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Coulomb drag as a signature of the paired quantum Hall state
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Motivated by the recent Coulomb drag experiment of M. P. Ldtyal. [Phys. Rev. Lett80, 1714(1998],
we study the Coulomb drag in a two-layer system with Landau-level filling factot/2. We find that the drag
conductivity in the incompressible paired quantum Hall state at zero temperature can be finite. The drag
conductivity is also greatly enhanced abdvg at which the transition between the weakly coupled compress-
ible liquids and the paired quantum Hall liquid takes place. We discuss the implications of our results for the
recent experimen{S0163-18209)51712-§

A double-layer system of two-dimensional electron gases Motivated by this experiment, we study the Coulomb drag
(2DEGQ allows an unusual measurement of scatteringn the paired quantum Hall state limit. Incompressible paired
mechanisnt:? If there is no tunneling between the two lay- quantum Hall states with two electron species were sug-
ers, momentum can be transferred only via electron-electrogested some years ago, based on both numerical simulations
scattering due to the interlayer Coulomb interaction. As aand effective action approach&s?In particular, it was sug-
result, if a current is driven through one of the subsystemgested that, in double layers of Landau-level filling factor
(active laye), then another current is induced in the other=1/2, composite fermions in one layer can establish the pair-
system(passive layer The magnitude of the induced current ing correlation with composite fermions in the other layer
is a measure of the interlayer scattering rate. In real experbelow a certain temperaturd@, .'?> Though such a pairing
ments, an induced voltage is measured in the passive layeorrelation of composite fermions, which is responsible for
where no current flows. The ratio between the measured volthe incompressibility of the paired quantum Hall statees
age in the passive layer and the driven current in the activeot lead to conventional long-rang order of electrons, it does
layer is the so-called transresistivity or the drag resistivity. Inintroduce short-range pairing correlation of electrons, i.e.,
the case of a double-layer 2DEG system in the absence @fuantum fluctuations of electron pairs. The following ques-
external magnetic field, only the quasiparticles within an ention arises: How does the short-range pairing correlation de-
ergy band of widthkT near the Fermi surface participate in veloped by electrons in the incompressible phase affect the
scattering processes. This leads td“atemperature depen- Coulomb drag?
dence of the drag resistivity at low temperatuté§Vhen the In this paper, we study the transport properties of this
filling fraction becomes one-half in the presence of highincompressible phase and the temperature dependence of
magnetic fields, the 2DEG in each layer supports an unusuaiarious transport coefficients. We find the following results.
form of compressible liquid.Namely, the quasiparticles of (i) At T=0, the drag conductivity can be finite in the incom-
the half-filled Landau level are composite fermions, whichpressible paired quantum Hall state. Its temperature depen-
are the electrons with Chern-Simons flux quanta attached tdence forT<T,. strongly depends on disorde(ii) Above
them. Chern-Simons field fluctuations due to the densityl,, the drag conductivity is enhanced by’ 3= (e?/
fluctuations of electrons lead to a more singular low-energy: ) (kgl) ~2T/(T—T,). Herekg '=1g is the Fermi wavelength
interlayer scattering raf&® Theoretically it was found that and much shorter than the mean free path of the electrons
the drag resistivity goes &2 for a pure system an@?inT ~ The Hall drag conductivity exhibits a similar enhancement
for a diffusive system. near T.. We also obtain the drag resistivities below and

Recently, Coulomb drag measurement was done foaboveT.. We discuss the implications of these results to the
double layers of half-filled Landau levelsin the experi- experiment and suggest that the observed anomaly could be
ment, it was indeed found that the drag resistivity is muchinterpreted as a signature of the formation of an incompress-
enhanced compared to that of 2DEG in the zero magnetiible double-layer paired quantum Hall state at low tempera-
field. However, even though the temperature dependence camres.
be fit to T#° for a range of intermediate temperatures, the In the framework of composite fermion theohthe re-
experiment revealed much richer physics at low temperasponse functions of electrons can be expressed in terms of
tures. It was observed théd) the drag resistivity has a mini- those of composite fermions; as a consequence, the in-plane
mum at a certain temperature below which the drag becomesonductivity, Hall conductivity, and drag conductivity, as
very sensitive to disorder and the applied current; @mdhe  well as Hall drag conductivity can be expressed in terms of
drag resistivityseemdo be finite at the zero temperature.  the composite fermion polarizabilities:
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where 7$ —7711(|Q Q) +a5yiN,Q), #¥=7I%i0,Q)
+ wlg(m Q). 7 aﬁ. and 7S5 denote the density-density and
current-current polarlzatlon matrices of composite fermions,
respectively, defined in the space of the layer indey
=1,2.c=i47/Q comes from the Chern-Simons transforma-
tion. In the incompressible double-layer quantum Hall liquid
limit, we introduce the Green’s functions of composite fer-
mions defined in a generalized Nambu space in Matsubara

representatioft c
) G, = Gy, O FIG. 1. (a) Diagrams for vertex corrections. Solid lines represent
G= ~ ~ | 0 G, the composite fermion Green’s functiort defined in Nambu
F', -G ! 22 space; shaded triangles represent the renormalized vertices. The

wavy line stands for the irreducible interaction verté.Diagrams
~ 0, Fu for the polarization of composite fermion&) Diagrams for the
- Fny, O 2 drag conductivity above the critical temperatufg. Solid lines
_ _ with index 1, 2 are composite fermion Green’s functions in layers 1,
HereG andF are defined in layer-index space, 2, respectively.

lo+&p A (2) and(4), we obtain the results in the incompressible paired
11,007 — Foao=———F—>, 0 Il liquid limit. At | <T.inth
w2+ A2+ ¢ w2+ A2+ ¢ quantum Hall liquid limit. At low temperatureB<T, in the
p p P
limit v, Q=Q<A, we have
where §p=p2/2m— er and w=(2n+1)7T. We first con-

sider the clean limitrA>1, wherer is the elastic mean free 22
time. A is determined by the self-consistent equatibfw) m44i0,Q)= { ﬂﬁﬁ
=T209(Q)F(w—Q), whereg(Q) is the interaction con- -0+vgQ

stant in the interlayer particle-particle channel. The external
field vertices are renormalized accordingfy* as shown in
Fig. 1(a). To simplify the calculation we neglect the energy
dependence ofy;5({)) and A. We also ignore intralayer
Fermi liquid renormalization effects. To the leading order in on
the small parametet/er, whenveQ,Q) <A, the diagrams 7491 Q,Q)=e2—B,(T)E1(Q,Q),
in Fig. 1(a) yield I

+B2ATE(Q,Q) |,

QA .

Pommt e ger TV @ 710,Q)=~

E2(Q,Q)1,

where usvaaO(T)/\/i, ve Is the Fermi velocity, and

ao(T) is a temperature-dependent constamg(T=0)=1 7% Q,Q)= (T)E,(Q,Q)].
and forT~T, (WhereA~0), ao(T)=\7{(3)A127°T<1.
{(x) is the Riemanrt function ®)
0 - To 0 Here dn/du=m/27 is the thermodynamic density of states,
;2_( ' ) , ;3:< ' ) ' mis the mass of composite fermions, aglis the superfluid
-7, O 0, —m density. B1(T)~pB5(T) and Bo(T)=1—a (T); ay(T) is

where 7o, 7, are the unity matrix and-component Pauli 9\ven by
matrix in the layer space, respectively. We have chosen the

Coulomb gaugé&/ - A=0 so that the vertex corrections o 1—2+ | ex;< )
are zero. It is worth emphasizing that the vertex corrections Te:

in I'y are essential for preserving the gauge invariance of the ay(T)= ®
theory. o T T<T..

47"
The polarizability can be calculated in terms of the dia-
grams in Fig. 1h). Taking into accoun&,I",T" given in Egs.  E; , have the following forms:
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N\ ' Ne(€pso) —Ne(ep) also found in electron-hole double-layer systéhit is easy
1= @ "0t E ot tio’ to confirm that, in both the pure and disordered limit, the
P P+Q  Sp following equalities hold:
2
2m Ne(€pr0)—Ne(€p) e
— 2 "'"Fi®p+Q FL€p XX XX_ Xy Xy__
Ho=— — 7 og11—01,=0, o T13=——. 9
2N, Zp UF_Q+§p+Q_§p+I5 (7) 17012 LAY s 9

Equation(9) can be attributed to the incompressibility of the
paired quantum Hall state and does not depend on disorder.
. _ . In the limit TA<1, the energy gap in the quasiparticle
The results in Eqs(S), (%)& and(7) can be interpreted in - gnectrym disappears. In this cage, become of order unity
terms of two-fluid modelas’" is the sum of the condensate gy en aiT=0 and the exponential decay of the drag conduc-
contribution, which is proportional te;, and the quasipar- ity at low temperatures does not occur. As a result, Tor
ticle contribution, which is proportional t8,. 75°is de-  <T_, oY~ (1kel)e¥h, oXY~(Lkel)2e¥/4, remaining fi-

termined mainly bcyc the condensate component. Asymmetripjte even at zero temperature. It is worth pointing out that in

cal p0|ari2ati0nSr7T, y ’7Ttid have contributions mainly from genera]A has energy dependence. However, note;ﬂ‘fétin
thermally excited quasiparticles. At<T,, the quasiparticle Egq. (5) manifests the existence of the Bogoliubov-Anderson
contributions are exponentially small because of the energy,ode in the spontaneously symmetry-broken state wifd
gap in the spectrum. At temperatures closeT{o the con-  yeflects the off-diagonal long-range order in the composite
densate contribution becomes small. Following &85.(6),  fermion system. Thus, Ed8) follows as a consequence of
and (7), we find thato1{=0, o1{=e*/4m# for this incom-  the incompressibility of the paired quantum Hall state and
pressible paired quantum Hall state. The drag conductivityyges not depend on the detailed structure of

also vanishes in this limity{3=073=0 atT<T,. At high temperatures, the double-layer composite fermi-
~In the presence of random impurity potential§ (r)  ons are weakly coupled with each other. However, when the
in layer 1, 2, the composite fermions in different layerscritical temperaturd . is approached, the current-current po-
experience different random potentials. Composite fermionsarizability diverges due to the strong pairing fluctuations of
in layer 1 have to pair with those in layer 2 with a different composite fermions in the two layers. This is similar to the
spectrum. In this case the Hamiltonian acquires addisjtyations discussed in Ref 15. We fin 53 Q,0)

which were studied in detail in Ref. 3. Whe@>uvQ,
E12Q%02

tional terms: Z[Va(r)+Vo(N1(¥1da+ ¢392 +3Va()  =i0oSF in the Q—0 limit, where

—Vo(N) (1 — ¥hip,). Here gy, 4, are the composite fer-

mion operators in layers 1 and 2, respectively. The second . e? 7°D? +=  Q%mLR(Q,Q?)
term acts like a random Zeeman magnetic field on composite o5 =Tog —3J dZQJ dQ—Q
fermions and effectively leads to the suppressiomofThe T 0 sinhz(—)
impurity potentials pin the Chern-Simons flux in spheed 2T
break the time-reversal symmetry of the composite fermion

system. This results in a further suppresstonThus, in the R 64T27 2D 2 (1 iQ+ nDQZ)
strong disorder limit, the underlying composite fermion sys- ImL 21 ‘2+Q2)Q2|m 2 AT -

tem becomes gapless. (10)
In the weak disorder limityA>1, the energy gap of the

quasiparticles remains open. The change of the superfluidere n=7&(3)/2m>T+ andV is the digamma function. The

densityNg and the sound velocity, is proportional to 1#A effective interlayer interaction is calculated in terms of the

and is negligible. However, the quasiparticle contributionsdiagrams in Fig. (c),

are dramatically changed. The longitudinal polarizat®n

=DQ¥i( takes the diffusion form, while the transverse one R oo [T—Tc m7DQ*+iQ

E,=7Y(iQ+71) is Drude-like. Taking these into ac- LHQ.QY=| — Y T

count, we find

-1

(11)

We assume the temperature is closd@tcand T—T <7 1.
To leading order inr(T—T,), the contribution from the sec-

2 2
XX Bakel & oo -1 e ond term in Eq(10) is negligible. Taking into account Egs.
12 14 B1Bo(ke)2 f 12 1+ B1Bo(kel)? 87h (1) and (10) we obtain
8

“x T T € Xy —ar T €
. . H H H (o = -, g = —_—.
in the.weak disorder I_|m|t ar<T.. B, are given by. Eq. 12 Ake)2 T—Te h 12 8(kel)3 T—Tc &
(6), with A evaluated in the presence of disorder. SiAge (12)

which appears in the low-temperature asymptotic forms of
B12, is a function of the elastic scattering rate! itself, the  Meanwhile o= (2mlkel)eh and oY=e€%/4% in zeroth-
drag conductivity as a function of temperature strongly de-order perturbation theory with respect to the pairing fluctua-
pends on disorder. Whefl becomes close tdl;, o33  tions. WherT/(T—T)~kgl, 053~ 0¥ and the perturbation

= (1kel)e?/h and oY= — (1/kel)%€?/%. On the other hand, method breaks down.

they become exponentially small whdnhgoes to zero. A In experiments, the drag resistivity is measured. The drag
similar temperature dependence of the drag conductivity wasesistivity tensor can be obtained by inverting the conductiv-
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ity tensor presented above. At>T., taking into account a gapless limit was reached in the experiment. In Refl 1,

Eq. (12), we get the corresponding drag resistivity ~lg~kz1~200 A ; the in-plane longitudinal resistance is
close to 3000 andl~kg*. Indeed, this yieldsA~1, im-
= ™ T & (13) plying a gapless situation. However, to derive E@.and
12—

(9), we have assumed that, in the low-temperature phase,
thermal fluctuations are negligible. WheflT—T.|/T,
which increasesas the temperature is decreased towgyd <1/, fluctuations are strong and the results in E@.
The Hall drag resistivity is always zero in this model. The and (13) are invalid. This sets the limit of the theory when
contribution discussed in the previous pagefsiithout tak-  compared with the experimequantitatively For the situa-
ing into account the contribution from the pairing fluctua- tion wherekgl ~1, the transition regime where thermal fluc-
tions, is a monotonicallgecreasingunction of temperature, tuations are large could be of the same ordefTas It is
i.e., (IgT/dep)¥?n/e®. Hered is the interlayer spacing, as- plausible that the lowest temperature in the experiment is
sumed to be larger than the magnetic length. Since the corstill in the critical regime and the low-temperature incom-
tribution due to pairing fluctuationsliverge as T, is ap-  pressible phase discussed in this paper was smeared out in
proached, we find that as far as Ref. 1. To distinguish the gapless situation and the thermal
a3 fluctuation effects, we suggest studying double-layer systems
T = (k]2 IB_T) with d>1gz, where the gapless limit can be reached (
T-T. 7/ \deg)

<1), while reg is still greater than unity so that the critical
. .,_regime is narrow.

the result discussed here always overwhelms the contrib 9

tions in Refs. 6 and 7T, is estimated aslg/d)?eg in Ref.

U Further complications arise when the pairing wave func-
) o tion also becomes inhomogeneous in space in the presence of
12. Whend>|gz andT.<ep, EqQ.(14) can be easily satisfied. S P P
Thus the drag resistivity can develop a minimum as a func

macroscopic inhomogeneities in the sample. The drag cur-
. rent is then carried by electron pairs traveling along the per-
tion of temperature around. .
At T<T,, following Eq. (8), we obtain

A2 T-Tg g2’

(14

colating paths, which are strongly dependent on impurity
configurations and the amplitude of applied currents. Finally,
in the strong disorder limit, the mean-field approach is ques-
pi= p§>2<:—2 i (15) tionable due to strong quantum_phase fluctuations .prejsent
B1(T)kel g2 even at zero temperature. Solutions to these complications

S T remain open.
which indicates that the drag resistivity diverges at low tem- Recently we became aware of a related work where the

peratures in the weak disorder limit when a gap still XISt pfect of the pairing fluctuation is also studittiThe discrep-

In the 5”229 d|sqrder_ I!m'tﬁl Is of order unity even ar ancy between some of the results in our initial manuscript
=0 andpy; remains finite alf <T.. We therefore suggest .,y those of Ref. 16 was due to different boundary
that the transition between the incompressible paired quansyngitionst?

tum Hall state and the weakly coupled compressible double-

layer state could be responsible for the anomalous tempera- We acknowledge useful discussions with I. Aleiner, B.

ture dependence of the drag resistivity observed in theltshuler, J. Eisenstein, H. Y. Kee, and especially A. Stern.
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