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Electromagnetic characteristics of bilayer quantum Hall systems in the presence
of interlayer coherence and tunneling
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The electromagnetic characteristics of bilayer quantum Hall systems in the presence of interlayer coherence
and tunneling are studied by means of a pseudospin-texture effective theory and an algebraic framework of the
single-mode approximation, with emphasis on clarifying the nature of the low-lying neutral collective mode
responsible for interlayer tunneling phenomena. A long-wavelength effective theory, consisting of the collec-
tive mode as well as the cyclotron modes, is constructed. It is seen explicitly from the electromagnetic response
that gauge invariance is kept exact, this implying, in particular, the absence of the Meissner effect in bilayer
systems. Special emphasis is placed on exploring the advantage of looking into quantum Hall systems through
their response; in particular, subtleties inherent to the standard Chern-Simons theories are critically examined.
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[. INTRODUCTION into the Landau levels. We study the electromagnetic charac-
teristics of the bilayer system in Secs. Il and IV. In Sec. V
The Chern-SimongCS) theories, both bosonic® and  we comment on the CS approach. Section VI is devoted to a
fermionic*~° realize the composite-boson and composite-Summary and discussion.
fermion descriptionsof the fractional quantum Hall effet?
(FQHE) and have been successful in describing various fea- Il. BILAYER SYSTEMS

tures of the FQHE. They, however, have some subtle limita- . . . .
tions as well® In particular. when applied to bilaver svs- Consider a hilayer system with average electron densities
- N particura, app ) DNAYET SYS™ (@) _ () 52)) inthe upper @=1) and lower @=2) lay-
tems, they differ significantly in collective-excitation ~av Th a‘{ ’ al" h extending in se |
spectrum from the magnetoroton theory of Girvin, Mac- E7S- 1he two fayers, each extending In (x1,x2) plane,

Donald, and Platzmatt,based on the single-mode approxi- are tall<en FO be situated _at pOSitia&):ZCJr.%d "_’md 2®
mation &SMA) ' =z.— 5d with separatiord in the vertical(z) direction. The

- . . system is placed in a common strong perpendicular magnetic
The quantum Hall effect exhibits a variety of physics for y P g perp 9

. ) . . field B,=B>0. We suppose that the electron fields) in
2-22 z
bilayer (and multilayey systems: In a previous papé? each layer are fully spin polarized and assemble them into a

we studied within the SMA theory the electromagnetic Char'pseudospi?’? doublet spinor¥ = (4, @) Our task in

acteristics of bilayer systems in the absence of interlayer cgy,q paper is to study how the system responds to weak elec-
herence and derived a long-wavelength effective theory that?omagnetic potentialsA,(x;z) and A,(x;z) in three-
properly embodies the SMA spectrum of collective excita-gimensional spacefWe slfuppose,u runs over (0,1,2) or
tions. The effective theory was constructed from the electro(t x, x,) and denoteA,=(A;,A,)=A and x=(t,x) for
magnetic response of the systems through functionaghort] We thus write the one-body Lagrangian in the form
bosonizatiort® without referring to the composite bosons or
composite fermions. Thereby the relation between the SMA
theory and the CS theories was examined.

The purpose of the present paper is to extend the program
of looking into quantum Hall systems through their response 1 B nd ne ol
to situations of particular interest, bilayer systems in the H= S (PHAPHAT+A 03) +Ag +Ag 03, (2.2)
presence of interlayer coherence as well as tunneling, where
phenomena such as a crossover between the tunneling amthere A (x)=3{A,(x;zZ") = A (x;z?)} in terms of the
coherence regimé&$®2and Josephson-like effettd®?>?%at-  potentials acting on each layer, or explicitly,
tract attention. We study the electromagnetic characteristics

L1=f d2xW(ig,—H)WP, (2.1

of bilayer systems by means G a pseudospin-texture ef- A;(X)=AM(X:ZC)+ R
fective theory andii) an algebraic framework of the single-
mode approximation, with essentially the same results. Our AL (X)=(d2)d; AL (X2Ze) + - - - (2.3

analysis shows that proper account of the Landau-level pro-

jection is indispensable for deriving a low-energy effectiveA®=eB(—x,,0) supplies a uniform magnetic fiel; the

theory of gauge-invariant form. The presence of interlayeelectric charggee>0 has been suppressed by rescak

coherence modifies even the leading long-wavelength fea—A,. [For conciseness, we shall writey{)(x)

tures of the bilayer systems, and we critically examine the= (®(x,z(%,t), etc., and suppress reference to theoor-

CS approach to clarify its validity and limitations. dinate orz. unless necessatyLet us denote the number
In Sec. Il we consider the projection of a bilayer systemdensity and pseudospin densities as
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{p(x),S%(x)}= \I’*(x){ Ecra]‘lf(x) (2.9 A"“_(X):A;(X)_Eaﬂrz:(OI/Z)(&ZAM_%AZ)Jr.”(’29)

’+
with the Pauli matricesr, (a=1,2,3). TheA; coupled to andA’, ()= A,((S) are inert under U(1) gauge transfor-
p=pP+p®? probes the in-phase density fluctuations of thematror:s They"*(x) stand for the electron fields “pro-
two layers whileA; coupled t0S*=3(p(— @) probes Jecteg onto the common plane= z. and urrderge only the
the out-of-phase density fluctuations. U(1)™ gauge transformations. Note that  (x) is gauge

The electrons in the two layers are coupled through thénvarlant and actually denotes a vertical electrlc fidleh

intralayer and interlayer Coulomb potentialg'=V3* and :(gg)EB and in-plane magnetic fields A(; ,A';)
Vi?=Val  respectively; Vp'=e%/(2¢lp]) and V;? (d/2)(B,, ~By). . _
P g1t In view of this structure it is advantageous to restart with
e V,~ with e being the drelectnc constant of the sub (@) rx

the Lagrangian written in terms of thegé'® andA’; , and
strate. The pseudospin structure of the Coulomb interaction

recover the effect oF , at the very end. The interlayer gauge
is made manifest by rewriting it as

invariance is thereby kept exact. Accordingly, we shall from
1 now on regardy(® andA as denoting the transformed
HO=2 3 (Vip_pppt 4V, S* S0, (25 fieldsy' () andA’; .

2 pP—pPp pSp) . .
P In addition, it is rather natural and convenient to combine

the one-body Lagrangiah; and H"" into a formally U(1)
X SU(2) gauge symmetric form by setting

(=Y

V, =5 (1xe dPhvit, (2.6)

N

wherep, andSa stand for the Fourier transforms pfx) and M 27
S2(x) with obvrous time dependence suppressed.

Note here that the electromagnetic gauge transformanorfg M of Eq. (2.2) and by identifying the S2) gauge field

in spac;e)lnduce tW(() )sets of gn)tralayer gauge trans(fo)rmatlorréu_(A1 'Az AS) with
A, (%2 = A, (X2Y) + 3,0 (X) and Pt (X) B 2 3 o

RO TS )(X)zp(“)(x) with 0(“)(x) 6(x;z(*), which can be =" hsadu AL=0 AE2AT, (219
regarded as totally independdfar d+0) sincef(x;z) may  This SU2) gauge symmetry, of course, is only superficial.
have arbitrary dependence an The transformation laws The system has a global pseudospin(@lsymmetry in the
read 5A, (X)=4,607(x) in terms of 6°=3{¢M+ 9@}  ideal limit Asps—~0 andV, —0 with A’ =0; it gets bro-
Thus, for bllayer systems electromagnetic gauge invariancken to U1) either forASATO or for VvV, —O

turns into two separate () gauge symmetries, The “interlayer” gauge invariance has to do with inter-
U(1)*™U(1)" X U(1)~. [We refer to this U(1) as “inter-  layer out-of-phase (1) rotations induced by the variation
layer” gauge invariance below. Note that it disappears in theof 4(x;z), i.e., 8 «d,6(x;z). They are thugistinct from
d—0 limit.] global U(1) rotations(with constantd™) about theS® axis,

The tunneling phenomena must respect electromagnetighich have to do with charge conservation. As a result, the
gauge invariance. A naive choice of interlayer couplBly tunneling interactiotH""xS'1(x) defined in terms of)’ @
+iS%2=yMTy(2) should be promoted to a gauge-invariantis gauge invariant but transforms covariartilg., breaks in-
form?’ variance under global U(1) rotations.(This in turn implies
that there is no loss of generality in choosiHg"<S'?.)

Let us now project our system onto the Landau levels. Let

1 )
tun_ _ 2y 1 Dta=il;(2) .
HE ASASJ d* S{y e T aP e (2.7 |Ny=|n,y,) denote the Landau levels of a freely orbiting

electron of energyw.(n+3) with n=0,1,2..., andy,
with the line integral =(?p,, wherew.,=eB/M and{¢{=1/\/eB; we frequently set

¢ —1 below. We first pass inthl=(n,y,) space via a unitary
N o _ transformation¥ (x,t) = 2 \(x|NY®,(yo,t) and, by a subse-
TZ(X)_L(z)dZAZ(X’Z)_dAZ(X’ZCH'"’ (2.8 quent unitary transformatiod,(yq,t)— ¥ (Yo,t), make
_ the one-body Hamiltonian diagonal in level indices; the rel-
connecting the two layers for eagh Herel', has the trans-  evant transformation is constructed in powers\gfandA?, .

formation law 6I',=26" (x). The coupling strengtihsxs  The resulting projected Hamiltonian is an operator rin
characterizes the energy gap between the symmetric and aa-(r, r,)=(i€2d/dyo,y,) With uncertainty [r,r,]=i¢€2.

tisymmetric states. Such a systematic procedure of projection, developed
It is possible to gauge awdy, by settingl';=1",+26"  earlier?®?is readily adapted to the present @Jcase. As a
=0 so that the transformed fields matter of fact, forAgas<w. the result is essentially the
same as in the single-layer case.
' D (x)=e V2T2y(D(x), Let us focus on the lowest Landau levet 0 in a strong
magnetic field. The projected one-body Hamiltonian to
' P (x)=e 1 W2Ay(2)(x), O(A?) readsH®°+ H®™+ H"Y" with
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— 2 w
cyc_— c (@) (@)
H —QE:l Ep {—2 5p’0+7/{p ]pp,

Hem= % {Xp P—p+2xp S2 o}

ﬁtun:_ASAsglp:O, (212
with Xp =(Ag)pt (12M)(AL), and Aj,=31A; = d,AT ;
(A}), stands for the Fourier transform @f, (x). Here the
projected chargep,=p{H+pl?), Si=3(p{—-p), etc,
are defined by

FDEJ dyo Wh(yo.e” M e P T o(yy 1), (213

J— _ 2 i g
ngf dYO‘Pg(YO,t)e Wap“g-ip rjaq’o(YOat)a
(2.19

where the two-spino¥, defining the true lowest Landau
level, obeys the canonical commutation
{Wo(¥o.1), Wo(¥o.1)} =8(Yo—Yo). The U denote the
contributions quadratic i, and are giverifor p=0) by
UlDo=rd> UI(x) with

1
AlDdpala) 4, .
20)0 kO kO
(2.15
whereD = w2/ (wZ+); A,,=3d,A,—3d,A,, ande™ is a
totally antisymmetric tensor witk®*?>=1. Here we have re-

tained terms toO(V%/ w.); see Ref. 23 for an expression
exact to all powers of, .

The charges,,S3) obey an SU2)xW., algebrg’

1
(a) —— ple@) v, (a) _
u _ZA" De* ”a,,Ap

[pp.pd=—2is(p.K)ppek:  [pp SE1=—2iS(P.K)Sp

[0, S21=(p.ki €55, — 05 S(p K)o
(2.16

where

Xk

s(p,k)zsin( pT> e/2p-k (2.17
c(p,k) is given bys(p,k) with sin—cos. It is important to
note here that the projected charges themselve§y)(,
=p{P+Apl”, differ  slighty?® from p{® by
AlY-dependent corrections p{, which derive from the
field-dependent projection employd&ee the AppendixAs
a result, the projected Coulomb interaction

=t

5 % (Vp p—pppt4V, S SH+AHS (218

acquires a field-dependent piead, which plays a crucial
role, as we shall see.
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The dynamics within the lowest Landau level is now gov-
erned by the Hamiltoniatd =HC+ H®+He™+HY" Sup-
pose now that an incompressible many-body st&g of
uniform density p.),p)) is formed. Then, setting
(G[p |Gy =p{&)(2)25%(p) in H®™ one obtains the effec-
tive action toO(A?):

Sovel= — f dtd®xX, p{Qu'(x), (219

which summarizes the response due to the electromagnetic
inter-Landau-level mixing, i.e., due to the cyclotron modes
(one for each layer

The electromagnetic interaction iH also gives rise to
intra-Landau-level transitions. For single-layer systems the
intra-Landau-level excitations are only dipole inactivé.e.,
the response vanishes faster ttkdrfor k—0) as a result of
Kohn's theorent® and the incompressible quantum Hall
states show universaD(k) and O(k?) long-wavelength
electromagnetic characteristics determined by the cyclotron

relationmode aloné&?

The situation changes drastically for bilayer systems,
where both in-phase and out-of-phase collective excitations
arise. In-phase excitations generally remain dipole inactive,
as a consequence of invariance under translations of both
layers. Out-of-phase collective excitations, in contrast, be-
come dipole activ€"’ (in the absence of interlayer coher-
ence and modify the electromagnetic characteristics of the
bilayer systems substantiaffyincompressible quantum Hall
states well described by the Halperirm,m,n) wave
functions'? in particular, belong to this class of states. The
presence of interlayer coherence is expected to cause further
substantial changes in the systems, which we study in the
following section.

IIl. INTERLAYER COHERENCE AND
ELECTROMAGNETIC RESPONSE

In this section we study how the presence of interlayer
coherence affects the electromagnetic properties of bilayer
systems. The particular set of states of our concern are the
ground states at fillings=1/m for odd integeram, believed
to have total pseudospiS=N./2, with their orbital wave
functions well approximated by the Laughlin wave
functions or Halperin (m,m,m) wave functions? For defi-
niteness we shall concentrate on thve 1 ground state, but
our analysis will apply to other cases as well.

Suppose first that the SP) breaking Coulomb interaction
V, =(e’/4e)d+0(d?) is negligibly weak(i.e., d—0 and
Asas*0). Then thev=1 ground state is given by the total
pseudospinS=N./2 eigenstatgG,), fully polarized in the

S' direction via the tunneling interaction so that
(GolSy—olGo)=3Ne, oOr
_ 1 _
<Go|sg|Go>:5a §Po5p,o, <Go|Pp|Go>:Po5p,o'
3.0
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where po=pg)+ pi) and &,0=(2m)5%(p). We suppose Vo(yo,)=PU(yo )P 1,

that thisS,_,=N/2 eigenstatéG,) continues to be a good

approximation to the'=1 ground state a¥,, , kept weak, is 0.5 — 2 .=

turned on. It has been argifd and supported P=e®S, Q'SdE% e ssd )2 (3.9
experimentally® that such |Gy) well approximates the

ground state forAgas—0 with V; #0, where interlayer co-  Here (Sgl)a stand forS} with W, replaced by#¢', and obey

hergncg(Sl)a&O is realized spc_)ntaneously wit.h‘53>=0 the same algebre2.16 asgg. Repeated use of the algebra
maintained so as to reduce the interlayer charging energy. h bi @ p(Shap-1 4
Further characterization of tth:():Ne/Z state is given then_enables one to express’=7(S")"P and p

by the static structure factors =P(p%)ypt in powers ofp® and )2 [Remember that
the characterizatio3.1) and (3.2) from now on applies to
S— oL a1t 2 S22 andp® ] In particular, for thei tati I
5 B b ab'I\" A (112)p (Sp)? andpy -] In particular, for their expectation values one
= + .
(GolS5 S 1G0) = Fpicol 0 +ie® ™ )z poe ’ obtains toO(Q?%),

pxk
2

(GolpppilGo) = P33p00k.0=Rpk»

1 .
) N b
Spot Eyp; sin R ) Qp_k},

<;p> =Po

_ _ 1
(GolppSklGoy= 2<G0|§Lp$|GO> = §a1§Rp,k: 3.2

<1, Po 1 { pXxk a' ~a'
=—| 60— = cos —1|Q b

whereb’ runs over (2,3). These relations are readily derived (S 2|°P0 2 7"; 2 k TPk
by rewriting p,, andS‘;1 in terms of the eigenspinorg/g, ¢a)
of St, and by noting thalG,) involves noy, componentof =<\ Po 3 =< Po 2
S'=—1). For the partially filled s Landau level ofv <Sp>_f7’pﬂp' <Sp>__f7pﬂp’ (3.6
=1/3,1/5;-- one has to retain inR,, a ternt .
PodpikoS’ (P) with s*(p)~O(p*), which vanishes in the where (---)=(Gy|---|G) for short andypzeflpz; a’
presentv=1 case. andb’ run over(2,3). These expressions suggest us to re-

The correlations characteristic of interlayer or(%=0 name, following Moonetal,?® (m,),=Q} and (ms),=
=N,/2 are involved in the structure factor —QS so that their X space representativesn,(x)

) 1 =[m(X),my(x),m5(x)] stand for the pseudospin density

— g At 3 2 ; ;

s (D)= —(GJR G :_e(71/2)p21 3.3 [with normalization=;_,(m,)“~1 classically. Actually it
(P) Ne< o P p| 0 2 33 is possible to generalize E(B.6) to all powers ofm,, if one

which is nonvanishing fop—0, in contrast to the case of ignores their derivativesym,

the Halperin (,m,n) states wher€1%s~(p) ~pZ2. B oo B po My
Let us now study low-energy excitations over this ground (St(x))~ 7co§m|, (S?(x))~ > msin|m|, (3.7
state. With poIarizatior(Go|§1p:0|Go)=Ne/2, the Coulomb

inte@ctionHC"“' has an(approximatg U(1) symmetry about wherem=[m,(x),mz(x)1; (p(X))=~po, etc.

the S' axis, yielding two Nambu-Goldstoné€NG) modes Moon et al?° earlier made such a pseudospin-texture cal-
{Qg(t)'Qg(t)}_ These NG modes constitute the low-energyculation and showed that the Coulomb interaction leads to
collective excitations in the system, and one can employ théhe following low-energy effective Hamiltonian t@(Q?)
techniqué® of nonlinear realizations of the pseudospin sym-andO(p?),

metry for their description. To this end Iﬂtg'(yo ,t) denote a
classical configuration or the ground-state configuration,
characterized by the expectation values in E@l and

(3.2. Let us setQ[r,t]=3,(c¥2)=,Q5(1)e'P" (with a ,
=2,3) and write the electron fier, in the form of a small ~ With
rotation in pseudospin from¥¢

— 1
(HO=20 | BLpII(ma)pl*+ 5 pCpl(ma)ol?), (38

1 2 %
ot | __ Vit 26(—1/2)p2: ’
Wo(yo,H) =€ Wy, t). (3.4 Ps SPO% pP Amel 16\27
Here the NG modes serve as pseudospin textures in which
the local pseudospin alignment varies slowly with position. pE=pd1— 8/7d+ (3/2) 4%+ - - 1

Rewriting the Lagrangian in favor oF'§ and QS and re-
placing the products of ¥S)" and W& by the expectation B ) ) X
values(3.1) and(3.2) then yields a low-energy effective La- Blp]=pl(Co/€%) +(ca/O)|pl+ 3 (1+¢2)p7,
grangian for the NG moded)?,0%). A A o

To facilitate such transcription it is convenient to express  co~d?, c;~—2/7wd? c,~— \8/7d(1—d?/3),
Eq. (3.4) in operator form (3.9
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where we have used the pseudospin stiffresss a common

factor and recorded some corrections in powersisfd/¢;
ps is given by the same expression @swith Vi'—V 2.

Substituting¥ y=e "I into the electronic kinetic
term (Wi W) yields Berry's phasé® which turns into the
kinetic term of the NG modes

o1
L= poz 0%, 5,07 (3.10

to O(Q?). This shows thaf)?=—mj is canonically conju-
gate toQ3=m,.

Substitution of Eqs(3.6) and(3.7) into H®™+ H™" yields
the coupling of the NG modes to external field&o|H®™
+HUYGo) = [ d?XH, with

1 .
HAIPO{ Ag + §X+€”‘9im25jm3+)( DAL

1

2A8A§0$m|] (3.11)

to O(m?) and O(4?), wherem=(m,,my), y=e®* and
X" =Ag +(L2M)AL.

Similarly, the field-dependent Coulomb interactigrH©
leads to the effective interaction

<Aﬁc>=2p§f d®x{myd;A; +(A)?+- -} (3.12

see the Appendix for details.
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11 - -
[ coll Epg v_z((;tmz—zAfo)z_(ajmz—ZA'j )2

+ %PoA sAsCOST,, (3.19
with
v?=2(p5lp3) (4B[0]+ poLisas,
2A', =2A, -3, I'~d(d,A,—d,A,).  (3.19

Here we have indicated explicitly thét, so far used actu-
ally stands forA’  ; we have also isolated theyAg term
that detects the charge of the ground st&g).

This collective moden, gives rise to an electromagnetic
response of the form

LEN=2p5(AgDA g~ v2ALDAL)
+poLsadA’g DA’y —v?A' DA';) (3.16
in compact notation, wher®= 1/{w§—(i¢9t)2} and

E
S

2—[A +4,8[ ]HA +2p
wp=1 LsAs o0 P sast

with p— —1V. Here we have recoveref| p] to obtain the
dispersion more accurately. In terms of the field strengths in
three-dimensional space one can wilt§ as

p2} (3.17

1
L~ > psd?(d,E|Dd,E|—v?9,B, D3,B, )

Po
+ ZASAQZ(ELDEL —-v?B/DB))  (3.18

Collecting terms so far obtained yields the effective actionin obvious notation.

SS'= rdtd?x. " with

Po - -
Eco”=7m3(m2_2A0 ) —mMg(BLP]+ 2P0l sa9d M3

1. o, 1
~ 5Ps(9My— 24, ) +§P0ASA§05m2

—poAg (1+3 € gimyo;my),

(3.13

wherep— —iV in B[p]. Here we have simplified the result

slightly by retaining only terms that contribute to tBéV?)
electromagnetic response eventually. Th€" is essentially

the Lagrangian of a nonlinear sigma model that suppor

classical topological excitatiort;*? Skyrmions, which con-

The response due to the cyclotron modes in @dL9 is
generally suppressed by powers ofbl/compared with the
collective-mode contribution, except for the Hall-drift or
Chern-Simons term

2
POA, We
2 M o2

LYe=— e“PI A+, (319

which thus combines wittf %! to form the principal out-of-
phase response of the system at long wavelengths. Note here
that the collective mode gives rise to no such Hall-drift term,
unlike for the (,m,n) states’® This implies that no appre-
ciable interlayer Hall drag is expected for the presentl
tState, in contrast to the casef the (gapfu) (m,m,n) states.
(Note that the cyclotron modes alone yield no interlayer Hall

stitute the low-lying charged excitations of the system; se&@9)

Eg. (5.3 in Sec. V. Note that Eq(3.13 correctly involves
the topological charge densify(po/2)e'! 3;m,d;ms, which

Some comments are in order here. First, the effective La-
grangian (3.14 essentially agrees with that derived

implies that the Skyrmions carry electric charge of a multipleearlie?®?’ if one setsm,=m,—TI",, wherem, is taken to

of ve.

undergo the gauge transformatiaﬂnﬁz:Za‘. The earlier

Let us here focus on the neutral collective excitations dederivations focused on the spectrum of the low-lying mode

scribed by the fieldn, or my. Eliminating mg from £ ¢
yields the Lagrangian of the neutral fieta,

and its coupling to weak external electromagnetism was only
guessed on the ground of gauge invariance. A direct deriva-
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tion of such electromagnetic coupling, as shown in our ap-

proach, is quite nontrivial, since it requires proper account of jtzunziepOASASSin my. (3.22
the Landau-level projection, especially the field-dependent
Coulomb interaction. Adding a source terna,j " to £ and calculating the re-

Second, in our approach electromagnetic gauge invarishonse yields the tunneling curreznt

ance is kept exact at each step of discussion by use of the
gauge-covariant fieldg’ ®(x) andA’ , (x) in Eq.(2.9). Re-

call that the pseudospin densiti€&? are gauge invariant Jtzunzze”OASASﬁ&tVz (323
while St andS?, defined in terms of)(®, are gauge variant @O

so thatS!+iS?=e'"(S'1+iS’2). Our characterization of in response to an alternating interlayer voltagie= —2A;
interlayer coherencdGo|S'2_|Go)= 3N, therefore is a ~~dE..

sensible gauge-invariant statement and, as a result, the re-

lated order parameters IV. RELATION TO THE SINGLE-MODE APPROXIMATION

In this section we present a derivation of the electromag-
netic responsd3.16) by an alternative means, the single-
mode approximatio(SMA). Let us first suppose that,,

(3.20 =0, in which case the ground state is exactly given by the
S’pI:0=Ne/2 eigenstatéG,) in Eq. (3.1).
rotate in the pseudospin 1-2 plane under electromagnetic We consider the phonon-roton mode coupledAfp and
gauge transformations,—1I",+26~, or under the action of represent it a$¢k_>“§|eo>- The basic quantity in the SMA
in-plane magnetic fieldg;I",. In other words, a naive choice . . — I . .
— 1 ) __is the static structure factos™ (k)~( ¢, |¢, ), which, in
(Sh_ o) 6% is not physically acceptable unless layer spacing; o
P o . view of Eq.(3.3), is given by
d—0. This is the real reason why we have restarted with
¢’ ®(x) andA’ (x) after Eq.(2.9). 5 (K)=(1/2)e~ 12K, (4.1
We have handled two NG modesn{,m3;) associated
with SU(2)—U(1) breaking. They, being gauge invariant, To determine the collective-excitation spectrum in the
are neutral physical fields. They, however, happen to form &MA one considers thérojected oscillator strength
pair of canonical conjugates and thus actually describe only . .
one physical moden,. Note here that, sincen,~Q3 , a (k) =(2/Ng)(Go|S \[H,SI1|Go), (4.2
shift m,—m,+ const induces a rotation about t5& axis so L .
2 which is calculabl®'” by the use of algebré2.16). With

that - g
H'"= — Agas'- included, it is given toO(k?) by

1 — 1
)=5Necosl',, (S;_g)=5Nesinl,

-
(S 2 2

p=0

i[SS_,,m,y]=1%0. (3.21) _ 1 )
P ()= 5e YK Agust 2(pelpo)k?+ -] (4.3

This shows tham, can also be interpreted as an NG mode o )

associated with the spontaneous breaking of the global U Here the coefficient of th&? term derives from the general

symmetry about th&® axis!>® Because this global U(I)  €Xpression

is only approximatem, is a pseudo-NG mode and acquires 1

a finite energyigaprSAs. In the absence of tunneling > > pZV;Z{Sf(p)_g(p)} (4.4)

(Asas=0 butV, #0), the U(1) becomes exact but spon- p

taneously broken; the ener ap closes disperses o = —

linearly. y g9y gap anddisp upon substitution 0§~ (p) above;s™ (p)=0 for v=1. Satu-
Unlike the global U(1), the gauged U(1) or U(1)°™is  ratingf™ (k) with the single mod¢#, ) then yields the SMA

kept exact, as seen clearly from the gauge-invariant respongcitation spectrung, =f~(k)/s™ (k) or

(3.16. This implies, in particular, that there is no Anderson-

Higgs mechanism or no Meissner effect working in the €k_=A3AS+2(pSE/pO)k2+---. (4.5

present bilayer system. Here we see a peculiar instance ofh, ith th derived by th dospi

spontaneous breaking of a global symmetry with the related 'S 29rees with the spectrum derived by the pseudospin-

gauge symmetry kept exact; this derives from the specideXture calculation in Eq3.17) with V, —0.
character of the “interlayer” gauge invariance remarked in 10 calculate the electromagnetic response one may resort

sec. Il to the previous SMA analysfs, which, though developed
Finally, one can use the effective theory to discuss theriginally for the case of a dipole-active resporse(k)
tunneling phenomena. The equation of motiomefimplies = (c™/2)k?+ - - -, is adapted to the present case as well: One

the conservation law for the three-currentaL 2!/ A, may simply replace & (k)e, in Eq. (3.20 of Ref. 23 by

=j—j, from which one can read off the tunneling cur- 20 (K)=Asgae @4 2(pE/po)k? and c e, in Eq.

rentj "~ —g,p1) as (3.28 of Ref. 23 by Eq.(4.4) or 2pE/p,. Then our result

z
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(3.16) is correctly reproduced, apart from théAL,---A;,  single CS field® to convert the electron fieldg’(*) [of Eq.
and va'J-_- A’} terms, which, beingD(vd)~0([HC]?)  (2.9]into the composite-boson fieldgs) .

higher in the Coulomb interaction, were not covered in the Let us sety{)(x)=Vp@(x)e "™, rewrite the La-
previous SMA treatment. grangian in favor ofp™=pM+p?) and 5= = 5V + 5(2),

It is possible to include the effect &f , and make the and expand it around the mean fighd (X) ~ po. Then the
agreement complete if one appeals to the low-energy effeqp™, ™) sector, coupled td\” , is seen to be essentially the
tive theory in Eq. (3.13. With the identification S; ~ same as in the single-layer case. The (; ") sector, on the
=(po/2)yp(Mg),, as implied by Eq(3.6), one can calculate othgr hand, is sensmvg to the @)l breaking interactions
?‘(k) from the  vacuum expectation  value xV, or .ASAS. Integration overp leads to a Iow-engrgy
(1) %(0](mM3) _(M3) 0. The task is thus reduced to de- Lagrangian, that takes essentially the same forrmtﬁ‘zﬁ in
termining the uncertainty0|(m3)?|0) for a collection of Eq. (3.14 with m,— 7, apart from some differences in
harmonic oscillators described by the Hamiltonian scale.

1 The difference is subtle for theygm,—2A})? term
coll TrA(12) 2. ~(11) 2
Heol~ 2, 2192l (mp)f?+ g™l (ma) ], (4.6 VHpE AV o+ 20 55l po. 5.2
where 2= poAsast2p5k? and gMW=poAsast4BLK].  These coincide iV, readsV,_o— (Lpg)S,V, e~ @2
Via rescaling (n5)*(po/2)Vg™"/g™™? is seen to attain the this shows the importance of Landau-level projection, of
minimum uncertainty £/2) /d®x, yielding which no explicit account is taken in the CS approach. For

1 the (9; m2—2Aj’)2 term the discrepancy is
s (k)= Ee(*l/Z)kz /—(_ﬁ_jg 12 Ig 1), (4.7) _ o) () 52
ps—(po =w/(8). :

The £~ (k) in Eq. (4.3), being already exact tO(V,), ré-  Here we see that the CS approach attributes the pseudospin
mains unmodified. The excitation spectrum and the responsgifiness improperly to inter-Landau-level processes. Another
thereby agree with those in E€3.16. The s™ (k) above difficulty is that an important Hall-drift respons@®.19 is
neatly summarizes the effect of squeezfrig pseudospin of missing from the CS theory.

the ground state due to two competing sources of2pU All these subtleties derive from the fact that the CS ap-
breaking,V, and Agpas. It is seen from((m3)?)/{(m,)?)  proach, because of the lack of the Landau-level projection,
=g12/gMuc[57(k)]? that ((m3)?) gets rapidly squeezed fails to distinguish between the cyclotron modes and the col-
with decreasing/\sas, i.e., in passing from the tunneling lective modes. The flux attachment in the CS approach prop-

regime to the correlation regiméwhere ?(k)oc|k| for erly introduces some crucial correlations among electrons,

— ; o but unfortunately not all of them.
Asas=0). It is an advantage of the pseudospin-texture Finally, it will be instructive to refer to the full effective

theory that it accommodates different types of correlations iq_agrangian to make it clear what is missing. Let us employ

a single framework. the decompositiott ng‘;)(x):\/p(x)za(x) in terms of a
CP?! field Z=(Z*,2%)" with Z'Z=1, particularly suited for
studying the dynamics of Skyrmions and vortices. Making
use of the dual transformation of Lee and Zhathien en-

In this section we examine the bilayer system within theables one to rewrite the Lagrangian in termsZsf and a
Chern-Simons theory. For the=1 quantum Hall state, as vector fieldb, (representing the cyclotron mode coupled to
naively described by the (1,1,1) state, one introduces A;):

V. COMPARISON WITH THE CHERN-SIMONS
APPROACH

T 1 1
CS_ __ B +_ 77t v, _ v, 20— a2 T 2
L= —(A,+A,—I1Z'D,Z)(podo,+ €*7°d,b,) + ” b,e*""d,b,+ _wc(bk") 2K{|Dkz |°+(Z2'Dy2)%}

1
+ EPOASASZTO'12+ R (5.3

where only the principal terms are showm),=d, replaces the stiffnes&=py/M in this CS theory byK
+iA o3 andbo=d,bo— doby . The last two terms, consti- =4ps [in accordance with Eq(5.2) ] and includes some
tuting aCP?! nonlinear sigma model with a breaking inter- SU(2) breaking terms coming fronv, . The full effective
action, essentially coincide with ot in Eq.(3.13 ifone  Lagrangian is obtained by supplying to this modifiedS the
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missing cyclotron-mode contribution with another vectorquantum Hall systems but also a practical means for con-
fieldb,, : structing effective theories without referring to composite
bosons and fermions.

T 1
__— - - — - - — - 2 ...
L = AMGMVPaVbP + v b gﬂVPapr + ” (bo) }-I— . ACKNOWLEDGMENTS
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teristics of bilayer quantum Hall systems in the presence of
interlayer coherence and tunneling by means of a APPENDIX: FIELD-DEPENDENT COULOMB
pseudospin-texture effective theory and the single-mode ap- INTERACTION

proximation(SMA). It will be clear from the analysis that a In this appendix we display some expressions related to

proper choice of the fields to start with, as well as properhe field- dependent Coulomb interactianiC. The charge

account of the Landau-level mixing, is crucial for deriving ad i ted unto the | ¢ Landau level d
long-wavelength effective theory in gauge-invariant form. ensi 'esf’p projected unto the lowest Landau level rea

We have seen from the response that electromagnetic gau% )+A_E)a) with
invariance is kept exact, this, in particular, implying the ab-
sence of the Anderson-Higgs mechanism or the Meissner ef- A;&MZE u(a)_(a) +E W(a) k;;(::a)q R
fect in bilayer systems. The response also shows that no 3
appreciable Hall drag is expected for the- 1 state, in con- S (a)
trast to the case of the gapfuin(m,n) states. We have fur- gy =i €% p; (AL )yt - -,
ther seen that the identification of the low-lying neutral col-
lective mode with dpseud® Nambu-Goldstone mode offers
a peculiar instance of a spontaneously brolagproximate
global symmetry with the related gauge symmetry kept in-
tact. Our approach offers a critical look into the Chern—Whiriwe rr:ave retalnedl only terms W';h no derlvat_ll_\;]es acting
Simons theories, and we have observed that the lack of th2" the portion relevant to Ogr iscussion. They give
Landau-level projection is the principal source of subtletiegise tO the field-dependent pieceH™ in the Coulomb inter-
inherent to them. action. See Ref. 23 for the explicit form of ti@&(A) contri-
The idea underlying our approach is to explore the quanbution, which involves operator products of the form

tum Hall systems via their electromagnetic response, which — - — — —
i i i i i o= boTm2lep Sd (A2
in some cases is calculable without the details of the micro- P—p:Pp—k P—prSp-khs
scopic dynamics. An immediate example is the case Ognd those W|tho<—>2§’ in the above.
single-layer systems where it is generally known that the ) —
tintra-Landau-level collective excitations are dipole inactive; " Sec. lll we evaluate the expectation valygH™)
the leading long-wavelength response of the single-layer sys—(Go|AH |Go) to derive an effective electromagnetic cou-
tems toO(k?), therefore, is governed by the cyclotron mode pling foIIowmg from AHC. A direct calculation toO(Q1)
alone. The second example is offered by bilayer systemsgnows that(lpk> —(I_ pk>ch K wh|le<l WS o and
(without interlayer coherengefor which one can construct = 3

~ W * 6o fail to contribute. As a result th©(A)
from the response an effective gauge theory properly realiz couph?\ is written as
ing the SMA spectrum of collective excitations. The third ping
example is the analysis of the effects of interlayer coherence o (pxk|
and tunneling given in the present paper. These would com- poz Up Vo YpYik—pSiNl —— | Q2. (A3)

. . . S . p.k ! 2

bine to enforce again the fact that incompressibility is the
key character of the quantum Hall states and prove thaThe calculation of theO(A?) term is somewhat tedious,
studying the response offers not only a fresh look at theéhough straightforward, eventually leading to E§.12).

Wi k= pZZ (AFD) (Al et - (A1)
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