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The residual interaction between composite fermi@@B’s) can express itself through higher order frac-
tional Hall effect. With the help of diagonalization in a truncated composite-fermion basis of low-energy
many-body states, we predict that quantum Hall effect with partial spin polarization is possible at several
fractions between=1/3 andv=2/5. The estimated excitation gaps are approximately two orders of magni-
tude smaller than the gap at=1/3, confirming that the inter-CF interaction is extremely weak in higher CF
levels.
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In recent years, the physics arising from the interactiondVhile it is encouraging that the desired fractions are ob-
between composite fermions has come into focisThe tained, more detailed theoretical investigations do not find
model of noninteracting composite fermions explains thenew FQHE states for these fractions fatly spin-polarized
fractional quantization of Hall resistarlcat Ry=h/fe? with ~ composite fermions for an idealized model neglecting disor-

der, transverse thickness, and Landau-level mixingthe
n residual interaction between composite fermionshigher
f= N1 (1) CF levels does not appear to be sufficiently strongly repul-
- sive at short distances to cause additional vortices to bind to
as the integral quantum Hall efféaf composite fermion$. ~ composite fermions. It is not known at the present which of
(Particle-hole symmetry in the lowest Landau level impliesthe neglected effects is responsible for the discrepancy.
fractional Hall effect also at 4 f or 2—f, for fully or par- While only the fully spin-polarized states are possible at
tially spin-polarized systems, respectivgljthe weak re- Sufficiently high magnetic fields, where a spin in the wrong
sidual interaction between composite fermions is ofterfliféction costs a prohibitively high energy, FQHE states at
masked by disorder or temperature, much as the fractiond!® fractions of Eq(1) with partial polarizations have been

guantum Hall effectFQHE), a manifestation of interelectron ogls;?z/gg géﬁg;'mhz\'jéagﬁe%ngtg;gznfsnz ?fr?&?fr? gf'ftfﬁgeggé_
interactions, is absent in low mobility samples or at highp

. . : man energy? These studies are satisfactorily described by
temperatures. However, with improvements in experimentajc’ .o it fermion theory including Spii2 Composite

conditions, the_ physic_s originating ffom the interaction be'fermions with spin are analogous to electrons with spin at
tween composite fermions is beginning to eme'ge. v*, with the same Zeeman energy but with an effective cy-
A possible manifestation of the interaction between com+|otron energy. While the Zeeman energy is very small com-
posite fermions will be the appearance of higher order FQHFpared to the cyclotron energy for electrofis GaAs, the
states in between the above fractions. The pOSSib|e fractiortﬁlo are Comparable for Composite fermionS, thus producing
can be derived straightforwardly.® At the nonintegralval- g richer variety of state¥ This raises the question of
ues of the Composite-FermiadF) filling factor given by whether FQHE states with partial spin polarization are pos-
sible at fractions likev=4/11, which is the subject of this
m paper. It is stressed that the present work does not purport to
+ m ) be an explanation for the observations in Ref. 1 but a predic-
P m= tion for sufficiently low magnetic fields.
the composite fermions in the topmost partially filled level ~ Following the standard approach, we will neglect in this
may capture, as a result of the interaction between therh, 2 study the efft_acts of finite thlckness and Lr_cmdaL_J-IeveI mixing.
additional vortices to transform into higher-order composite! & Most reliable method is exact numerical diagonalization,
fermions and fillm CF levels to exhibit new incompressible which Is not an option for_thls problem because Of the rat_her
states, which will produce FQHE at=v*/(2pv* +1) be- large Hilbert space. In this paper, we carry out diagonaliza-

. - B tion in a truncated low-energy CF basis of many-body
tween the fractions'=n/(2pn+1) and v=(n+1)/[2p(n tatess We will concentrate here on the filling factor range

+1)*1]. The situation is analogous to the appearance og/5> »>1/3, that is, 2> v* >1. The FQHE is most likely at
FQHE of electrons in partially fille@lectronicLandau lev- « =1+m/(’2m+1)’ which correspond to electron filling

els. L factorsy=(3m+1)/(8m+3). The positive and negative in-

Panet al” have reported FQHE at=4/11,»=5/13, and  eqra| values form produce »=4/11,7/19..., and v
v=6/17 in the filing factor range 2/5v>1/3. The v —5/13.8/21. ... It will be assumed that the up-spin com-
=4/11 minimum is seen in magnetic fields as highBs posite fermions fill one level completely, and the down-spin
=33 T, pointing to a fully polarized QHE state. The sim- composite fermions have filling facter! =m/(2m+1) in
plest fractions in the above scenario art=1+1/3 and the lowest spin-reversed band, giving the total CF filling
v*=1+2/3, which produce higher order FQHE a&4/11  ,*—14 % . For our truncated basis, we consider wave
and v=5/13, and v=6/17 originates fromy* =1+ 1/5. functions of the form

v*=n
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‘I’?sm+1)/(sm+3):‘I’f[‘bl,wq’%/(zmu),l]- (3 to yielc_j an incomp_ressible ground stdtepntrary to what
one might have naively expected.

Here,® ; is the fully occupied up-spin lowest Landau-level ~ An earlier stud§ began with theassumptiorof the par-
band.® [, om+1),, are various orthogonal wave functiofia-  tially spin-polarized ground state
beled by «) at filling v’f=m/(2m+1) in the down-spin oGP, [y ] ®)
band, obtained by exact diagonalizatiorvét. (Coupling to y=4/11 F1IELILELL
higher Landau levels is neglectedhe fully antisymmetric ~ which is derived from Laughlin’s wave functibh @, ]° in
function @, is one filled Landau level of “spinless” elec- the spin-reversed sectfrand considered a trial wave func-
trons; the Jastrow factob?, as always, converts, through tion for its neutral excitation containing a pair of CF particle-
attachment of two vortices to each electron, the=1 hole pair in the reversed-spin sector. It was found that the
+m/(2m+ 1) wave function of electrons in square bracketsenergy of the excitation remains positive for all wave vec-
to the v* =1+ m/(2m+ 1) wave function of composite fer- tors, indicating that the assumed ground-state wave function
mions, which is identified with a basis function for interact- is stable against excitations. While this study did not elimi-
ing electrons av=(3m+1)/(8m+3). (The spin part of the nate FQHE atv=4/11, it did not test whether the ground
wave function is not explicitly shown. The full wave func- state is necessarily incompressible, and if so, whether it is
tion is obtained by multiplying by the spin part well described by the trial wave function in E¢d). The
U .. 'uNTdNT*l ...dy, whereN;=N—N, is the number pres_ent study provides amore rigordtisough still not con-
of up-spin electrons, followed by antisymmetrizatioive ~ Clusive test for partially polarized QHE at=4/11. ,
will study belowm=1 andm=2 (v=4/11 andv=7/19). In the fsolllé)wmg dlscussmr_l we will employ th_e spherical
The states of the form given in E¢3) obviously do not geometry*>*®where we consideN electrons moving on the
exhaust the entire Hilbert space at as they neglect the sgrface of a sphere at the presence of a magnetic monqpole
mixing between the Landau levels of composite fermionsWith strengthQ at the center. The mazgmtude of the radial
but we believe that they span the low-energy Hilbert spacgn@gnetic fieldB is given by 2)¢o/47R", where,=hel/c

If the system is incompressible, the ground state iatlikely 'S the flux quantumR is the radius of the sphere, alis
to be well described by either an integer or a half integer due to the Dirac quantiza-

tion condition. The composite-fermion theory maps the sys-
tem of interacting electrons & to the CF system af*
=Q—p(N—1). It is convenient to label the wave function

. by the monopole strength; for example, the wave function at
gVT . is the Coulomb ground state af . For » Qs obtained from the electron wave functidn« by Vo
=(3m+1)/(8m+3), the state a7 =m/(2m+1) is accu- ZP[q)%pCDq*]- ] .

rately given by the standard wave functid?ﬁl)iﬂ)ml, The CF theory. f|x<is_the relat_|on betweeh_a_md Q as
whereP denotes projection into the lowest Landau level. follows. The effectiveq® is (;'eterm'”ed by requinng thay,

It is noteworthy that no assumption is made regarding th&'éctrons  have filling »7=m/(2m+1): " =N (2m
nature of the state in the reversed-spin sector, and the calcg-1)/2m—(m+2)/2. With N;=2g*+1 and Q=q* —(N
lation can, in principle, give either a compressible or an in-—1), We get
compressible ground state. Indeed, a similar studyfuty
spin-polarized systems at many fractions like 4/11 failed

\Ifgr:qﬁ[q)mq)g% e (4)

where &

_8m+3N m?+10m+ 3 6
Tem+2 . 6m+2 (6)

TABLE |. The parameters for the systems studied in this work. Therefore, aty=4/11, where the effective filling* =1
Q andg* are the monopole strengths for electrons and composite. 1/3 with m=1, the relation is

fermions; v and v* are filling factors for electrons and composite
fermions;N is the total number of composite fermions axdis the Qu11=(1IN—-14)/8. (7)
number of composite fermions in the reversed-spin sector. The last. . N

column shows the overlap of the “ground state”at 4/11 andy ~ Similarly, for v=7/19, wherev* =1+2/5 andm=2,
=7/19 determined by diagonalization in the truncated bési®e _

text for detail$ with the wave function derived from the" = 1/3 or Qo= (1N —27)/14. ®

vl =2/5 incompressible state according to &4). The overlap is  Note that both relations give the desired filling factors in the

100% when there is only a single uniform basis state. thermodynamic limits:v= IimNﬁooN/ZQ' For a given par-
» ¥ N Q N g Overlap (%) ticle numberN, the pair (N,Q) is the only input in the nu-
merical calculation. Table | gives the systems we have stud-
& 1+3 6 6.5 2 1.5 100 ied below.
10 12.0 3 3.0 100 The energy spectrum is calculated numerically by the
14 17.5 4 45 90.1 Monte Carlo(MC) method, following Ref. 3. Because the
18 23.0 5 6.0 98.8 low-energy basis states from exact diagonalization are not
5 1+2 11 13.0 4 3.0 100 necessarily orthonormal for a givdn we use the standard
18 225 6 55 99.0 Gram-Schmidt procedure to obtain an orthonormal basis.

Some technical details ought to be mentioned here. The Me-
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FIG. 1. The energy spectrum at-4/11 forN=6, 10, 14, and 18 is taken as an estimate of the thermodynamic limit.

18 particles. It is assumed that the state has partial spin polarization. The gzaps forv=4/11 angi v="7/19 are estimated to be

The single-particle energf includes the interaction with the uni- —~ 0-00%/€lo and ~0.000&/ elo, which are roughly two

form, positively charged background. The quantigy Jic/eBis  orders of rr;agmtude smallerzthan the gapsatl/3 andv

the magnetic length at, ande is the dielectric constant of the host =2/5, 0.1“/elo, and 0.058€l,, respectively (for the

semiconductor. The error bars show the statistical uncertainty in the1odel neglecting transverse thicknesdere,l,= Vi c/eBis

Monte Carlo simulation. the magnetic length at, B is the external magnetic field,
ande is the dielectric constant of the host material. The gap

tropolis algorithm employed in our MC calculations has value atv=4/11 is consistent with that quoted in Ref. 4 It is
minimum statistical error when the weight function behaveghoted that the gaps are not affected by the Zeeman energy, so
approximately as the wave function. We find that it is cruciallong as the partially polarized state is the ground state, be-
to use several weight functions with different angular mo-cause the low-energy excitations of these states do not in-
mentaL in order to reduce the error to desired level. WeVolve any spin reversalThe Zeeman energy is much higher,
divide the MC calculations in ten configurations, with the for typical experimental parameters, than the energy scales
number of iterations on the order of fbr each configura- considered in this work, making spin-flip excitations irrel-
tion. Such large number of steps are required to determineévant to the low-energy physiggigure 2 estimates the ther-
accurately the extremely small energy differences. To reducgodynamic limit of the ground-state energyat 4/11 to be

the Computation time for |arge systems, for examp‘{by ~—0.420 5@2/6|0, which also is in gOOd accord with the

—14, 18 atr=4/11, we place each of the MC configuration value calculated earliér.

on a single nodédual 1-GHz Intel Pentium 11l processoof The smaliness of the gaps for the higher order FQHE

a PC cluster. states confirms that the interaction between the composite
Figure 1 shows the low-energy spectrumwat4/11 for ~ fermions in higher CF levels is exceedingly weak compared

N=6, 10, 14, and 18, for which there axe=2, 3,4, and 5 10 the Coulomb interaction betweestectronsthat governs

composite fermions in the spin-reversed CF level. The di-

mension of the basis is the same as that of the lowes gusiof @verton=t1 3] [ oyvemione1s  *]
Landau-level Hilbert space ofl| particles atq*. In all oasil 1 eer [
cases, the ground state is a uniform state With0. From 2 ¢ 13097 g
the analogy tov=1/3, it might be expected that the excita- "=~ [ = “lo, 043951 s % ]
tion spectrum contains a well defined branch of composite-* 04524[ = 1 oesr, ;‘g“ 1
fermion excitont’ containing a single multiplet at_ oassp - * S 1
=2,...N,. This CF exciton branch is identifiable fo: B e s e e e TS
=14 but not atN=18. Nonetheless, there is a well defined ——— 04352 T
gap in all cases. Figure 2 shows tNedependence of mini- 04531L (¢ v=6/17, N=8 1 s @ve6NTN=l4 T
mum energy needed for the creation of a CF exciton. There _ 04533 { _ _0:4356_ = ]
are substantial finite-size fluctuations in the value of the gap, @ -04s34f 1.8 sl =
because the number of spin reversed composite fermions i sl = 12 a0l T ]
quite small, but we believe that our results indicate that the ouszIl ] owef L oxF ]
gap remains finite in the thermodynamic limit, producing B omeak=x ]
incompressibility at 4/11. We will use the gap of the largest ¥¥® 571733 R R S TR
system studied as a rough estimate of the thermodynamic L L

gap. The next fraction we consider i8"=1(1)+2/5(]), FIG. 3. The energy spectrum at=7/19 forN=11 andN=18

corresponding to a partially polarized staterat 7/19. AS  and aty=6/17 forN=8 andN=14 for a partially spin-polarized
Fig. 3 shows, the state here is also incompressible. A thesystem.
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the gaps atv=1/3 and 2/5. It is remarkable that the should be possible in an appropriate range of Zeeman energy
composite-fermion theory is capable of capturing such subtl@and temperature. The temperature scale set by the gap is on
quantitative physics, and that experiments have come to #he order of 150 mK(at B=10 T) for GaAs, which is an

stage where higher order FQHE states are now beginning tépper limit because corrections due to finite thickness and
reveal themselves. disorder are expected to suppress the gap substantially. It is

Table | gives the overlaps of the ground state with thedt present not possible to ascertain theoretically the relevant
wave function of Eq(4). The overlaps are fairly large, con- Z€e€man energy range, for lack of a quantitative understand-
firming that the trial wave function of Eq4) describes the N9 of the fully polarized states at these filling factors. The

ground state effectively: in other words, the physics of themodifications due to finite transverse thickness, not included

; bove, are also of relevance.
FQHE atv=4/11 andv=7/19 is related to the’) =1/3 and above, s .
v, =2/5 FQHE in the spin-reversed sector. Similar considerations may also be useful for the QHE-

We have also investigated the possibility of partially po—"ke felatslljsre_ls_hseen Iprewouslyfatz 7M11in I\{er3{ Iom—degsny
larized QHE at v=6/17, which maps intov*=1(7) Sampes. € relevance of our resutts fo-the Raman

+1/5(]) of composite fermions. The theoretical spectra for 8exper|merﬁ in the filling faCtOF range .Zf% v= 1/3, where
and 14 particles aQg .= (17N—22)/12, shown in Fig. 3, the level structure of composite fermions is observed, also
provide an indication of an incompressible state here as Welgeserves further investigation.
Surprisingly, the gap foN=14 is ~0.0014%/ €l ,, which is We thank Kwon Park and Vito Scarola for discussions and
of the same order as the=4/11 gap. However, the system helpful comments on the manuscript. This work was sup-
sizes are effectively very small, as can be seen by the fagiorted in part by the National Science Foundation under
that there are only one or two basis functions at each angul&@rant No. DMR-0240458. We are grateful to the High Per-
momentum, which prevents us from making a more reliabl6ormance ComputingHPC) group led by V. Agarwala, J.
assertion regarding the presence of incompressibility at Holmes, and J. Nucciarone, at the Penn State University
=6/17. At the moment, we are unable to get sufficient accUASET (Academic Services and Emerging Technologies
racy at the next particle numbeNE 20). assistance and computing time with the LION-XE cluster,
Our study thus predicts that partially polarized higher or-and acknowledge NSF Grant No. DGE-9987589 for com-
der FQHE at fractions of the fornv=(3m+1)/(8m+3) puter support.
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