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Abstract

Fractional quantum Hall (FQH) states have recently been observed at unexpected values of the filling tdeterwe

interpret these states as a novel family of FQH states involving pairing correlations rather than Laughlin correlations among the

quasiparticles (QPs). The correlations depend upon the behavior of the QP—QP pseudopeigtitial the interaction energy

of a pair as a function of the pair angular momentumThis behavior, known from numerical studies of small systems, is used
to demonstrate that pairing correlations give rise to FQH states at the experimentally observed values of
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Recently Pan et al. [1] observed fractional quan- tions [5—-8] between QPs sometimes precludes Laugh-
tum Hall minima inp,, at unexpected values of the lin correlations and the realization of certain daugh-
Landau level filling factow outside the Jain sequence ter states of the CF hierarchy [9,10]. Among these
of states withv = n(2pn + 1)~1, wheren and p states are the = 4/11 and 413 daughter states ob-
are positive integers. The composite fermion hierar- served experimentally [1], which correspond to qua-
chy [2,3], in which the reapplication of the Chern— sielectron (QE) and quasihole (QH) filling factors
Simons (CS) mean field approximation attaches ad- voe = 1/3 andvgn = 1/5, respectively. In addition,
ditional flux quanta to the quasiparticles (QPs) in a the observed even denominator fractional fillings can-
partially filled composite fermion (CF) shell, has been not arise within the CF hierarchy. Here, we show that
suggested [1,4] as a possible explanation of some of instead of having Laughlin correlations, the QPs form
these states. However, the form of the residual interac- pairs, and that these pair excitations cause the novel in-

compressible daughter states at the unexpected values
of v observed experimentally.
" Corresponding author. By Laughlin correlations [11] among interacting
E-mail address: jiquinn@utk.edu (J.J. Quinn). fermions confined to a spherical surface we mean
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that pair states with the largest values of the pair 1@ (b)
angular momentumZ’ (or smallest values of the 0.00
relative angular momenturR = 2/ — L/, wherel is
the single fermion angular momentum) are maximally
avoided. Laughlin correlations occur if arahly if
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the pseudopotentiaV (L) is “superharmonic”, that 1 MmN o ,@,,Nzﬂ‘

is, rises with increasindg.’ faster thanL’(L’ + 1) as -0.04- [—H—N=10 —@—N=12

the avoided value of’ is approached [6,7,9,12]. Here 18 5 7 8 11 000 005 010 015 020
V(L) is the interaction energy of a pair of fermions 3 1IN

. , X
_as a function ofL". The pSGUdOp.Otemlal for eIecFrons Fig. 1. (a) Interaction pseudopotentidlge(R) for a pair of QEs of

in the lowest Landau leveh(= 0) 'S_ SUperharmon'C at the Laughlinv = 1/3 state, calculated for up t8 = 12 electrons on

all values ofL’. However, for the first excited Landau 5 spherical surface. (b) The leading QE pseudopotential parameters
level (» = 1) it is not superharmonic at the largest Voe(R)for R =1, 3, and 5, plotted as a function a1, inverse
value of L', namely L’ = 2] — 1. This is known to of the particle number. Extrapolation %1 — 0 corresponds to
result in pairing of the electrons [12,13] at filling aninfinite planar system.

factorsy =7/3, 5/2, and 83.

For QPs of the Laughlin = 1/3 state Vop(L') has
been obtained from exact numerical diagonalization
studies of small systems [5-8,10] (with particle num-
ber N < 12). This is illustrated for QEs in Fig. 1(a).
When plotted as a function of ~1, Voe(R) converges
to a rather well-defined limit as shown in Fig. 1(b)
for R =1, 3, and 5. The results are quite accurate up
to an overall constant (which does not affect the cor-
relations). Because the short-range interactions (i.e.
at small values ofR or small QE separation) deter-
mine the nature of the ground state, numerical results
for small systems describe the essential correlations
quite well for systems of any size. Furthermore, the
subharmonic character dfgp at certain values ok

Jastrow factor[];_;(z; — z;)? in the ground state
wavefunction where ; = x; — iy; is the position of
the jth QE). Instead, they tend to form pairs with
R =1 in order to minimize the pair amplitude [12,13]
with R = 3. Pairing at filling facton =5/2 has been
considered by others [14,15] based on the observation
of an unexpected incompressible ground state.

The pairs can be thought of either as bosons or
'fermions with pair angular momentufp = 2/ — 1,
since in two-dimensional systems bosons (fermions)
can be transformed into fermions (bosons) by a CS
transformation [16,17]. For a system containing more
than a single pairthe allowed values of the total
- angular momentum of two pairs must be chosen in
(R =1 for QEs andR = 3 for QHs) makes it im- g, 5 way that the Pauli principle is not violated

possible forvge = 1/3 andvon = 1/5 to lead 0 in- \yhen accounting for identical constituent fermions
compressible daughter states of the CF hierarchy. By belonging to different pairs. This can be accomplished

this we mean that for a spin polarized state in which different pairs are not allowed to approach too

QPs of the Laughlin = 1/3 state yield filling fac-  ¢|osely by requiring that the largest allowed value of

torsvge = 1/3 (Or"_Q!* = ?/5)’ Lgughlin corr_elations the total angular momentum of two pairs (treated as
among the QPs, giving rise to incompressible daugh- fermions) to be given by’ = 2/rp, where
ter states at = 4/11 (or v = 4/13), cannot occur '

[6,7,9,10]. — _1)— —

How then can we understand the novel states drp=2(2 — 1)~ yr(Np —1). @)
observed ab = 5/13, 3/8, 4/11, etc.? To illustrate,  Here the simplest assumption of complete pairing is
we use the case of QEs (the application to QHs made, so thatvp = N/2 is the number of fermion
is straightforward and will be given elsewhere). It pairs (FPs), andfs will be an odd integer (if the
is apparent thatVoe(R) is not superharmonic at pairs were treated as bosops would equalyr — 1).

R = 1. In fact, its maximum repulsion occurs at yr is chosen so that the fermion pair filling factor
R = 3. In this case, the QEs do not display Laughlin vep = (Np — 1)/2Irp is equal to unity when the QE
correlations by avoiding the pair state wifk = 1 filling factor voge = (N — 1)/2! is also equal to unity.
(or, in the planar geometry, by having the Laughlin— This condition giveggp=2/ — 1 — %(Np — 1) for the
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“effective” angular momentum of one FP and
vep = 4vgg — 3 2)

for large systems. This CS transformation automati-
cally forbids states of two FPs with the smallest sepa-
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ration. The larger pair—pair separation causes the con- “xcliation up
stituent QEs to avoid the largest repulsiorfat 3. ® @ |l
In addition, the transformation selects frdm (N, 1), 0.4 =TT T T 100
. o 2 4 6 8 10 12 1 3 5 7 9 11 13 15 17

the number of multiplets of total angular momentum L
L formed fromN fermion h with angular momen- )

ormed bo N fermions eac th angularmome Fig. 2. (a) Low energy spectrum (ener@y as a function of total
tum/, a subseDy. (Np, Irp). angular momentuni) of 10 QEs at 2= 17 corresponding to

We expect pair formation for QE filling factor  vog=1/2 andv = 3/8, obtained in exact diagonalization in terms
satisfying 23 > vge > 1/3, where Laughlin—Jain  of individual QEs interacting through the pseudopotential shown in
states [11,18] that avoi = 1 would normally occur Fig. 1.2 is the magnetic length. The open circle/at= 0 denotes a
for a superharmonic potential. If we assume the FPs "0Pustground state. (b) Coefficiedit R), the amplitude associated

. . . . with pair states of relative pair angular moment@nfor the lowest

support Laughlin correlations, when their separations L = 0 state of 10 particles in a shell of angular momentual7/2.
are large, then incompressible ground states would beThe solid dots and open circles are obtained for the QEs/(#hd /2
expected at the Laughlin filling factorsp = 1/5, 1/7, ground state marked in frame (a)) and electrons, respectively.
and /9. From Eq. (2), these correspond to values of
voE given by /2, 2/5, and ¥3. Forvge > 1/2 we
make use of QE—QH symmetry and think of fermion pseudopotential given in Fig. 1 shows a roblist 0
pairs of QHs givingvon = 1/2, 2/5, 1/3 andvgg = ground state and an excitation gap. The coefficient
1/2, 3/5, and 23. Only at these values afrp do GRY=D 1w |G 1o/ (R)|? appropriate for thed. = 0
we have Laughlin states of the fermion pairs with ground state is shown in Fig. 2(b) for the allowed
vge in the required range. In the hierarchy scheme values ofR. G/ (R) is the coefficient of fractional
[2] describing partially filled CF levels, the original grandparentage [5—7,19], agdR) is a measure of the
electron filling factor is given by amplitude associated with pair states of relative pair

_ _ angular momenturiR. For the purpose of comparison,
V=24 1+ v @) the same results are shownpforpthez 0 statz of a
Here the 2 on the right-hand side comes from the ad- ten-electron system in the lowest Landau level, also at
dition of two flux quanta per electron in the original [ = 17/2. The large decrease (A((R) at R = 3 and
CS transformation on the electrons, afidt- vog) is increase atR = 1 in going fromV,(R) to Voe(R)
the CF filling factor. Hence, we find new incompress- is clear evidence of the avoidance of pair states with
ible states ab =5/13, 8/21, 3/8, 7/19, and 411. All R = 3 and the formation of pairs witliR = 1 in the
except the 719 and 8§21 states have been observed. case of QEs.
We are uncertain whether there is some reason why Rather than contradicting the assertion [10] that
these two states do not occur, or if, because they havethe 4/11 state (orv = 4/13 state wherngn = 1/5)
such large denominators, they are simply difficult to cannot occur as an incompressible daughter state in
see and might be observed in future experiments. It the standard CF hierarchy of Laughlin correlated QP
could be that our simple model, which assumes com- states of a spin polarized system, the results of Pan
plete pairing of all QPs, is not valid at every value of et al. [1] offer support for the idea of pairing of QPs
vop (alternatively, partially paired states could be con- at certain values ofigp. In contrast to the hierarchies
sidered), or that a spin unpolarized state preempts pairof Laughlin correlated QP states, the pairing picture
formation. can account for incompressible states in the lowest

As an illustration we have performed an exact Landau level with even denominator fractional filling.
diagonalization on a system containing= 10 QEs We emphasize that simple repetition of Laughlin
at [ = 17/2. This corresponds togg = 1/2. The correlations among daughter states [2,4,20] containing
energy spectrum (Fig. 2(a)) obtained using the QE—-QE CF QPs is not always appropriate [10] because of the
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form of Vop(R). The proposed pairing of CF QPs
gives rise to a new type of QP which in turn leads to a
myriad of completely novel hierarchy states.
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