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Singular Pair Breaking in the Composite Fermi Liquid Description
of the Half-Filled Landau Level
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Fluctuations of the Chern-Simons gauge field in the composite Fermi liquid description of the half-
filed Landau level are pair breaking in all angular momentum channels. For short-range electron-
electron interactions these fluctuations are sufficiently strong to drivel'asy0 pairing transition first
order. For Coulomb interactions these fluctuations are weaker and a continuous transition is possible.
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There is strong experimental support [1] for the re-due to the “pinching” of the lowest subband wave func-
markable hypothesis that the two-dimensional electron gatson of the two-dimensional electron gas [12]. If this is
at Landau-level filling fractionw = 1/2 can be viewed the case then it is plausible that the incompressible state at
as a compressible “metal” with a sharp Fermi surfacesmall tilt is a Pfaffian, and the tilted field transition is from
[2]. The initial formulation of this idea, based on the Pfaffian to CFL. Another scenario, advocated by Rezayi
composite fermion theory of the fractional quantum Halland Haldane [13], is that for a pure system there is no
effect [3], involved representing physical electrons bytransition—the CFL isalwaysunstable to the Pfaffian—
fermions, referred to in what follows as Chern-Simonsand the observed incompressible-compressible transition
(CS) fermions, bound to two quanta of fictitious, or CS,occurs when the gap becomes smaller than the character-
flux [2,4,5]. If this flux is chosen to point in the direction istic decay width associated with the disorder.
opposite to that of the physical magnetic field then, at The analysis of GWW favors the latter scenario that
the mean-field level, CS fermions at= 1/2 see zero in the absence of disorder the CFL is always unstable
effective field and form a metallic state with a Fermito the formation of a paired quantum Hall state. It is
surface. Halperin, Lee, and Read (HLR) [2] developed @he modest purpose of this paper to show that while this
theoretical description of the resulting “composite Fermimay, in fact, be the case it is noecessarilythe case.
liquid” (CFL) by studying fluctuations about this mean- If one goes beyond GWW and computes the effective
field state within the random-phase approximation (RPA)interaction between CS fermions within the RPA the

Unlike the CS theories used to describe incompressibleurrent-current interaction mediated by the transverse CS
guantum Hall states [5,6], where the energy gap providegauge fluctuations is found to be strongly pair breaking
some justification for thinking that fluctuations are underin all angular momentum channels. These fluctuations
control, the CFL is gapless, the fluctuations are largetherefore provide a hostile environment for the formation
and the degree to which the mean-field solution capturesf Cooper pairs and can, in principle, stabilize the CFL.
the essential physics is unclear. One question withn what follows it will be assumed, with the usual provisos
important physical consequences is whether or not theegarding renormalization of the effective mass, that the
mean-field Fermi surface is stable. Greiter, Wen, andLR approach is qualitatively correct. The relevance to
Wilczek (GWW) [7] have shown that the bare “density- more recent formulations of the CFL [14—-19] will depend
current” interaction between the flux attached to one C®n the extent to which they resemble HLR, currently a
fermion and the current of another CS fermion mediatesnatter of some controversy [20].
an attractive pairing interaction in the-wave channel. Consider a two-dimensional electron gas, realized in the
These authors argued further that the resulting paired staie plane in a perpendicular magnetic fieldat filling
corresponds to the incompressible Pfaffian state originalljactor » = 1/¢, where ¢ is an even integer. Taking
proposed by Moore and Read [8]. i = ¢ = 1 the magnetic field i8 = 27 ¢n/e wheren is

The v = 5/2 quantum Hall state [9] provides ex- the electron density. This system can be described by the
perimental motivation for studying the stability of the Euclidean time action [2]S = fo dr [d?r Lo(r,7) +
CFL. Exact diagonalization calculations of Morf [10] Scg, where
have shown that for the Coulomb interaction the half-
filled first-excited Landau level at = 5/2 is spin po- _ - I SRS Y
larized, even in the absence of Zeeman coupling. Morf Lo = ¢|:af BT om (V —ia + icA) }p
further speculates that the observed collapse of this state 1)
in tilted fields [11] is a consequence of the “hardening”
of the short-range part of the electron-electron interactiomnd
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Sre = — . w,)D° (. w,). 2 can be studied by takingy(g) to be the effective
< 2.2 au@ 00Dy, (@ag.e). 2 potential corresponding to subband wave function

&(w) = Awexp—bw/2 [22]. The renormalized effec-
jive mass, which must depend only org), can also be
estimated using the = 1/3 energy gap, computed as a
function of the thickness parametgr= (bly)~ ! in [23],
with the approximate resuliz( 8) = (10 + 78)/(3¢%ly).
Figure 1 shows the dependenceig§(0) on 8, computed
_ using (5) with/ = 1 and ¢ = 2, both with and without
DO(g) = ( .v(q) i277¢/q> 3) this mass renor_malizati_on. _ The e_ffect of including the
—i2md/q 0 screened density-density interactiovy, through the

s th “hare” CS propagalor when) i the elecion.  SESPONANG Soping constanyD e aso shown. I
electron interaction. Integrating ouf enforces the con- ® P 9 9

. RO . with thickness.
f(;[\r/ae'lnzvvxx;; _ ;g:gf‘i ;SB the.‘;hjt égeggzaen f];glc? So far the current-current interaction between CS fermi-

then exactly cancels the magnetic field and the C%QZnn}eg?rfg b?:] ttr;ﬁeté%njvgrrii;i(gliﬁ?seirzltlécr;uc?;[:)%niss has
fermions form a Fermi liquid with Fermi wave vec- 9 ) P

ot 2
tor kp = (2/¢)"2/1, wherely = (1/eB)"/? is the mag- k X §
neticFIength. Vi Ak K w,) = Dulg, wn)

The GWW pairing instability is due to the bare “statis- (k % a\
_ q)

M.V q,n
Here ¢ is the CS fermion fieldgg and ai(q, w,) = 7 -
[4 X a(q, w,)] are the time and transverse components o
the CS gauge fieldw, = 2n# /B is a bosonic Matsubara
frequency, A(r) = (2 X r)B/2 is the vector potential
describing the applied magnetic field, is the electron
band mass, and

tical” interaction in the Cooper channel,

~ m
k Xqg2
Di(g) = i ATy i

"o * X @@ + Gr/2m) |wnl/a

nFor short-range electron-electron interactions taking
v(g) = v(0) and evaluating (5) gives

k X §

Vo (k, k') =

(8)

whereq = k — k’. A dimensionless coupling constant
characterizing the strength of a given pairing interactio
is given by thel-wave Fermi-surface average,

2/3
2 _ L[ ke -1/3
Mw) = ——2'” [ V(kpR, kp(COSO% + singy). ) Aul@n) ~ = <5((0)) loal ©
T Jo

X exp(ifl)do, (5) The divergence ofAj (@) as w — 0 is from small

i i g scattering of Cooper pairs and so is independent
where, because the CS fermions are spinléesaust be ¢,

odd. ForVi, the result of this integralhl, = sgn(l)7 é,
is attractive for positivel and repulsive for negativé,

reflecting the fact that the pairing interaction is not time- 2.5
reversal symmetric [21].
The RPA expression for the CS gauge field propagator 20 |
is obtained by integrating out the CS Fermi fields and '
expanding the resulting effective action to second orderin | -~
the CS gauge fields with the result [2] 15t / T
1 - < /-
Skea = 5 > > au(@. @)Dy (q. 01)an(q. @) . (6) ) 2 —
L sy
Here D! = X% + D" where X9, is the electro- - —— A, (unrenormalized)
magnetic response function for noninteracting electrons osr A,, (renormalized)
[2]. Forg <2kr andw < krg/m, Ky = m/2wand |  —== Ao+, (renormalized)
K = —xaq® — krlw|/4mq, where ys = (127m)~! 0.0 s : s
is the Landau diamagnetic susceptibility. 0.0 1.0 2.0 3.0 4.0
Within the RPA thescreeneddensity-current interac- Thickness Parameter 3
tion in the static limit is FIG. 1. Coupling constant characterizing the strength of the
RPA Vf)o(k,k’) p-wave pairing interaction vs thickness parameger Results
Vi kK, 0o =0=—"—"""—, @) are given with (solid line) and without (dashed line) the mass
27Tm¢2X(Q) renormalization discussed in the text, as well as with both the

N <12 ) mass renormalization and the screened Coulomb repulsion (dot-
where y(¢q) = v(q)/Qmé)* + (1 + 6/¢*)/(127m).  dashed line). In all cases the interaction grows stronger as the
The effect of finite thickness on this interaction thickness is increased.
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The effect of this singularity on the pairing instability of the CFL can be seen by considering the follGwing
BCS gap equation,

@ / o / 1/3
Alw) = /\], do' Aw) —v | do’ 5 Aw) ( el ) ) (10)

@0 Vo' + |A(w))]? o Vo' + A \|lo — o

Here A and y are dimensionless coupling constan'ts Ecs(Ag) = 1fx do d*q IndetD (¢, w; Ao).
characterizing a nonsingular attractive interaction and a 2 Jox2mw ) (2m)? T
singular repulsive interaction angy ~ ¢2/ly. Assuming (14)
that thew dependence oA is weak, takingw = 0, and
performing the integrals yields

Here D,,(A) is the CS gauge field propagator ob-
1/3 tained from the equatiorD ~'(Ag) = K(Ag) + DO

w( w( . .

— = Cy(—) , (11) where now X,,(Ag) is the electromagnetic response

|A] |A] : - :
where C = 4.2. For small A, the second term which functlgbn dOf bthe hpa|red s.tlate. calcu_lated for-]- fermions
prevents pairing dominates, suggesting that the CFL ma?escn ed by the HamiltonianH =3 (exihcih +

be immune from the GWW instability, or, for that matter, [A0 2k ey +Hc]. To analyze (14) it is
any Kohn-Luttinger-type instability [24], at least for short- Useful to analytically continue to the real frequency
range electron-electron interactions. axis, setting D,,(q,v = ilo]) = D,,(q, @) and
This analysis leaves out both self-energy effects andu»(q. ¥ = ilwl) = XK, (g, ®). The usual deformation
the self-consistent modification of the CS gauge field®f the imaginary frequency integration in (14) around
propagator, both of which may be important, particularlythe branch cut of the logarithm on the real axis then
for the more physically relevant Coulomb interaction 9ives [2,25]
case for which the CS gauge fluctuations lead only to * dv
logarithmic singularities. An alternative approach which Ecs(Ao) = [ Py
includes these effects was introduced by Ubbens and Lee 0 =7
[25] in the context of theU(1) gauge-theory description < tgp! I detD ™! (¢,v; Ay)
of the r-J model. In this approach the free energy or, Re detD (g, v;Ag)
at T = 0, the condensation energy, is computed directly

within the RPA as a function of the gap parameter. . o
i X equenciesr = 2|Ag| which implies thatim Ky (4() =
To apply the Ubbens-Lee analysis to the presentproblerfﬁm K11(Ag) = Re Koi(Ag) = Re Kio(Ag) = 0 and thus

itis necessary to “probe” the CFL by introducinglawave ImdetD~'(Ag) = 0 for » = 2|Ay|. Following [25]

airing interaction by hand. This interaction is taken to be : .
gf thegusual separagle form Ecs(Ag) — Ecs(0) can then be estimated by calculating

v the contributions of these frequencies-td&cs(0) which
0

1 = Aln

qu
(2m)?

(15)

In the paired state a = 0 there is no damping for

=9 Yy b (k,Q, + w,, are lost in the paired state [27]. For the case of short-
Spes Ap m%y k,zk/y”k vk, ) range electron-electron interactions, taking) = v(0),
X =k, —Q,)¢(k',Qy + w,)p(—k',—Q,), this approximation gives
(12) 2]A,] dv d2
where A is the area of the systerf}, = 2n + 1)7w/8 Ecs(Ao) — Ecs(0) = /0 2 (27:;2
is a fermionic Matsubara frequencyy, = @ (wy +
)0 (wo — €) expify), & = (K> — ki)/2m, andf; = xtan | L2
arctark,/k,.  The Hubbard-Stratonovich decompo- 27w %(0) g3
siton of the BCS interaction is accomplished by e\ 5
adding the termSys =Y, ¢(wn)c(w,) to the ac- ~ ()?(0)) [Aol>". (16)

tion where c(w,) = VAB/ Vo Alw,) + /Vo/AB X
S S vt (K, Q, + w,)(—k,—Q,) [26]. The ¢S For small A this term, which is consistent with the
fermion fields can then be integrated out and, withinsingular term appearing in (11), will always dominate
the static approximationA(w,) = Ayd,, the resulting the condensation energy and prevent any continuous
effective action can be expanded to second order in th@ero temperature pairing transition. Thus for short-range
CS gauge fields. Integrating out these fields and takinglectron-electron interactions any pairing transition of the

the T = 0 limit then yields the RPA expression for the CFL will necessarily involve a discontinuous jump in
condensation energy per unit area, Ay and so be first order. As pointed out in [25], the

|Ao|2 m [ appearance it (Ao) of a nonanalytic term ihA,|> due to
E(Ay) = 7 Z_f (Ve2 + |Ao]* — lel)de finite frequency gauge fluctuations is a quantum version
0 TS e of the fluctuation driven first order transition discussed by
+ Ecs(A¢) — Ecs(0), (13)  Halperin, Lubensky, and Ma [28]. A similar effect, in
where which a continuous quantum Hall-insulator transition is
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