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Abstract

We derive the low-energy theory of semi-quantized quantum Hall states, a recently ob-
served class of gapless bilayer fractional quantum Hall states. Our theory shows these
states to feature gapless quasiparticles of fractional charge coupled to an emergent
Chern-Simons gauge field. These gapless quasiparticles can be understood as compos-
ites of electrons and Laughlin-like quasiparticles. We show that semi-quantized quantum
Hall states exhibit perfect interlayer drag, host non-Fermi liquid physics, and serve as
versatile parent states for fully gapped topological phases hosting anyonic excitations.
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1 Introduction

In recent years, topology has widely been recognized as an important organizing principle in
nature. In its most simple form, topology allows to classify band structures of gapped, non-
interacting systems [73,74]. The role of an order parameter is played by so-called topological
invariants: two systems can be smoothly deformed into one another if their topological in-
variants have identical values. In contrast, topologically distinct phases are separated by the
closing and re-opening of a bulk gap.

This basic notion of topology has been extended in different ways. On the one hand, it
has been recognized that gapless systems may also be topological. A prime example are Weyl
semimetals, whose band structures have nodal points corresponding to quantized monopoles
of Berry flux [72]. As a result, Weyl semimetals exhibit many of the characteristics of gapped
topological phases, including topological edge states, and transport governed by quantum
anomalies. On the other hand, the notion of topology has also been extended to strongly
interacting systems. Of particular importance is the concept of topological order [20, 21],
realized for example in fractional quantum Hall effects. Topologically ordered states have
no analogue in non-interacting systems, exhibit long-range entanglement, fractional anyonic
quasiparticles, and a topological ground state degeneracy on non-trivial manifolds.

While topological order requires a bulk gap, related phenomena have also been discussed
in gapless systems such as the composite Fermi liquid in a half-filled Landau level [9, 55, 62],
gapless quantum spin liquids [28,29,33,38,42-54,56-59,61,63-67,69], quantum Hall states
related to non-unitary or nonrational conformal field theories [36, 37,39-41, 70, 71], frac-
tional Weyl semimetals [14, 19, 23, 31, 35], semimetals as parent of topologically ordered
phases [16, 34], and others (see for example Refs. [15,17, 32,60]). A recent experiment
has now identified a state that combines properties of a fractional quantum Hall effect with
a gapless character [7]. This “semi-quantized quantum Hall state” has been measured in a
bilayer quantum Hall system. Similar to a fractional quantum Hall state, it features quantized
fractional Hall and Hall drag resistances alongside vanishing longitudinal resistances. In stark
contrast to traditional bilayer quantum Hall states such as Halperin states [3,21,22], however,
the semi-quantized quantum Hall state persists along a continuous line of filling factors. This
compressible behaviour implies the absence of a full bulk gap.
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Gapless composite QP /

Figure 1: A semi-quantized quantum Hall state in a quantum Hall bilayer. The top
layer is similar to a Laughlin state at filling factor 1/Kj;, featuring a bulk gap and
gapless edge states (indicated by red arrows). Gapless quasiparticles (QP) are com-
posed of an electron in the bottom layer glued to Laughlin-like quasi-holes in the top
layer by strong interlayer interactions. B is the magnetic field, £, the layer distance.

In this work, we derive and analyse the full low-energy theory of semi-quantized quantum
Hall states using the formalism of coupled-wire constructions [ 18]. Our microscopic derivation
of the topological field theory governing these states is an extension of the composite fermion
picture of Ref. [7]. We go considerably beyond the theory put forward in that work, but agree
with it where we overlap. Focussing on composite fermion filling factor one for simplicity, we
find that semi-quantized quantum Hall states are composed of a gapped Laughlin-like sector
coupled to fractionally charged, gapless quasiparticles via an emergent Chern-Simons gauge
field, see Fig. 1. As a main advantage as compared to a continuum theory as the one in Sec. 2,
our coupled-wire construction not only provides a microscopic model for semi-quantized quan-
tum Hall states, but also facilitates an exact translation of observables between the languages
of the effective low-energy field theory and the original electronic operators, which we use to
analyse the intriguing properties of semi-quantized quantum Hall states. We find that trans-
port features perfect interlayer drag, and in general exhibits non-Fermi liquid behaviour and
a violated Wiedemann-Franz law. Our theory naturally explains the observed semi-quantized
behavior, and shows that the Hall and Hall drag responses remain quantized on lines of fillings
factors. This is remarkable since the system is composed of a gapped and a gapless layer. We
discuss that the persistence of quantized responses arises only if the layer associated with the
gapless sector is electrically disconnected. As one might expect, driving a current through that
layer would instead lead to a non-quantized response. As an additional experimental signa-
ture, we show that semi-quantized quantum Hall states have a gapped electronic spectrum
despite being globally gapless. Finally, fully gapped states deriving from semi-quantized quan-
tum Hall states inherit their topologically non-trivial character. Consequently, even a simple
charge-density wave gapped daughter state hosts anyonic excitations.

In a more general perspective, the present theory describes a gapless topological system
combined with strong interactions, a class of problems for which many open questions remain.
Proposing solvable Hamiltonians describing such phases, even in a controlled approximation,
is a formidable challenge. The theory derived in this work provides a concrete, experimentally
realizable scenario for a gapless system exhibiting topological-order like properties such as
anyonic excitations, and fractional electro-magnetic responses. It details the description of
such a phase in terms of a low-energy gauge theory, which quite naturally and transparently
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emerges in the presently employed coupled-wire construction. Our theory paves the way for
further analysis of gapless emergent gauge theories, for example in regard to the effects of
gauge field disorder, and non-Fermi liquid physics.

The remainder of the paper is organized as follows. Sec. 2 provides a continuum version
of the flux attachment scheme we use to describe semi-quantized quantum Hall states. This
section serves to provide the reader with an intuition about the more exact mappings and
transformations we later on perform in a coupled-wire language. In Sec. 3, we introduce a
coupled-wire model for semi-quantized quantum Hall states, and transform the upper layer
to a composite boson picture. This calculation closely mirrors the discussion of Refs. [5, 6]
for single-layer systems. In Sec. 4, we develop the coupled-wire variant of inter-layer flux
attachment for our system. Sec. 5 implements this transformation in the action, and derives
the low-energy theory of semi-quantized quantum Hall states as the strong-coupling phase of
sine-Gordon terms. This section is the technical backbone of our work. In Sec. 6, we study the
properties of the gapless sector and show that the gapless quasiparticles can be understood
as composites of electrons in the bottom layer and Laughlin quasi-holes in the top layer. In
Sec. 7, we show that the action describing the gapless sector can be “refermionized” in a
Luttinger liquid sense, and discuss the properties of this action, identical to the one obtained in
Sec. 2 by a different approach. Sec. 8 discusses the electromagnetic response of semi-quantized
quantum Hall states. Sec. 9 details new experimental fingerprints of semi-quantized quantum
Hall states, including a gapped electronic spectrum, non-Fermi liquid physics, and fully gapped
daughter states with anyonic quasiparticles. We finally conclude in Sec. 10.

2 Continuum theory

We begin with a heuristic continuum calculation outlining the flux attachment scheme that
we more formally develop in the subsequent sections. This scheme is an extension of the
composite fermion picture proposed in the study reporting the experimental observation of
semi-quantized quantum Hall states [7], in which both layers were viewed in a composite
fermion picture by attaching (Kj; — 1) intra-layer fluxes to each electron in the top layer, and
K;, interlayer fluxes to all electrons, with the flux quantum being &, = 27 /(—e), K}; being an
odd integer, and Ky; being any integer. Note that we call particles “bosons” or “fermions” with
regard to their braiding statistics amongst themselves. As discussed in Ref. [7], the composite
fermions in the top layer have the effective filing factors

4

q ’
1=Ky =D — g Ky vy

(1)

V1,eff =

which for v, . = 1 and q; = q| = e agrees with the filling factor constraint that we find in
our coupled wire approach, see Eq. (18) below. More generally, a semi-quantized quantum
Hall state corresponds to an integer quantum Hall state of the composite fermions in one of
the layers (the top layer in our model). The experimentally observed semi-quantized quantum
Hall states for example live at filing factor v; o = 2. As argued in Ref. [7], the Hall response of
the composite fermions in the top layer is quantized if only the top layer is driven, reflecting the
fact that the composite fermions in that layer form a gapped quantum Hall state. The constraint
that the bottom layer does not carry a current leads to a quantized Hall drag resistance [7].
We now go beyond these arguments put forward in Ref. [7], and heuristically derive the
full low-energy theory in a continuum flux attachment approach. It turns out that a compos-
ite boson picture is more appropriate for that purpose than a composite fermion picture. A
quantum Hall state corresponds to a situation in which the effective magnetic field seen by
the composite bosons is zero [25]. In that case, the system may form a superfluid coupled

4
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to the external electromagnetic field and a statistical gauge field. The Higgs mechanism then
“eats up” the gapless Goldstone mode and leads to an incompressible state (here, the sector
described by the composite bosons will become incompressible) [26].

Our starting point are two isotropic and homogenous layers containing spin-polarized elec-
trons. While the electrons are considered to interact strongly between each other (both within
each layer, and between the layers), no tunnelling is allowed between the layers. In an ex-
ternal magnetic field in z-direction, the second-quantized Hamiltonian modelling this system
reads [24]

—i0; )?
H= Y. f dzxwg(x)(%+mwu)wg(x)
o=T,l

= J %61 (OV (x— )5 py(y) + J x50V (x—y)5p,(y), @

where the index T (]) labels electrons in top (bottom) layer, A is the electromagnetic poten-
tial, u is the chemical potential, g, is charge of the electrons in layer o, 1, is an electron
annihilation operator in that layer, the repulsive intra (inter) layer interaction is V (\7), and
0ps = Ps — Po,o is the electronic density in layer o measured relative to a reference density
Po,o- For simplicity, we assume the bottom layer electrons to not interact with each other
(adding this interaction would not affect the qualitative argument put forward in this sec-
tion). The index i runs over the spatial coordinates i = 1,2, and all vector fields are written
in a covariant form using the summation notation.

At first, we apply a flux attachment transformation that maps the top layer electrons to
composite hardcore bosons by attaching an odd number Kj; of intra-layer fluxes in the top
layer, and an integer number K of interlayer fluxes to both layers. The transformed Hamil-
tonian reads

_ia ) ATE A A 2
H:szxcﬁJ"(x) (( 0+ qA; + 4, [pr,0,]) +qTAo—M)<i3(X)]

2m

v (=10 +qA + a0, 1) \
+fd2xw'(x)( T Ay~ [ $00 i (3)

where ql; denotes the composite boson annihilation operator in the top layer, while 1,[) is the
composite fermion annihilation operator in the bottom layer. The functionals a7 [ 64, 0, ] satisfy

e”@la;[ﬁT,ﬁl] :—ZﬂKTTﬁT—ZﬂKTlﬁl, (43)
eig.ai[py, p,]=—2nKy pr. (4b)

We then go to a functional integral picture, and promote d; to gauge fields by introducing
Lagrangian multiplier fields ag enforcing the constraints in Eqs. (4). The gauge-invariant
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extension of the resulting theory reads

S =Scg +Scr +Scs + She + Sines (5a)
_ (=i, + q:A; + a) )?

SCB = f d(2+1)x¢ (l@O—qTAO—a(T)— : ;linl - +u ¢: (Sb)
_ (—id; + q,A; + a)?

Scp = f d@+ Dy q) (i@o—qle—aé— : Zinl — +u |y, (50)

Seg = — L d@tDxer2ql g ol + ﬁ d@Dyetvrgla 4 (5d)

7 anky, WA amk? neraA
1
(2+1) A TAa L
— 471'—KT1 J d xeM” auaval, (5e)
She = —J d®Dx (A1 () + Aapep $ ), (50)

where Sy, describes the bosonic hard-core interaction, and S;,; contains the interactions V and
V. Note that for clarity we have dropped the gauge fixing term, we used Landau gauge in our
calculations.

Next, we perform an exact transformation for the composite bosons following Ref. [13],

P(x) = 1/p1(x)e*Wp (x) and P(x)=4/p3(x)e ¥l (x), (6)

where the smooth part of the phase is denoted by ¢, while ¢, (x) will describe vortex configu-
rations of the phase (with qﬁfl (x)¢,(x) = 1). This transformation yields an efficient description
of the low-energy physics if the amplitude ,/p; and the phases are physically relevant quan-
tities, i.e. when the composite bosons in the top layer form a Bose condensate. In the usual
treatment of quantum Hall states, one can infer the filling factors at which such a Bose con-
densate is stable from a mean-field analysis. In our case, this analysis is complicated by the
fact that the composite bosons are still coupled to gapless fermionic degrees of freedom in
the bottom layer. Motivated by the experimental observation that semi-quantized quantum
Hall states feature an incompressible sub-sector, however, we from now on assume that we
are in a situation where the composite bosons condense, and substitute Eq. (6) into Eq. (5).
In this approximation, we heuristically assume that the vortices are point like. Neglecting spa-
tial derivatives of p; based on the assumption that the composite bosons are condensed, the
bosonic sector of the theory is described by an action f d>*t1x (Ly + L ine) with

(B —i¢I0,py +qrA; +al )
2m

L+ Ly im = py(=op +i$]00¢, — 140 —ag) = py
1 ~
—58p1VEp1—8p1Vop, +upr—Aipf —Aap Pt )
We then perform the Hubbard-Stratonovich transformation [13]

(@ip—iplady+arAi+a])®
2m

m . i .
=3 OJlJi—Jl(aiap—l¢vfai¢v+qTAi+a,~T), ©))

Pt

where J; is a bosonic Hubbard-Stratonovich field. Integrating out the field ¢ shows that
the Hubbard-Stratonovich field satisfies the continuity equation J,J* = 0, where we defined
JO = p1 - We can satisfy this constraint by introducing yet another gauge field a that relates

6
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to J as J* = e*”3,a,/2m. We plug this definition into the action, and neglect terms that
contain more than one derivative of a. This yields

. 1 ~
Lo+ Lyine= —a“]fl‘p + %e‘”xaua,(—qTAl — a;) —6p1Vop +upy— A0 Pt (9)

where we defined the 3-current jffp = Le““é’v(qb;’,' d,¢,), which physically corresponds to

2mi
the current of quasiparticles in the gapped sector [13]. The emergent statistical gauge field aL

enters the total action only linearly. When we integrate it out, we obtain the constraint

1
e""8,a, = ———e*"8,at. (10)
Ky, .

Next, we also integrate over the field at. By virtue of the constraint in Eq. (10), this leads to
S = [ dx £ with

w0 K
L= —aH](‘]‘p — ﬂe“MAué?va;L + 4—71_e‘“’)tauava;L
, (—i0; + qA; — K| a;)?
+¢(i30—qlA0+KTla0— ! l21 (et +u ”(,[J
m
+‘Cints5 (11)

where £, comprises all remaining interaction terms. Upon shifting the emergent gauge field
as 3, = a, —A,, (q1/Ky1), we obtain the action

2
dr -l qT UvA

Ny pp— LW
Ky " 4nKy .
(—id; +qjA; —Kpy B;)?

2m

L=—p," _,_Iﬁeuvl/j 8,8, —
wap T g p uEvEA

+1 (iao—CIIAo + Ky fo— +M)¢ + Lings (12)

where qI =q, —q; Ky /K. Eq. (12) is the full low-energy theory describing semi-quantized
quantum Hall states: a topological field theory of a gapless sector containing fractionally
charged quasiparticles coupled to an emergent Chern-Simons gauge field. The coupling to
the emergent gauge field implies that the fractionally charged quasiparticles form an anyonic
liquid. In the following sections, we re-derive Eq. (12) more formally using a coupled-wire
construction, before then analyzing its properties.

3 Microscopic coupled-wire model and composite boson picture
in the top layer

Our coupled-wire model starts by deforming the bilayer of two-dimensional electrons mea-
sured in the experiment [7] into a bilayer of quantum wires, see Fig. 2. This transformation
leaves topological properties of Hall effects invariant [ 18]. Neighbouring wires within a layer,
spaced by £, are weakly tunnel-coupled, but there is no tunnelling between the layers. Each
wire hosts a single electronic band. Using Landau gauge, the dispersion of the j-th wire in
layer o =1, | is

gja(kx) = (ke + b])z/zm; (13)
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Figure 2: The coupled-wire bilayer model. Each wire is labelled by a wire number j
and a layer index o =T, |, the distance between adjacent wires within a layer is £,,.

with b = eB/{ y. Here, mis the effective mass, e < 0 denotes the electron charge, and B > 0
is the magnetic field !. At low energies, only the right-moving and left-moving modes close to
the Fermi level are important. The electronic operators can then be decomposed as

Yjo g + et o, (14)

where 1,.;, annihilates a right (r = R) or left (r = L) mover. Considering identical filling of
all wires within a layer, the Fermi momenta can be written as kg,jo =bj+7 kg o With R=+1
and I = —1. The electronic density per layer is p, = kg -/ 7y, which translates to filling
factors v, = 2k2 »/b. The non-interacting low-energy physics can thus be modelled by the
Hamiltonian

HO :_iVFJ dxz[w;jgawaja_wzjaaxijg]) (15)
G’]

where v; denotes the Fermi velocity. Following Ref. [4], we bosonize the chiral modes as
Yyjo = (Urjo/V2ma) exp{—i®,;,}. Here, a ! is a large momentum cut-off, while Ujo is a
Klein factor that can safely be ignored in the remainder [1,2]. The bosonized fields obey

[q>rja(x)> q’r’j’o(x/)] = 5rr’5jj’50'o" inf Sgn(x - X/), (16)

and relate to density fluctuations as p,j, — (0,js) = —37 9x®,jo. The chiral fields can alter-
natively be represented as &, ;, = F¢; — 0;,. After bosonization, the non-interacting Hamil-
tonian becomes

v
Hbzaifdx;;ka¢mf+(@awf} (17)

Electron-electron interaction modify this Hamiltonian in two ways: scatterings that do not
transfer particles between chiral channels (forward scatterings) change v to effective veloci-
ties. Other interactions (backscatterings) open gaps.

As was suggested experimentally, semi-quantized quantum Hall states form by a partial
gap closing in Halperin bilayer states [7]. A Halperin bilayer state forms if composite fermions
in both the top and the bottom layer form fully gapped quantum Hall states. In the language
of coupled-wire constructions [3], these bilayer composite fermion quantum Hall states cor-
respond to the strong-coupling phase of two families of correlated inter-wire backscatterings
(one per layer). These backscatterings can only be relevant in the renormalization group (RG)

'We use units such that i=1and ¢ = 1.
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Figure 3: Correlated inter-wire backscattering stabilizing a semi-quantized quantum
Hall state. Arrows indicate tunnelling between and backscattering within wires. The
numbers of scattered electrons is indicated besides each arrow.

sense if they conserve momentum. Each family of backscatterings thus imposes one condi-
tion on the fillings, which in turn completely determines the filling factors (v(T), v‘f) of a given

Halperin bilayer state. If the filling factors are detuned from (v(T), v(f), the system can enter a
semi-quantized quantum Hall states for combinations of filling factors at which one, but not
both families of backscatterings preserve momentum.

In the remainder, we consider the correlated inter-wire backscatterings in the top layer to
preserve momentum. As illustrated in Fig. 3, this process corresponds to an electron tunnelling
between wires j and j + 1 in the top layer, while simultaneous backscatterings in wires j and
j+ 1 of both layers ensure momentum conservation. More precisely, momentum is conserved
if [3]

KTT VT+K” Vlz]., (18)

where K1y = 1+ 2my and Ky = nj + ny,. In a bosonized language, these backscatterings
correspond to the sine-Gordon Hamiltonian

Hgy = Z f dx gjy1/21 C°5($RJT _$L1+1T)’ (19
i

where we have introduced the fields

Bpio = (14 my)®rj0 —My®pjo + 11 (Pprjs — B j5); (20a)
B = (1+M)®L 0 — My Pric —Na(Ppjs — P1j5), (20b)

with T =| and vice versa. The values of my, n; and n, are set by the backscatterings, whereas
m, is a free parameter that drops out at the end of the calculation. These fields obey

[5,.]'0-()(), $r/j/0/(x/)] = 5Tr/5jj’KUO'/ inf Sgn(x _X/), (21)
where the K-matrix reads
K= KTT KTl _ 1+2mT Tl1+Tl2 ) (22)
KTl Ku n1+n2 1+2ml

Note that the K-matrix satisfies KT =K.
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We now switch to a more convenient covariant notation 2, and keep track of small devi-
ations A of the electromagnetic potentials A from A; = —eBy and A; = A, = 0 in the gauge
A; = 0. Writing the unit of charge in layer o as q,, with physical values q; = q; = e, yields
the action

1 u v
S = Zf d1+1x|:E(809j0 +45A0,j)(0c P jo) — ﬁ(ax(pja)z — i(axeja)z
j,o

— &j+1/21 €OS (5Rj0 - <T>Lj+1a + qTey-AZ,j+1/2):| ) (23)

where £y, Ay i 1/ = fj_>j ., 4" Ay, while u, and v, denote effective Luttinger liquid velocities

(both are of the order of vg).

3.1 Composite boson picture for the T-degrees of freedom

To derive the low-energy theory in the strong-coupling phase of Hgy, we now perform a se-
quence of exact transformations. We begin by transforming the top layer to a composite boson
picture. To that end, we first rewrite the action in a “diagonal basis” by defining operators that
commute between the gapped and gapless sectors. The “diagonal basis” is given by the fields
$ro(x) and ©,;(x) defined as

_13 1%
©rjy =Kj; &rjp +K 7%y (24)
By construction, these fields obey
[@rjl(x)’ Gr/k/l(x’)] = 5rr’5kk’ Kl_ll ini Sgl’l(X — X/) and [Ero(x),@r/j/l(x’)] =0. (25)

Operators containing only the fields ©,;; do thus not affect the -sector. Next, we perform a
second transformation of the fields by defining

5RjT(X) - 5LjT(X)

5o = . , (26a)
0 = 2O e
.,0) = —®le(X)2— Oy () (26d)

Upon choosing the forward scattering terms in S¢, appropriately, the action then takes the form

S= Z Sp0 + Sty + S5 = Sp0 + S (27a)
o=

~ 1 ~ —~ up o~ Vi~
8= J ] [n—KTT(at 011+ 10 J0cBi) — 3= @B~ 50|, (27b)
J

Ssg = J d"lx Z (—8&1,j+1/2) COS(ER]'T — & —qply Ay,j+1/2)' (27¢)
j

2We choose the metric such that time is t = x° = x,, while the spatial coordinates are x = x* = —x,, and
2
Y =x%=—x,.

10
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Next, we define composite boson fields in the T-layer. Following Refs. [5, 6], this is done by
introducing

1 Bpip() =8 0(x) 1 —~
$P0) = — =l = % $n) (282)
Ky 2 Ky
(] x)+ & X Opin(x)—®; un(x
6% (x) = — Bpir(x) + &1 j1( )—ngn(J o 2R 1(x) = @11 ( )’ (28b)
J 2 2
J'#j
= 01— Ky Y sgn(j — ) ¢S (28¢)
J'#i
The action can now be written as
S= SZ,CB + gz’l + SSGJ (293)
1
Sac = f dHle [;(5}9;93 + qTAO,j)(ax¢]SB)
J
u
0§~ 22,65 + a2, (29b)
f d”le[ (00167410 M)
= 2 A N2
— . . . 2
Zn(axqb”) Zn(axejl) } (290)
Se = f dtlx Z(_gT,jH/Z) cos( i) GCB ql, Ay,jﬂ/z) , (29d)
J
where we have introduced the abbreviation
= D580’ = ) Qb (x) = Kyy D sgni’ — ) b P (), (30)

i#i i#

as well as ucg = KTZT us, Vep = V.

3.2 Vortex duality transformation
Our next step is to perform the vortex duality transformation in the T-sector by defining [5,6]

OCB (x)— GJ.CB(x)

BY T ) = T : (31)
0, (x) = > sgn(j’ —j—1/2) B(x). (32)
7
We furthermore introduce
a; =L Segn( —j+1/2)8, G351 2 (33)

K 5

which implies a; = Kiﬁc’ix OJ.CB(X) and a4 (x)—a;(x) = Kiﬁ 8X¢}/+Cf/2(x). After a bit of algebra,

and introducing

~ _ Aj1 + @, VCB __ nVCB VCB
Sa]‘+1/2 = T and A@ 9]+1/2 0] 1/22 (34)
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the vortex duality implies the replacement S, cg — Sy yep With

1 1 A«40 i+1/2
_ 1+1 }: VCB VCB j VCB
Savep _f A x [E( 9]+1/2) (O j+1/2)Jr EqT (0 91+1/z)
J

2

— K3y
VB VCB VCB U~ ®4pVes VCBy2
_E( J+1/2( )) ( ]+1/2(x)) T(axAGj )
VCBKTT VCB 2
N 21T (3 9]+1/2+Sa1+1/2) . (35)

4 Inter-layer flux attachment and local form of quasiparticle hop-
ping

So far, the bottom layer is still described by the fields ©, ;) introduced in Eq. (24). Because these
fields commute with the fields in the T-sector, one might be tempted to define quasiparticle
operators in the gapless |-sector as

Xrjl = eXp{l@r}l} (36)

Hopping between neighbouring wires would then be represented by the operator
Torjl = X:j-kll Xprjpo (37)

which has a very non-local form. By that, we mean that they cannot be represented by a
product of a small number of original electronic operators within a restricted region of space,
since for example

OrjL —Orji1y = K| (BrjL = Brjny) + K}y (Brjt = Brjiay)

contains the non-integer numbers K;Clr,. This is unsatisfactory for two reasons: first, the free
parameter m; entering K;(lj, seems to be relevant to this discussion. Second, we would like
hopping of quasiparticles to be represented by a local operator in the above sense in order
for it to be generated at a reasonable order in perturbation theory in the electronic tunnelling
in the bottom layer and electron-electron interactions. In addition, we are still missing the
interlayer flux attachment. As we show now, the latter resolves the former issues. We find that
the correct transformation that attaches interlayer fluxes to both layers, preserves the fact that
operators in the two sectors commute with one another, and provides a local expression for
quasiparticle hopping is given by

¢]fo/2(x):¢yfi3/2(x)’ (38a)
K —
L0 = O} Tl = g Dsen’ =] = 1/2) ()

j/
-1

K —
= 00,0 + 5 D sen(i’ — = 1/2) §;,(x), (38b)
W Jj
qFJL(x):@l(x), (38¢)
By (0)=— (B4 () + K} ngno —j+1/2)¢}%E ,(x)
ll
— KKy, ) sgn(j’ —J)¢j/¢(x)), (38d)
J'#j
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where we used KT_ll / Kl_ll = —K;,/Kjy1. These fields obey the canonical commutators

~ in
[3}58500, 053 5 (x)] = 6, sgn(x’ —x) (392)

[651(0), By, ()] = 85 = sgnlx’ —x), (39b)

while all other commutators vanish.

4.1 Backscattering within wires, and tunnelling between wires

We now illustrate that the transformations in Eq. (38) indeed lead to local expressions for
quasiparticle tunnelling. We define quasiparticles in the gapless |-sector as being created
by exponentials of the chiral fields é; =T [5 il 51 - While the creation of an individual
quasiparticle is highly non-local in terms of the original fermions, all string factors cancel for
backscattering and hopping between neighbouring wires, and the remaining terms can be
written as integer combination of the original electronic fields.

4.1.1 Backscattering of quasiparticles within a wire

;z' . } To see
jd Ljl

that this operator takes a local form in the above sense, we use Egs. (38d), (38c), (26c¢), (24)
and 20 to obtain

Backscattering of quasiparticles within wire j is implemented by exp {(:5 —@

@;m _@/le = ®pjL — Py (40)

Backscattering of quasiparticles in the gapless |-sector is thus the same as backscattering of
the original electrons.

4.1.2 Tunnelling of quasiparticles between neighbouring wires

Tunnelling of quasiparticles between wires j and j + 1 is in general implemented by
exp {@; 1L —@; /j l}' As for the backscattering, we can rewrite this operator using the def-

initions of the various fields. We also recall that K"'K = 1 implies Kl_Tl Ky + Kl_ll K, =1
With some algebra, we obtain

é;j+1l _é;/]l =f ¢k+1l - 9k+1l - i}‘/ ¢Jl + ell
=& 11y — Py — N2 (Prjp — Prjt) — 1 (PRjv1y — rjar)- (41)
We thus find that the quasiparticles defined by exponentials of the new chiral fields (:); i
are tunnelled by local operators involving the hopping of an electron in the |-layer and the
backscattering of electrons in the T-layer. Since it is known that tunnelling of Laughlin-like
quasiparticles in the top layer is implemented by backscatterings of the original electrons

there [2], this fits a picture of the gapless quasiparticles as composites of electrons in the
bottom layer and Laughlin-like quasiparticles in the top layer.

5 Low-energy effective theory
To find the low-energy action of semi-quantized quantum Hall states, we plug to the fields in-

troduced in Egs. (38a) through (38d) into the action. In doing so, it is convenient to introduce
a short-hand notation for the string factor appearing in the definition of 6;. We thus define

13
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Ky, L~
a (x)———ngn(J —J /DB )+ D sen( — ) ddi(x).  (42)
Ky I7 T i
Note that a;(x) commutes with itself at different positions. Defining

Aqgjﬂ/u(x) = $j+1l(x) (pjl(x) and AGVCB(x) = Ae\le/z(x) - A@VCIB/Z(X), we find that
the action transforms as

S= S; VCB + gé’ + gSG) (43)

8, = J d”lxz —(8,0;,+q} A0 )(3: ;) — ;(3x¢7ji)2
j

v -
—ﬁ(ax%(x)—Ku Olj)z], (44)

S J Aty Z( —&1j11/2) cos(2¢l+1/2(X) —qity -Ay,j+1/2)’ (45)

2
where we introduced V| =V (Kl_ll) , and have

1 Al l0 j+1/2
S + E V Vi »] NV
é VCB f dl lx |: ( ]+C1%2) (a ¢]+C?/2) an (a 6, +C52)

ucp — Kz vep

~ Ky ~ 2
(aerj.VCB(x)—zi .9, l(x))
Ky

2
ek [ sves Kiy A1)
— o 8 +1/2(X)+Saj+1/2(X)+KTT ax 9

1 Ky, ~
+—qr Ao o Ocdj
m Ky

PG ¢]fo/2(x))2}. (46)

Due to the definition of a;, the action is now highly non-local. We can remedy this fact by the

introduction of an emergent gauge field a; ,, for which we initially choose the gauge

aj,z = 0, (47)

and enforce that

o1 ~VCB KTl A T
Aj1 == sgn(j' —j+1/2)0:¢;71 5+ z sgn(j’ — ) 9, djr ) (x). (48)
15 M iz

We enforce the constraint via a Lagrange multiplier that we absorb into §£ vep- After some
algebra, the action can be brought to the form

S= gZ,VCB + §Z;l + gSG’ (493)

1 ~ ~
Szl = J d1+1XZ [E(atejl +qlA0,j —K”Saj’o)(a)(d)jl)
J
u ~ v ~ )
_§(8x¢jl) _%(axejl(x)_KTl a;1)” | (49b)

§S f d1+1X Z( —&r, ]+1/2) COS(2¢V_EE/2(X) - qTKy Ay,j+1/2), (49C)
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where

~ 1
_ 1 c
Soves = J d'lx E :[;( 91\11]3/2 + a2, o)(a ¢J+1/2)
j

2
Ucp — KTTVCB

5 Ky, =\
(aerj"CB —2K— 3x¢jl)

81
2
vesKir [ ves KTL ¢J+1/2 Q
— o a 9]+1/2 + Sa1+1/2 1 + a D) ZVCBKTT AAO,]'+1/2
VCB 1
x¢¥ff'/2)2 Y qTAAoJ+1/25a]+1/21+ 4 Knr (Aon])a ¢]L
qT 9 1
+ W(A Ao1) Ao+ 5Kt (@410 = j—l/z,o)aj,l]- (50)

Here, we used that Zj AM 1/ AN 10 = —Zj(AZMj)/\fj denotes a a discrete version of
a second derivative along y (where we used A2 M i =AM —AM;_1/5).

5.1 Strong coupling phase of the sine-Gordon term

We are now interested in the strong coupling phase of the sine-Gordon term, for which the

fields ¢)fo/2 are pinned in a mean field approximation. We begin by integrating out the fields

0}‘:513/2 that are canonically conjugate to the pinned fields. To that end, we split the action
AVCB

S, vcp into parts containing 6. pyre and the rest as

3 () 32
Savee = Sz VCB SZ,VCB > GD
with
Ucp — K Vep K
1+1 TVCB TT 1 AVCB
Sz ,VCB f d xZ[ ( ]+1/2 - 2 Ky o A<i5]+1/2) (ax91+1/2)
—K2v, —K2v, K
Ucp CB ~ 2 CB
i (a.08Y8) _de T I T g 0.$:,)
87 J 27 K2
2 2
veeKir [ sves Ky l qr
— 7 ) 9]+1/2 + Sa]H/Z 1 + 3 A¢]+1/2 KK%TAAOJ-H/Z ,  (52)
and

32 _ 1+1 1 TVCB
Syvee = f d xZ[; Qjt+1/2,0 (3x¢j+1/2)
j

VCB ¢VCB ) —

TAAOJ+1/2 Saji1/2,1 + Knr (AZ-AO]) o ¢]L

j+1/2 4
@ 1
——— (A% Ay ;) Ao + oK (@120 = J'—l/Z,O)O‘j,l]- (53)
87TVCBKTT

Next, we perform a discrete Fourier transformation along y. Using the definition
2 _ _ in o) :
Q° = 2(1—cos(qa)), the action S yep can be rewritten as
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~ ucg —KZves K ~ —
S e f d™x Z[ (atqﬁVCB(q) — +K_E aqusl(q)) (8,6V<E(—q))

Ucg — KTT CB K”

5 K 0, AP (— q)) (6,6"(Q))

L TVCB,_ .\ __
o (atqb (-a)

K2
1R g o, 5v00g) (0,57 -)
ucp —Kivep Kjy ol
e (24 (@) (6:6'(—9))
_ veeKyy (8xéVCB(q)+5a1(q)+ﬁaqugl(q)— AAo(‘I))
2K CBK
( 0,0"B(—q) +Say(—q) + TaAd’l( D=3, K Aah(= q))] o0
VcB

We are now in the position to integrate out the field 6VCB. Here, the first approximation of our
theory comes into play: we keep terms that at most contain two derivatives. We thus throw
out all terms that contain, in total, three or more derivatives, including discrete derivatives
in the y-direction. Next, we further simplify things in the strong-coupling phase of the sine-
Gordon terms: there, we only keep terms involving the pinned field $VCB and at most a first
order of derivatives. As for the emergent gauge field, we focus on the leading terms. Those
are of the form “current x gauge field”. Since the current is a first derivative of the fields (F’CB
and $ ! this means that we only keep terms of the emergent gauge field that are at most of
first order in derivatives. We then Fourier transform back to real space, and perform the same
approximations for S@ I addition, we drop a constant term (AZAO, j) Ay ; that does not

2,VCB"
couple to the fermionic fields anymore. In the end, we can rewrite the action as

S= Sévcs"‘g/ + S, (55a)

gﬁ,i:fdlﬂxz[ (.65, +q, A j — Ky Sa;0)(0, b1,

ul ~ Vl ~ KTTVCB KTl
— 5 (0:)" = (80 — Ky, aj,l)Z_TKz (24! ) (55b)
0
géG:jdHle( 81,j+1/2) Cos(2¢1+1/z ngyAy,j+1/2)> (55¢)

1
1+1
SQVCB fd " XZ[__ ( ]+1/2) Sa]+1/21 + —a1+1/20(3 ¢]+1/2)

1 1
- %CITAAO,]'H/Z SAji1/01 + EKTT (aj41/2,0 — Xj—1/2,0) aj,1:|- (55d)
In the strong-coupling phase of the sine-Gordon term, the field N}’ff/z(x) is pinned to
TVCB arly
P (x)= 5 Ay k+1/2- (56)
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We thus perform the change of variables

&) = BT, () + Ty yki1/2 = @700 = Ty A er1/2- (57

In addition, we identify the quasiparticle density and quasiparticle current operators as

Sl = 2Ty and Jpap)= oAl 69
This brings the action to the form
S =S8yvep + S + Sses (59a)
8, = f dl+1x2[%(at§jl +quAg; — Ky Sa;0)(@c b))

J
- :—;(@q;jl)z - ;_jr(axgjl(x) —Ky a;1)*— %2{ ( RS ) } (59b)
Ss = f d'*'x Z (—&1,j+1/2) cos(2 é}/ff/z(x)), (590)

J

_ . qT Ky
Savep N f d'*x Z[_ey]ép’k+l/2 SAjy1/21 + o Sajy1/2,1 at-AZ,k+1/2
j

qTa .0
T on Qit1/2,0 axAZ,k+1/2 _Ey]qp’k+1/2 ®it1/2,0

1 1
—o.0 Saji1/21 AAg 12+ %KTT ajq AOlj,o] . (59d)

We recognize that SZ,VCB is a discretized version of

. q 1
S;(;?éB _f d2+lx|:_1(,l;p au _ i GMM aﬂ avAl + 4_7-CKTT EHVA(XM 3vaA:| (60)

in the gauges .A; = 0 and a, = 0. In total, we thus find that the gauge-invariant extension of
the low-energy action in the continuum limit along the y-direction reads

S~ SZ,,L + Sgcl?(t:B + SSG: (613)

i} 1~ -
SZ,l:J.d1+1xZ|:E(af0jl+qlAO:j_KTlsaj70)(ax¢jl)
J

uy ~ o Y A 2
_%(axqul) _%(axejl(x)_KTl ;1) ], (61b)
S5%es = f d2+1x|:—jg‘p o, — ;1—; e a, 8,4, + %TKTT e"a, 8va1:|, (61c)
Ssg = f d'*x Z (—&1,j+1/2) COS(Z é}/ff/z(x)), (61d)
J
where
i, =1, + i—% (ucp —K2veg) and 7, =7, (62)
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6 The gapless sector: electrons glued to Laughlin quasi-holes

In Eq. (61c¢), the charge of the gapless quasiparticles is somewhat obscured by the fact that
they couple both directly to the electromagnetic gauge field A with a charge q;, and to the
emergent gauge field a, which in turn again couples to the electromagnetic gauge field. The
coupling between the emergent gauge field and the gapless quasiparticles therefore mediates
an additional channel by which the quasiparticles couples to the electromagnetic field, which in
turn modifies their electric. One way to determme the total electric charge of the quasiparticles
is thus to shift the gauge field as f, = a, — Au e . Plugging this into the action, we obtain

. *k 1
S=Sf+1—fd2+1x]“ (qlAH—KN/}M)+Jd2H [ —Jgp Bt Ky e "By vﬂl]

qr qT 1
+Jd2+1 [ Ky g S~ 41 Kpp R (©3)

where qI =q,— % qq is the effective charge already introduced above. At the same time, we
see that quasiparticles in the gapped sector couple to the electromagnetic gauge field with a
charge q}‘ = q1/Kyy.

6.1 Charge operator

One of the benefits of our coupled-wire construction is that it provides us with microscopic ex-
pressions for all quantities. We can for example find an alternative viewpoint for the fractional
effective charges g* by rewriting the charge density operator using the transformed bosonized
fields. In terms of the original electronic fields, the total charge density is given by

) = Dauet o) == 200 (1o ()= 21100))
<
=—$z(£—;ax(‘w;‘“”(“)
(ql_%q )e. (GRMX);@L”(X)))- (64)

Next, we use that Oz;; —©,;, = 6]

Ril @ Lil and shift the summation for the first term to obtain

1 qT Y I * ~/ =/
p)=——= ax(K—ﬁ j [%(x)—%m(x)]+ql;[em(x)—em(x)})

Y
N 27:6 (KTT Z 2¢Y+Cf/2(x)+qf z[ézlzjl(x)_éijl(x)])' (65)

In the gapped sector, a quasiparticle is associated with a 27t-kink in one of the sine-Gordon
terms. Eq. (65) shows that such a kink carries a charge q? = q1/Kyp. Furthermore, a quasiparti-

cle in the gapless sector is created by an operator ~ exp {@r] l} Commuting this operator with

the charge density operator shows that such a quasiparticle carries a charge qj, in agreement
with the above result.
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6.2 Electron creation and annihilation operators

It is also interesting to re-express the electronic creation and annihilation operators in the basis
of the new fields. With some straightforward but tedious algebra, one finds

By =Py =0 =Fb;—0; —n ', —ny 67, . (66)
Since an exponential of # [5 ]l — 5) ! creates a quasiparticle in the gapless sector, while an expo-

. VCB . . . . .
nential of 0. 11y, Creates a quasiparticle in the gapped sector, we find that creating an electron

is equivalent to creating a quasiparticle in the gapless sector and n; + ny = K|; quasiparticles
in the gapped sector. Since an electron carries charge q|, and because quasiparticles in the
gapped sector have charge q;/K;y, the quasiparticles in the gapless sector must carry charge
qi‘ =q— K| x Ig—TTT, in agreement with the earlier findings.

6.3 Sine-Gordon term as glue between electrons and fractional quasiparticles

Our coupled-wire construction identifies the sine-Gordon term in Eq. (19) as the glue between
the electrons and Laughlin-like quasiparticles that compose the gapless quasiparticles. Namely,
the coupled-wire construction of Laughlin states in Ref. [1] shows that the number density of
Laughlin quasiparticles in a 1/Kjy-state is

/Ky _ Fm=n ~n,=n
Pii1j2 =0 ( RiT ¢L3+1% )/Znew (67)
where ‘I’nlr "270 is defined by Eq. (20) with n; = n, = 0. Combined with the density of

electrons in the bottom layer, p;| = > Pr i1, we find that

Bt — 1t 1/Ksp

O ol =Pjp1p TP T 2Py (68)

y

In its strong coupling phase, H,y wants to pin 5Rja — %, j+10 to a constant value. A change
of the bottom layer electron density pj; — p;; + 1 thus constitutes an excitation out of the
ground state of H,, unless we adapt the Laughlin-like quasiparticle density in the top layer

8!
/K1 1/K1 17K /K1 itati - i
as Pii1yn 2T Mm and Pi_yys = Pilyy — N2 Gapless excitations of a semi-quantized

quantum Hall state hence correspond to electrons in the bottom layer glued to n; +ny = Ky
Laughlin-like quasi-holes in the top layer.

7 Refermionization of the gapless sector and discussion of the
low-energy action

Since the fields (E j,and 6. ;, obey the canonical commutator for the bosonized field of a fermionic
theory, we can refermionize the gapless sector by introducing the composite quasiparticle fields
1/)SJQP = exp{—i(# q5 i1—6; l)} [12]. The universal topological low-energy theory corresponds
the continuum limit of our coupled-wire construction in y-direction, in which differences of
fields in adjacent wires are replaced by a y-derivative. Shifting the gauge field by introducing

Bu=a,—A, 1%’ we obtain the final form of the action as
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S=[d>x (3, LEP + LY + Log+ L4)+ 3 [ dV X Loy j41/o with

int

ESQP = Q/SSQP gr (_iau + ‘II A=Ky ﬁu) wSQP (69a)
. 1
Les = _Jgp By + 4_7-5KTT e“M/ju 9B, (69Db)
q @ 1
L= _1r A — a2 e‘”AAM 3,A,. (69¢)

u
Ky "% 41 Ky

This form of the action is equivalent to Eq. (12) obtained in a heuristic continuum theory. The
gapless |-sector is described by a non-universal Lagrangian £ = > L’SQP+£§SP for the gap-
less composite quasiparticles lprP, in which the single-particle energy gr and the interactions

described by EEEP depend on system-specific details. The gapless composite quasiparticles are

minimally coupled both to the electromagnetic potential with a fractional charge

q =9, — K_TT q (70)

and to the emergent gauge field 3. The emergent gauge field is governed by a Chern-Simons
theory L. It physically derives from a Hall effect in the top layer, whose gapless edge states
carry the background Hall conductance encoded in £ 4. This Hall effect and the charges of the
gapped quasiparticles match a Laughlin state at a filling of 1/Ky.
Finally, the sine-Gordon terms in their strong-coupling phase, contained in

Lopiv12 = (—8&1,j+1/2) cos(2 ¢>}/ff/2 +qp 4y Az,j+1/z), encode the energy cost for quasiparti-

cles in the gapped sector.

In conclusion, we find that the gapless composite quasiparticles carry a fractional charge,
and should be viewed as forming a liquid of anyons rather than fermions since they couple to
the emergent gauge field.

8 Electromagnetic Response

Experimentally, semi-quantized quantum Hall states are most easily deteced by their electro-
magnetic responses, in particular the Hall and Hall drag responses. To calculate the lat-
ter, we need to keep track of charges and electric fields in both layer separately. Since the
electromagnetic fields couple to the quasiparticles via the charges g, we can simply replace
45 A, = 45 A, o to resolve the fields in each layer. The background Hall current in the gapped
T-sector follows from

2 2
5 1 4 1 4

m —__ 9% | g2t e ule 2. A el I MMaA . 71

Jopan =" AMJ x( anky € A O = g € A 71)

The gapless sector is described by composite fermions that couple to the combination of fields

K . . .
QA = q A — I?Ti qy Ayp- We can thus split the current of the composite quasiparticles
into its contributions in the two layers as
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. o - .
]ng,l :_5Aul Jd2+1x (_\DE[_laM+qIAH_KTlﬁH]\I,)

zggQP
6Scop d(q[ AL 5Scop
5(qA) dA,, 5(qA) 4

(72)

and, similarly,

.U 6SCQP KTl

J = w7 4 (73)
o1 5lgiA,) Ky O

ST S 5Scop o wo o __a Ky
Defining Jeopo =~ 5@ A’ we have Jeop,, = Jeopo and Jegp,1 = T, %y Jcopo-

8.1 Current responses if one layer is driven and the other layer is disconnected:
perfect drag

We now focus on the electric response of a semi-quantized quantum Hall state in an experiment
in which both layers can be independently driven and measured, similar to the setups reported
in Refs. [7,8]. The total current flowing in the top layer is composed of the background Hall
response of the gapped sector, plus a contribution of the gapless composite quasiparticles.
The current in the bottom layer, on the other hand, is carried only by the gapless composite
quasiparticles.

Since the composite quasiparticles in the gapless |-sector couple to the electromagnetic
potential via the combination of fields q; A, | — % qy A, 1, the m-th component of the current

of the composite quasiparticles (with m = x, y, not u = 1,2) will linearly respond to electric
fields as

. 4 Ky
oo =00 | E —E 74
Jcop,0 coP ( nl q, Kir 1 (74)
where E, , is the n-th component of the electric field in layer o (with n = x, y), and where
the Einstein sum convention is understood. The conductivity O'CQP is a non-universal function
that depends on the scattering mechanisms in the gapless layer. Combining our above results,
we find

$ qT a K 9 K
0, E o E, ol E E 75a
JT, an ( my®©x,1 — Ymx ) ch q, KTT ( nl q, KT n,T ( )
jom = o (E il ) (75b)
l,m CcQP N q, KTT n,7

Driving the top layer. At first, we analyze a situation in which the top layer is driven, while
the bottom layer is disconnected. In the steady state, there hence cannot be any current flowing
in the bottom layer. From j, ,, = 0, we find that for O'CQP # 0, this implies

qr Ky
q Ky

E g, (76)

nl =

We interpret this result as follows: if an electric field E, ; is applied to the top layer, the part of
the gapless composite quasiparticles in the gapless |-sector that lives in the top layer, i.e. the
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Laughlin quasiparticles glued to the electrons in the bottom layer, is initially accelerated by
this field. Since these Laughlin quasiparticles are glued to the electrons in the |-layer, the
latter will also start to move. As a result, an initial current will flow in the bottom layer. This
layer is, however, electrically disconnected by assumption. The current in the bottom layer
thus eventually hits the edge, and leads to a charge build-up. The corresponding electric field
in the bottom layer opposes the current flow there. The steady state is reached if the net field
felt by the composite quasiparticles (composed of the electric field in the bottom layer felt by
the electrons there, and the field in the top layer felt by the Laughlin quasiparticles there)
vanishes. In this situation, the current in the top layer is then given by

19

- %KTT (5myEx,T - 6mey,’|‘) > (77)

jT,m
and thus a pure Hall current. For E = E, é,, we thus find that the Hall resistance in the top
layer and the Hall drag resistance in the bottom layer, resulting from driving the top layer with
a disconnected bottom layer are

_E h E h
Ridive _ 2ol _ B g and RWE XL g (78)
H y 211 H Y &
P4 oo

This response is in line with the argument put forward in Ref. [7].

Driving the bottom layer. If the bottom layer is driven, a current

: 4 Ky
JLm=0cgp (En,l —— —Enp (79)
© q Ky
will flow there (as mentioned above, the current has some non-universal value reflecting the
microscopic scattering mechanisms in the gapless sub-sector). If the top layer is electrically
disconnected, we must have j; ,, = 0. This condition requires an induced Hall voltage in the
top layer. Namely, the absence of a current in the top layer implies that

2
1 43

20T KTT (6m}’Ex,T - 5mey,T) = — _jl,m- (80)

Let us for concreteness analyze the case that the current in the bottom layer flows in y-direction
according to

. 9 Ky
y ym
Jy = O%cop (Em,l —— = Emp |- (81)
l © q, Ky
q2
This implies that %K—; Ey1=
for the top layer, which equals

O Ky

o Ky ji,y- We can thus again define a Hall drag resistance, now

E h
Rife= 2= T g (82)
Jl arqy

This response is also in agreement with the arguments presented in Ref. [7]: a current in the
bottom layer necessarily is a current of the gapless composite quasiparticles (at least in the
linear response regime). Because the quasiparticles are composed of electrons in the bottom
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layer and Laughlin quasiparticles in the top layer, this current of quasiparticles implies a current
in the top layer as well. However, the top layer is electrically disconnected, such that it cannot
carry a net current. The bulk current due to the quasiparticle flow must hence be compensated
by a Hall current flowing at the edges of the top layer. In simple pictures, when the composite
quasiparticle hits the edge, it splits up: the electron in the bottom layer hops out of the sample
and leads to a net current flow. The Laughlin quasiparticles in the top layer enter the gapless
edge channel, and along the edge flow back to the other side of the sample. This leads to a
population imbalance of the edge channels on the two sides, which in turn translates to an
electrochemical potential difference transverse to the edge channels, and thus a Hall voltage
in the top layer.

8.2 Discriminating semi-quantized quantum Hall states from Halperin bilayer
states

Halperin bilayer states also feature quantized Hall and Hall drag resistances. In contrast to
semi-quantized quantum Hall states, however, both layer of a Halperin bilayer state are fully
gapped. Therefore, the longitudinal resistance of both layers always vanishes, and the Hall
resistance of both layer is fully quantized. In contrast, semi-quantized quantum Hall states
have one layer with a non-universal longitudinal resistance and non-quantized Hall resistance
(in our example the bottom layer). A transport experiment can thus distinguish between semi-
quantized quantum Hall states and Halperin bilayer states by measuring the longitudinal and
Hall resistances of each layer separately, as was done in Ref. [7].

9 Beyond Hall drag measurements: spectral probes, non-Fermi
liquid physics, and fully gapped daughter states

We finally discuss additional experimental properties of semi-quantized quantum Hall states
that should be addressed by future experiments.

9.1 Gapped electronic spectrum

Since the gapless quasiparticles are composite objects, electronic spectral probes such as tun-
nelling spectroscopy exhibit a full gap. The size of the gap is set by the glueing energy scale
Hg, that needs to be overcome when extracting an electron from the sample. Formally, the
above exact transformations show that the original electronic operator can be written as ex-
ponentials of &,.;, = (r 5} - é}l) —-n GJVJFCIB/Z —n, GVC1B/2, where an exponential of 9VC1B/2 indeed
creates a gapped quasiparticle.

9.2 Fully gapped daughter states with anyonic excitations

Fully gapped states deriving from semi-quantized quantum Hall states also show tantalizing
properties. Consider for example a charge-density wave (CDW) gapping the composite quasi-
particles. The non-trivial character of semi-quantized quantum Hall states is handed down
to quasiparticles above the CDW gap in two ways: they carry a fractional charge qi‘ and ex-
hibit anyomc braiding. Namely, the coupling to the emergent gauge field results in a phase

Y =21 e Ky for a braid of two CDW-quasiparticles, while a brald between a CDW-quasiparticle

and a quasiparticle in the T-sector yields a phase ¢ |3 = —on X K_TT’ in agreement with the physi-

cal picture of electrons glued to Laughlin-like quasiholes (see the Appendix for further details
of a CDW state).
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The gapless composite quasiparticles in general feel a net magnetic field composed of the
external field and the emergent gauge field. In addition to the constraint Ky vy + Ky vy =1
established in Eq. 18, the filling factors also respect K| v; + Ky vy = 1, then the system
can in principle form a fully gapped (Ky1, K|}, Ky )-Halperin bilayer state. This happens (for
q; = q; = e) at filling factors

K| — Ky

Y ek k2
KKy =Kg

K —K
and v = ”—”2 (83)
KnK, =K
In the present formulation, these states are 1/K||-Laughlin states for the composite quasipar-

ticles.

9.3 Non-Fermi liquid physics

The action in Eq. (69) is closely related to the composite Fermi liquid theory proposed by
Halperin, Lee and Read (HLR) [9]. In this context, interactions between gapless composite
quasiparticles mediated by an emergent gauge field as in L5 were studied in detail. It was
shown that the combination of the Chern-Simons gauge-field mediated interaction and addi-
tional density-density interactions of short range can lead to non-Fermi liquid physics. This
will for example be heralded by a non-Fermi liquid scaling of the resistivity with tempera-
ture [9-11]. We expect the same to hold for semi-quantized quantum Hall states. In the
absence of quasiparticles in the gapped T-sector, the action of a semi-quantized quantum Hall
state is of the same form as the HLR-action, modulo a modified prefactor of the Chern-Simons
term and the modified charge q* of the gapless quasiparticles (the effective magnetic field for
the gapless composite quasiparticles vanishes at v| = Kim — % and vy = 1/K;, if g3 =q; =e).
This means that semi-quantized quantum Hall states can alsl)l show non-Fermi liquid physics.
The modified prefactor of the Chern-Simons term furthermore implies that the gapless com-
posite quasiparticles should be interpreted as a liquid of anyons, rather than fermions, which
further strengthens their non-Fermi liquid behaviour. To probe non-Fermi liquid physics in
semi-quantized quantum Hall states, future experiments should address the scaling of the re-
sistivity with temperature. Future theoretical work should in addition extend the analyses of
Refs. [9-11] by including quasiparticles in the T-sector: if those are pinned to impurity sites,
L states that these quasiparticles generate non-trivial gauge-field disorder landscapes, which
could provide a testbed for the ongoing characterization of many-body localization physics in
two dimensions.

9.4 A note on thermal transport and the Wiedemann-Franz law

Besides electric transport, semi-quantized quantum Hall states also carry thermal currents.
The available low-energy excitations that carry these thermal currents are the gapless com-
posite quasiparticles of fractional charge qi‘, and the fractional quantum Hall edge state. Due
to the fractional nature of both of these, the Wiedemann-Franz law will in general be violated.
How exactly the Wiedemann-Franz law is violated, however, depends on the measurement
setup, e.g. which of the layers are connected electrically and/or thermally. In addition, the
perfect interlayer drag in electric transport heavily relies on the fact that electrons cannot tun-
nel between layers, i.e. that there is no charge transfer between layers. While such a situation
can experimentally be realized for charge transfer, heat is much more prone be transferred,
or at least leak, across the intermediate layers in an experimental bilayer quantum Hall het-
erostructure. A detailed study of thermal and thermoelectric transport needs to take all of
these effects into account, and is left for the future.
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10 Summary and conclusions

In this work, we derived the low-energy theory of semi-quantized quantum Hall states in bi-
layer quantum Hall systems. We showed that both a heuristic continuum flux attachment pic-
ture and a more microscopic coupled-wire approach yield the same universal low-energy the-
ory. This theory describes semi-quantized quantum Hall states by two sectors, a fully gapped
one and a gapless one. The fully gapped sector protects topological-order like properties, such
as the emergence of fractionally charged quasiparticles. Excitations in the gapless sector cor-
respond to electrons in one layer glued to Laughlin-like quasiparticles in the other, and thus
carry a net fractional charge. Because these composite gapless quasiparticles also couple to
the emergent Chern-Simons gauge field deriving from the gapped sector, they can be thought
of as forming an anyonic liquid. We analysed experimental signatures of semi-quantized quan-
tum Hall and identified specific signatures in electric transport. We find Hall and Hall drag
signals consistent with recent experiments [7]. Semi-quantized quantum Hall states are also
promising platforms for novel non-Fermi liquid physics, and serve as versatile parent states for
fully gapped phases with anyonic properties.
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Appendix: Braiding of quasiparticles in a gapped charge-density
wave state

The gapless sector can be gapped by various mechanisms, one of which is the formation of
a charge-density wave. In terms of the chiral quasiparticles ¥,; = exp {—i (:5; j l}’ a charge-
density wave state is stabilized by interwire backscattering of quasiparticles, i.e. by

\P;j ¥, +h.c~exp {i (é’ -

Ril Lj l)} + h.c., giving rise to the sine-Gordon terms

gj.cow cos(@lfajl — @zjl) = gj.cow cos(@le — @le). (84)
If these sine-Gordon terms flow to strong coupling, the system becomes fully gapped (note
that the argument of these sine-Gordon terms commute with themselves at different positions,
and with the arguments of the sine-Gordon terms g1 j.1/2). The full gap provides an inverse
time-scale that protects braiding. Coupled-wire constructions describe braiding via strings of
operators that hop quasiparticles around closed loops [2].

Braiding of quasiparticles in g;., /51 sine-Gordon terms. Quasiparticles in the gy /91 sine-
Gordon terms can be moved from link k—1/2 to link k + 1/2 by application of an exponential
of

—1(3 3 -1 (% 3 )=
Orjt = Ot = Kp' (Bgjr = Bpjt) + Ky (Brj —Buj1) = @gjr — 2uyp- (85)
It can be checked by calculating the commutator with the argument of the sine-Gordon term

changes E’RJT_ngHT by +2m and $Rk—1T_$LJT by —2m, while leaving the |-sector untouched.
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Using the definitions of the different fields as well as Ky K + Kyy KT
this operator as

L= = 1, one can rewrite

1= = Ky
Orit =Gt = g~ (®rj1 —®1j1) — Kot (®rj1— 1) (86)

If we now look at a closed braiding path, the total phase we pick up is related to

1= = Ky,
E [eRjT - 9LJT] = E o (Brjr—@1jr) + E (_K_TT) (®rj —2151)
J J J

! 5 & K1y
:gK_TT ((ijT_(PLj+1T)+§(_K_TT) (@le—cbm), (87)

J

where ¥ is discrete analog of line integral and means summation on closed loops. A quasipar-
ticle corresponds to a 27t-kink in the argument of one of the sine-Gordon terms. This tells us
that braiding a quasiparticle in the T-sector around another one of these quasiparticles yields
a phase

1
P = K_TT 2, (88)

while braiding an T-quasiparticle around a |-quasiparticle yields a phase of

K

1= _K_E 2m. (89)

These braiding phases are consistent with the picture of the quasiparticles in the initially gap-
less |-sector as being composed of electrons in the bottom layer and Laughlin-like quasipar-
ticles in the bottom layer, while the emergent gauge theory discussed in the main text shows
that quasiparticles T-sector are similar to Laughlin quasiparticles.

Braiding of quasiparticles in g cpw sine-Gordon terms. Our discussion of Sec. 4.1 shows
that quasiparticles in the |-sector are moved around by exponentials of

(:j:«j+]l - é;/jl = Ppji1y — Py — X4 (Prjp — Prjp) — x3(Ppjs1y — Prjrar)- (90)

One can check that this operator indeed moves a quasiparticle in the |-sector from wire j to
wire j+ 1 while leaving the T-sector untouched. The phase picked up by a quasiparticle in the
l-sector is given by

E [‘I’rjm =@y, = X4 (@rjr = Ppjt) = x5 (Brj11 — Brjer) ]
E[ rjl — fki—Kn(‘I’RJT—‘I’LJT)] E[q’rjl_‘I’r/kl_KTl(@RjT_eLjT)]

7
A/ K2 K
E( — )(‘I’Rn ‘I’Lu)+§( ﬁ)(q’m $1jia1)- o)
J )

26


https://scipost.org
https://scipost.org/SciPostPhys.8.2.031

Scil SciPost Phys. 8, 031 (2020)

This tells us that braiding a quasiparticle in the |-sector around another one of these quasi-
particles yields a phase

pop K Ky
oL = ( + i) 21 = _ 21 mod(27), (92)
2 Kn Ky

while braiding an |-quasiparticle around a T-quasiparticle yields a phase of

oy =——22m. (93)
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