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Possibility of p-wave pairing of composite fermions atr=7;
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We find that the composite Fermi sea &t 1/2 is on the verge of an instability to triplet pairing of
composite fermions. It is argued that a transition into the paired state, described by a Pfaffian wave function,
may be induced if the short-range part of the interaction is softened by increasing the thickness of the
two-dimensional electron systefi§0163-182608)52440-X]

It has been over 10 years since the discovery of an everappears as th€>T. normal state in this scenario. A pairing
denominator fractional quantum Hall effg@QHE) at Lan-  instability of a more complex nature has been discussed by
dau level(LL) filling fraction »=5/21 In this state the lowest BaskarariL.s _ _

(n=0) LL is filled for both up spins and down spins and the ~ Motivated by these issues, we have carried out a system-
effective filling factor of the first-excitedn=1) LL is 1/2.  atic study of five different trial wave functions. Specifically
In an attempt to explain how this state was able to escape tHe have considered wave functions which describe the com-
usual “odd denominator rule” of the FQHE, Haldane and Pressible spin singlet and spin polarized CF sea sfaltas,
Rezayf proposed a trial wave function which described anmcompres_sttt)le spin  singlet _Haldane-RgZaw and
incompressible singlet state for a half-filled LL and arguedIBe_Ikhc'jr"]af'rJfrf, states,%and finally the Imft_:o(rjnpre;abfl}e Spin po-
that this state might be stable at 5/2. Despite some initial frﬁg thP ?Df'af?_ statt tOurr] principal fin '?r? tIS' that aJ.[”. |
experimental support for the not fully polarized nature of the, € Flallian state has an energy that IS surprisingly

I . . ) . close to that of the fully polarized CF sea, and in fact, there
state in tilted field experimenfsquestions persisted from the | . . -,
is numerical evidence that a transition to the former may take

very peglnnlng about whether T'S was |n.fact thg C.Orrectplace as a function of increasing thickness of the electron
description of the v=5/2 state. Exact diagonalization wave function perpendicular to the plane of the two-
calculations® also indicate that the tru€oulomb ground dimensional electron system.

state atv=5/2 is not spin singlet even in the limit of zero  \ye pave performed our simulations using Haldane’s
Zeeman coupling. Greitest al.’ raised an alternative possi- spherical geomet?®y in which N electrons are confined to
bility in which the 5/2 FQHE state isully polarizedand  the surface of a sphere of radil® A monopole at the
described by the Pfaffian wave function proposed by Mooreenter of the sphere produces a radial field corresponding
and Read. This scenario was recently further explored by to 2Q flux quanta ¢=h/e) piercing the surface of the
Morf.° sphere. The one-body eigenstates are the monopole
In contrast, there has been significant progress in our urharmonics® Ya..m(6i,#;) wherel and m are the angular
derstanding of the physics of the compressible state at momentum quantum numbers. It is also convenient to define
=1/2 in terms of the composite fermid@F) theory, where the spinor coordinatesu;=cogé/2lexdi¢/2] and v;
composite fermions are electrons bound to an even numbet sin 6/2]exd —i¢/2] where§; and ¢; are the usual spheri-
of vortices in the many-body wave functiSmccording to  cal coordinates. For spin singlet states it will be assumed that
this theory, interacting electrons in the lowest LL are de-a particle is spin up if<N/2 and spin down if>N/2. For a
scribed in terms of composite fermions at an effective maggiven v the relationship between the number of flux quanta
netic field. In particular, the FQHE for electrons can beand the number of particles is@=v"1(N—1)—S where
viewed as an effectivantegerquantum Hall effect for com- the order-unity shifS depends on the state being considered.
posite fermion$ and thecompressiblestate at a half-filled The CF states are the lowest LL projections of wave func-
LL as a “metal” of composite fermions with a sharp Fermi tions of the form(Jastrow FactgrXx (Slater Determinat
surface'® A growing number of experiments have confirmed
the existence of such a “CF sea” at=1/21! Recently, Y=L DD =D2D. 1)
Haldane and Rezal have suggested that the true ground
state atv=1/2 may actually be a “weakly coupled” paired Here,®,;=1I;-;(ujvj—v;u;), P is the lowest LL projec-
CF state for the Coulomb interaction, going smoothly intotion operator, and is theN X N Slater determinant state of
the “strongly coupled” Pfaffian state as the pseudopotentiaklectrons at effective flug=Q—N+1, made of one-body
V3 is increased relative to its Coulomb value; the CF seeeigenstateé(q,h ,mi(el- ,¢;). The lowest LL projection is car-

0163-1829/98/5@.6)/101674)/$15.00 PRB 58 R10 167 © 1998 The American Physical Society



RAPID COMMUNICATIONS

R10 168 PARK, MELIK-ALAVERDIAN, BONESTEEL, AND JAIN PRB 58

TABLE I. Correlation energies of the five states considered in this paper fordseti2 andv=>5/2. All
results have been extrapolated to the thermodynamic limit and are given in ueftéehf.

v Pfaffian Composite Fermi Sea  Composite Fermi Sea  Haldane-Rezayi  Belkhir-Jain
(Polarized (Polarized (Singled (Singled (Singled

1 —0.4569(2) —0.46557(6) —0.46953(7) —0.3147(3) —0.4169(3)

2 —0.362(2) —0.3492(5) —0.2952(3) —0.303(3) —0.287(2)

ried out_following the procedure devised by Jain andCarlo methods. For the Pfaffian state the ident®fM|?
Kamilla,”" which amounts to replacing the monopole har-=|detM| (up to an irrelevant normalization facjocan be
monics in @ by the projected monopole harmonics used, and, again, standard variational Monte Carlo tech-

"\'(qJ_ m(0j,¢;), defined by niques can be applied. For each of these states the correlation
Y energy per particl&= (n/2) f[g(r)— 1]V(r)d?r, wheren is
?q,l,m:ji_lpLLLtiq,l,m 2 the carrier densityg(r) is the pair correlation function and

5 V(r) is the electron-electron interaction, has been calculated
where J;=1Ily(+i)(ujvk—v;uy). This changesb into ® to  for systems containing up to 50 particles and the results ex-
give the last equality of Eq1). Explicit analytic expressions trapolated to théN— oo limit.

for ?q,l,m are given in Ref. 17. v= 1/2. The ex'grapolated Coulomb energies per particl_e

The spin polarized and spin singlet CF sea states have tiptained for the five states we have studied are given in
form Table I. Results are in units @/ el, wheree is the dielec-
tric constant and,= (fc/eB)'? is the magnetic length. At

¢=73,_,_,_<I>§CI>F.S_ 3 v=1/2, the lowest energy state is the singlet CF sea state,

closely followed by the polarized CF sea and the Pfaffian
. . states. The Haldane-Rezayi and Belkhir-Jain states have sig-
nant ground state of electrons at “zero effective fluxtf ( pificantly higher energies and shall not be considered further.
=0), chosen appropriately to be either fully polarized or  The gifference between the energiger particle of the
unpolarized. For the spin-polarized case states of Progresyolarized and unpolarized CF sea states 50042/ el o. In
sively higherl values are filled until a closed shell configu- 5 mode| of noninteracting composite fermions with an effec-
ration is reached. This occurs whéf=p® wherep is an ¢ massm}; (the “polarization mass), this is equated to

integer and results.ha\./e been obtainedl‘ﬂef4,.9, 16, 25, (he kinetic energy difference between the polarized and un-
and 36. For the spin-singlet case each state is doubly occ olarized CF seas to give

pied by a spin up and spin down composite fermion. Th

where® 5 is theN—o limit of the NXN Slater determi-

closed shell configurations then occur wheés: 2p? and re- 1 %eB o2
sults have been obtained filr=8, 18, 32, and 50 electrons. — =0.004—. (5)
The quantities for the CF sea have been obtained by an ex- 8 m;c elo

trapolation of the finite system results.

The Haldane-Rezayi statis given by®2detM, whereM
is the N/2XN/2 matrix with componentsMl;; = (Ujvjnyp2
_Uiuj+N/2)_2 wherei,j=1,---N/2. The other incompress-
ible spin-singlet state we have considered is the Belkhir-Jain

In contrast, the “activation massin; of composite fermi-
ons, defined by equating the excitation gap to an effective
cyclotron energy gives

2
state}® ®,®, ;®,, whered ; is the wave function of the @:0_326_,
lowest LL with both spin up and spin down states fully oc- m}c elo

cupied, and the matrixP, is an NXN Slater determinant . . . )
corresponding to two filled LLs, at effective fluxqz2Q implying thatmg/mZ ~ 10, roughly consistent with the result

—(3N/2—2)=(N—4)/2, constructed as if the electrons in Ref. 18. For typical magnetic fields, the actual ground

were spinless. The lowest LL projection is carried out bySt""Itte_WiII be akpSIrtizatty tp‘t)r!arilz:‘?dﬁ_c': sead arized CF
writing it as B b3 1Py, D2D,= b, 11y is remarkable that the Pfaffian and polarize sea

. ' . . . states are so close in energy given their qualitatively differ-
h'.:'ﬂa”y’ tge Pfefﬂan state is a spin polarized FQHE State ent natures. This difference can be seen in Fig. 1 in which the
which can be written as pair correlation functions for these two states are shown for a
—®2 system with 36 electrons plotted as a functiorrlof where
Ypr=DIPIM @ r is the chord distance on the sphere alqdzlgl is the
where PM is the Pfaffian of thé\ X N antisymmetric matrix ~Fermi wave vector of the polarized CF sea. For the pair
M with componentd;; =(uiuj—viuj)‘1. As pointed out by  correlation function of the CF sea one seég Dscillations
Greiter etal,” PfM is a real space Bardeen-Cooper-which fall off as a power law for large (Refs. 19 and 20
Schrieffer(BCS) wave function and s@p; can be viewed as consistent with the existence of a sharp “Fermi surface” of
a p-wave paired quantum Hall state. composite fermions. Similar oscillations are strongly damped
All of these wave functions, with the exception of the for the pair correlation function of the Pfaffian stitevhich
Pfaffian state, are of the foridastrow Factgrx (Determi-  presumably approaches the asymptotic value of unity expo-
nany, and can be studied by standard variational Montenentially with increasing. In going from the polarized CF
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FIG. 1. Pair correlation functions for the Pfaffian and spin po- FIG. 2. Energy difference between the Pfaffian state and the

larized composite Fermi sea wave functions. Results are for systent§ipolarized composite Fermi séapen squargsand between the
with 36 electrons. polarized and unpolarized composite Fermi ¢salid circles vs

N1y where N characterizes the thickness of the two-dimensional

sea to the Pfaffian state there is an increasg(i) for small  electron system. Energy differences are given in unite’é(15

r which we interpret as a signature of real space pairing“‘z)l’z-
correlations.

The fact that the correlation energy of the Pfaffian state igive interaction in the lowest LL, which is equivalent to the
close to that of the CF sea, which in turn is believed to be arfoulomb interaction in the second LL. This interaction is
excellent representation of the true Coulomb ground state iflerived by requiring that its pseudopotentials in the lowest
the lowest LL, makes it plausible that the former may belL are the same as the pseudopotentials of the Coulomb
relevant for an interaction not too different from the pureinteraction in the second LL. We remind the reader that the
Coulomb interaction(Strictly speaking, a variational study Haldane pseudopotential, (Ref. 19 are simply the corre-
is too crude to distinguish between states with small energ{ation energies of pairs of particles in a given LL with rela-
differences and cannot rule out the possibility that even fotive angular momenturm. We have used the following ef-
the Coulomb interaction the true ground state is paired, afective potential,
argued in Ref. 12, but we will assume this not to be the case
in view of the facts that no FQHE is observedvat 1/2 and e?(1 o > a2
that there is experimental evidence for a Fermi sea at Verdr)=—| T Tae” " +a,rie " . (7
=1/2.) It would be of interest to explore if a transition from
the compressible CF sea to the Pfaffian may be induced athe parameters;, a,, «;, and @, have been fixed by
v=1/2 by tuning some experimentally controllable param-requiring that the first four pseudopotentials \6f;((r) for
eter, e.g., the thickness of the two-dimensional electron sys;= o pe exactly equal to the first four pseudopotentials of the
tem, which alters the detailed form of the interaction poten-coylomb repulsion fon= 1 (the results of this procedure are
tial. To mvgsﬂgate this pOSSIbI|Ity we have modeled t_hea1=117.429,8.2=—755.468,a’1=1.3177 andx,=2.9026).
effect of finite thickness by replacing the pure Coulomb in-The remaining pseudopotentials are asymptotically correct
teraction by the effective interactidf, because/.¢«(r)=e?/er for larger. The pseudopotentials for

the Coulomb interaction in the=1 LL and forV;¢ in the

V()= e ©) n=0 LL are shown in Fig. 3. It can be seen clearly that the
eJrZF a2’ effective potentiaV¢; does an excellent job of characteriz-

ing the Coulomb interaction in the=1 LL.

The energy differences between the unpolarized CF sea and The energies of various wave functionsiat 5/2 are now
the polarized CF sea and the Pfaffian state are plotted asstraightforwardly computed as before, with the results also
function of A/l in Fig. 2. To account for the reduction of the shown in Table I. The lowest energy state here is the Pfaff-
characteristic energy scale with increasing thickness the enan, with the spin-polarized CF sea having only slightly
ergy difference is given in units &/ e(13+1?)Y2 For A higher energy and all three singlet wave functions having
=4l, we find that the Pfaffian has lower energy than themuch higher energy. The correlation energy per particle we
fully polarized CF sea, and fax=5l, its energy is below obtain for the Pfaffian,—0.362(2g% €l,, is remarkably
even that of the unpolarized CF sea. Thus we expect thaglose to the extrapolated exact diagonalization calculations
independent of whether the CF sea is fully or partially spinof Morf® of —0.366?/ €l , [although it should be noted while
polarized, it should be possible to induce a transition to theeomparing these numbers that ttig;¢(r) used in our calcu-
Pfaffian state by increasing the thickness. lations is slightly less repulsive than the actual Coulomb in-

v=5/2. While it is conceptually straightforward to pro- teraction(Fig. 3)]. We stress, however, that while the above
mote the above wave functions to the first excited LL, avariational calculations make the Pfaffian state plausible,
computation of the energy is difficult due to a lack of anmore work will be required to definitively establish its rel-
explicit form. We instead proceed by working with affec- evance to the true FQHE stateat 5/2. This is in contrast
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0.80 —_— for zero thickness at=5/2 are somewhat analogous: in both

—~ 070 } e Effective Potential in the n=0 LL | cases, the short-range part of the interaction is suppressed

w o Coulomb Potential in the n=1 LL relative to pure Coulomb interaction. Also, the tendency for

‘o, 060 f ] full spin polarization in the second LL may be attributed to

> 050 | . the relatively high Coulomb energy cost of having pairs of

S a0l ® * particles with relative angular momentum= 2 (Fig. 3.

5 To summarize, we have presented a variational Monte

g 0307 * . 1 Carlo study of several wave functions both fer1/2 and

8 o020t v 5 C. ] 5/2. Of the states we have considered we find that for the

@ . pure Coulomb repulsion, the spinn)polarized CF sea is the

Q 0.10 ground state afzerg large Zeeman coupling at=1/2, and
0.00

the incompressible spin-polarized Pfaffian state lies lowest at
v="5/2. The possibility of a transition at=1/2 from the CF
sea to the Pfaffian state as a function of the thickness of the
FIG. 3. Haldane pseudopotentials for the effective potemjyy ~ two-dimensional electron system has been investigated.
discussed in the text in the=0 Landau leve(solid circles and for
the Coulomb potential in the=1 Landau levelopen squargs
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