.

with gsk = ¢qp, the stability of skyrmions may benhanced

by the presence of disorder, here. In the usual case, disorde A large density of quasiparticles far from the centre of the

acts to reduce the slz€ of pinned charge carriers, i.e.sit d.' guantum Hall plateau can have a similar effect, as it forces
favours large skyrmions. For nu=5/2 on the other hand, dis-

order can act to bring twe/4 quasiholes together to form a ap's to come close.

single skyrmion. It can thus have the opposite effect of mak- Conclusions

ing skyrmionsmore favourable, by overcoming the Coulomb

repulsion of the quasiparticles. We model this effect by as-

suming a simple lateral harmonic confinement of frequency
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