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The proposal of sliding phases (SP) is revisited from the perspective of duality. A generic argument is
formulated as essentially a no-go theorem for SP in translationally invariant nonfrustrated systems with short-
range interactions—classical or quantum. Its validity is demonstrated on an asymmetric bilayer and its multilayer
variation models where the duality allows obtaining asymptotically exact analytical solution. This solution is in
drastic contrast with the perturbative renormalization group prediction and is strongly supported by Monte Carlo
simulations. An alternative path toward finding SP is suggested. Its key ingredient is a long-range gauge-type

interaction suppressing the interlayer Josephson coupling.
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I. INTRODUCTION

The idea of the sliding phases SP has been emerging in
several different contexts—Iliquid crystals, superconductors,
1D quantum systems, correlated disorder, and spin liquids—
within a general theme of a possible dimensional decoupling
(reduction) when a D-dimensional system breaks into a stack
of systems of essentially lower dimensionality. It can be traced
back to the suggestion of vanishing shear modulus in layered
liquid crystals where each layer is a quasisolid positionally
decoupled from its neighbors [1]. This mechanism has been
further explored in Refs. [2,3]. In layered superconductors
magnetic field parallel to the layers has been proposed to
suppress the interlayer Josephson coupling [4]. However, the
frustration due to magnetic field turned out to be insufficient
to fully suppress the coupling as shown in Ref. [5].

In the context of quantum 1D chains the possibility of the
decoupling between chains has been explored as a pathway
toward non-Fermi liquid in high 7, materials [6,7]. The main
argument for such a decoupling is based on using the scaling
dimensions of the Josephson coupling determined with respect
to the Luttinger liquid parameter in each chain: if it is larger
than 2, the coupling should become irrelevant [7]. These
proposals have been criticized in Refs. [8,9] where it was
shown that the interchain tunneling is always relevant. In
Refs. [10] it has been shown that the dimensional reduction
is not possible due to pair tunneling in quantum wires. This
analysis is based on RG developed for bosonized models with
nonzero conformal spin (see Ref. [11]).

The results [1-3] refer to noncompact variables—
translation of one layer against its neighbors. That SP can
occur in the case of compact XY variables has been proposed
in Ref. [12], where the interlayer gradient couplings between
classical XY variables in each layer have been considered
as a “knob” controlling scaling dimensions of the Josephson
coupling and of the vortex fugacity in each layer. The SP would
occur if the first one is irrelevant above some temperature
T,;, while vortices in each layer are still bound into neutral
pairs. This approach was also developed for the case of
quantum 1D Luttinger liquids coupled by both the Josephson
and the gradient terms [13-16] (which are the analog of
the Andreev-Bashkin drag effect [17] in neutral superfluids
or Biot-Savart interactions in superconductors[18]). More

2469-9950/2017/95(9)/094101(13)

094101-1

recently, the dimensional reduction was considered in the
context of layered disorder [19,20] and non-Fermi liquids in
the spin-liquid regime [21].

It is important to note that the proposal of SP is based on
applying the renormalization group (RG) logic to compact
variables characterized by global U(1) symmetry. While
these early suggestions were more of a purely academic
interest, expanding capabilities of ultra-cold-atoms techniques
in recent years emphasize the importance of these suggestions
especially in the context of possible new phases in composite
lattices [22] and in the presence of disorder [19,20]. In more
general terms, the question is if it is possible to realize
a phase transition, rather than a crossover, from a low- to
higher-dimensional behavior.

Here we propose an alternative approach to the problem
of SP. It is based on the dual formulation of a field model
of compact variables in terms of positive defined statistics of
random closed loops of integer currents obeying Kirchhoff’s
conservation law [23]. In this language, spontaneous symmetry
breaking is equivalent to the formation of a “soup” of fully
disordered macroscopic loops. Accordingly, the SP implies
that, while proliferating along the layers, such loops do not
proliferate perpendicular to them. This immediately leads to
the generic requirement for the SP to exist: The energy cost
E | for a loop element to invade a neighboring layer must be
macroscopically large with respect to the layer size L because
otherwise the entropy for such an invasion will dominate and
will cause simultaneous proliferation of the loops along and
perpendicular to the layers.

In order to illustrate the above general statement, we will
consider a classical XY layered system characterized by
gradient interlayer interactions and the Josephson coupling
u. The gradient terms are chosen in such a way that the SP is
supposed to exist in some range in accordance with the RG
prediction for zero conformal spin. We will present results of
the large-scale Monte Carlo simulations of this system in its
dual representation—in terms of the closed loops. The main
finding is that, in accordance with the generic argument, no SP
state exists in such a system. As a comparison, the standard
asymmetric XY layered model where no SP are expected to
occur will be analyzed too. As will be seen, both models
demonstrate essentially the same behavior. Furthermore, using
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dual representation, it becomes possible to find exact analytical
solution for the renormalized Josephson coupling u, in the
asymptotic limit # — 0. The validity of this solution will be
demonstrated numerically for both models. Thus, the main
conclusion is that, rather than following the RG prediction,
the model of SP demonstrates 3D behavior.

Our paper is organized as follows. In Sec. II we introduce
the bilayer model and provide the RG solution for SP. Then, we
construct the dual representation in Sec. I B. The asymptotic
analytical solution for the renormalized Josephson coupling u,
as well as the numerical results will be discussed in Sec. II C.
Then, in Sec. I1I the stack of bilayers will be discussed. Finally,
in Sec. IV we discuss the implications of our analytical and nu-
merical results and also provide an alternative model for the SP.

II. BILAYER MODEL OF SP

The purpose of the following analysis is to introduce
a simplest model that admits the RG solution predicting
sliding phases. This result will then be tested numerically
and analytically in the asymptotic limit of vanishingly small
Josephson coupling.

Consider two classical asymmetric parallel layers, each
being a square lattice of linear size L (in terms of the
intersite shortest distance). These layers host two U (1) fields
Y1 =exp(i¢;) and Y, = exp(ig) on the layers z = 1,2,
respectively. The continuous (low-energy) action,

H¢, = /‘dZX[%Kzz’%‘bz%‘f’z’ - MCOS(¢2 - ¢]):|’ (1)

features the gradient interaction represented by the (Luttinger
parameter) matrix K, . as well as by the interlayer Josephson
term ~u. Here %d)z refers to the x,y derivatives along the
planar directions. The summation over the repeated indexes is
used here and hereafter. Stability of the system is guaranteed
if det(K,,) > 0, that is,

KKy — K > 0. )

In the partition function,

Z= / D¢ Dépy exp(—Hp), (€)]

the measure of the functional integration must account for the
compactness of the phases ¢,. This can be achieved by using
the discrete lattice formulation described in Appendix A and
further discussed in Sec. II B. Let’s first, however, discuss the
RG approach to the system.

A. Scaling dimensional analysis for the bilayer

Here we will present the analysis to the system Egs. (1)
and (3) based on RG in line with the approach suggested in
Refs. [12]. It is important that in this analysis the compact
nature of the “angles” ¢ » is ignored.

Derivation of the RG equations and their solutions for the
bilayer are presented in Appendix B along the line as described
in Refs. [24,25]. Despite the asymmetric nature of the system,
the resulting RG flow Eqgs. (B11) and (B12) for the Josephson
coupling and Egs. (B17) and (B18) for the vortex fugacity
turn out to be identical to the standard RG equations for
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FIG. 1. Two options for phases in the bilayer model: (a) with the
SP according to RG; (b) without SP.

the Sine-Gordon model (see Refs. [24,25]). Thus, in order to
identify the critical points (see Fig. 1) T, of the SP and Ty, 4,
of the Berezinskii-Kosterlitz-Thouless (BKT) transition, it is
enough to evaluate the scaling dimensions (see Ref. [26]) of the
inter-layer Josephson and vortex fugacity, and find the range
Ty < T < T, 4, of parameters where both are irrelevant. We
begin with the first critical point 7 = T of the transition from
the phase where the interlayer Josephson coupling is relevant
(called “Josephson” in Fig. 1) to the SP.

If the vortex fugacity is irrelevant, the compact nature of
the phases is usually ignored. Then, introducing the variables
¢+ = ¢1 + ¢ and ¢ = ¢y — ¢ in Egs. (1) and (3) and, then,
integrating out ¢, the resulting partition function becomes

Z_ = /D¢_e*H¢

H = /dzx[g(%)z —ucos ¢], )

where the notation
_ KiuKp—Kp,
K1+ Ko + 2K,

is introduced. Equations (4) and (5) represent the standard
Sine-Gordon model in 2D. The scaling dimension of the
operator ~u is A, = 1/(4w K). Thus, the Josephson term
becomes irrelevant if A, > 2, that is, at K < K; = 1/(8n),
so that the renormalized u should flow to zero as u, ~ uL? —
0,b =2(1 — K;/K) < 0. Such a behavior is supposed to
occur together with the persistence of the algebraic order along
the planes. Without loss of generality let’s assume K| < K
and introduce the notations: 7 = 1/K;; as a measure of
temperature, and ¥ = K5, /K > 1, X = Ki»/Ky;. Then, the
condition K < 1/(8m) for SP becomes

81 (Y — X?)
1+Y+2X°

In order to guarantee the algebraic order in each layer no
BKT transition should occur in the layers. In other words, all
backscattering harmonics V,, 4, in the action Eq. (B1) must
be irrelevant below some temperature T{y, ,,) exceeding Ty
in Eq. (6). In order to determine possible types of vortices
responsible for the transition, we examine the form Eq. (1)
in the limit # = 0 using the Kosterlitz-Thouless argument for
the BKT transition. Specifically, a composite vortex (q1,g2)

(&)

T>T,= (6)
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induced by the drag term ~K, [12,27,28] with circulations
q1,q> in the layers 1 and 2, respectively, is introduced at the
same position x,y along the layers. The free energy of such a
composite vortex is

F, = {7n[(g1 + X)* + (¥ — XHg3] - 2T} InL. (7

Then, the stability against the BKT transition is guaranteed by
the positivity of F, or

/4
T < Tggn = @1+ Xq2) + ¥ = Xg3],  ®)

where the minimization with respect to g;,g, must be per-
formed. This condition corresponds to the requirement that
the scaling dimension A, 4, =7 Y, , Kavqaqs of the most
dangerous backscattering amplitude V,, ,, in Eq. (B13) is
above 2.

Proliferation of simple vortices g = £1, go =0 or g; =
0, go = =£1 corresponds to T(j,0) = 7 /2 and T(o,;) = Y /2 >
Ti1,0), respectively. The minimal solution with composite
vortex can exist only as long as X # 0, that is, when K, # 0.

Solutions for Eqgs. (6) and (8) exist for integer values
of X > 3. Introducing § = Y — X2 > 0 [due to the stability
requirement Eq. (2)], one should distinguish cases § > 1 and
6 < 1. In the first case, the dominant vortex is (1,0) and
the solution for T; < Tjj ) exists if 1 <8 < (1 + X)?/15. It
0 < § < 1, the dominant vortex is composite (—X,1) and the
condition Egs. (6) and (8) become

8mé T
—— < T < =§. C))
§+ (14 X)? 2
For X > 1,T; — O while T, 4,y — (7r/2)min(1,5) as long as
§ is kept constant. Such a limit corresponds to the largest range
of T, where SP are to be anticipated for the two-layer model.
However, for practical purposes of simulations using too large
X leads to slower convergence. Thus, we choose X =5,Y =
25.5 corresponding to a reasonably wide range where SP is
anticipated to exist. Then, Eq. (9) becomes 87 /73 < T < w /4
or0.344 < T < 0.785. [The simulations discussed below have
been conducted at 7" in the middle of the interval Eq. (9), that
is, T =~ 0.565. More specifically, Ky = 1/T = 1.77, Ky =
25.5K11, K12 = 5K11.]

Proliferation of the composite vortex pairs with vorticities
(q1,92) corresponds to disordering of the original fields
exp(i¢12). At the same time the composite field ¥ =
expli(q1¢1 + q2¢2)] remains (algebraically) ordered. This
mechanism constitutes the formation of thermally induced
bound phases (or using the language of superfluidity—
thermally paired superfluid [29]). For the values chosen above
this composite field is ¥ = exp[i(¢; + X¢»)]. Since X > 1
we call such a composite phase as thermally bound superfluid
(TBS). This effect does not require that X is necessarily integer.
If X is noninteger, its closest integer part will determine
the power of v,. In Fig. 1 the TBS exists in the range
T4 .4 < T < T,. Full symmetry is restored above T,,—that
is, no algebraic order exists in any composite or original fields.

Concluding this section, the presented analysis based on
the RG finds the range of temperatures where the sequence of
phases is as presented in Fig. 1(a): at T < Ty the Josephson
coupling is relevant. At Ty < T < Ty, 4, there is the SP
where the symmetry U(1) is promoted to U(1)x U(1). In the
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FIG.2. A J-current configuration characterized by W, =
1, W, =0, W, = 0. Horizontal oriented arrows show J currents
along planes, with |J_;;| = 1. The vertical ones indicate J currents
between the planes, with J,; = 1, with the dashed lines showing
currents that are completing periodic boundary conditions.

X

range Ty, ¢,y < T < T,, the TBS phase is characterized by the
composite field V. Thus, the broken symmetry is partially
restored through the subgroup Zy, where N =1+ g;. At
higher temperatures, T > T,,, the composite field W becomes
disordered too. In what follows we will show that the actual
sequence of phases is correctly depicted in Fig. 1(b) rather
than in Fig. 1(a).

B. Dual representation

As described in detail in Appendix A, the bilayer model
Egs. (1) and (3) can be reformulated in terms of the dual
variables that account for the compact nature of the variables
¢1.2. (The logic behind this transformation is along the line of
the J-current model, Ref. [23].) The partition function Eq. (3)
is now represented as

Z= Z et (10

{Jzijh ATz}

with the action

1 1
H, = % S K e Teij Joij + Z Sas o AD
where (K1), is the matrix inverse to K. introduced in
Eq. (1) and uy is the Villain value of the Josephson coupling
u. Since we are interested in the limit ¥ < 1, it is uy =
1/[21n(2/u)] [30,31] (for more details see Appendix A).
The summation runs over the integer bond currents J; ;; =
—J.,ji, = = 1,2 defined between neighboring sites i and j and
oriented from site i to site j within each corresponding layer
as well as over the integer currents J; ; oriented along the bond
connecting the site i in the layer 1 to the site i in the layer 2.
All the configurations are restricted by the Kirchhoff’s current
conservation rule—the total of all J currents incoming to any
site must be equal to the total of all outcoming currents from
the same site.

The resulting configurational space consists of closed loops
of the bond currents as schematically depicted in Fig. 2.
Further simulations can be effectively performed by the Worm
Algorithm [32]. As will be shown, in addition to being very
effective in numerics, the language of loops also allows
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obtaining analytic expression for the renormalized Josephson
coupling u,, which is exact in the asymptotic limit u — O,
while strong algebraic order persists along the layers.

If u = 0, there are two sorts of loops—one in each layer.
Thus, each configuration is characterized by definite values
of the windings W_, in the zth layer along the o = %,y
directions of the planes. These quantities are defined as a
total of all J currents crossing any line perpendicular to the
direction «. (The Kirchhoff’s rule guarantees that windings
are independent of the choice of the line.) It is straightforward
to show that statistics of these windings determine the
renormalized values K. of the matrix K.. along the line
of the approach [33]. More specifically,

. 1
Reo=5 3 (WeaWea). (12)

a=%,9

This expression is valid for periodic boundary conditions
(PBQ). It is important to note that K. represents an exact
linear response with respect to the Thouless phase twists.
In other words, if there are externally imposed infinitesi-
mal constant gradients V,¢;, — 0 (violating the PBC) of
the phases ¢;,, the free energy acquires the contribution
SF=3L*Y . ,K.:2Va:Vop. On the other hand, in
the presence of the gradient the integrand of the partition
function gets the factor exp(iL ) ., W. Vq¢.). Comparing
both expressions leads to the relation Eq. (12).

As a test of consistency, we have checked numerically that
in the regime where the SP state is supposed to exist (that is,
X =5,Y =255, T =~ (0.565), the deviations of I?ZZ/ from the
bare values K, are within the statistical error less than 1%
for all tested sizes of the layers 10 < L < 1000. Significant
deviations are observed only as the system approaches fully
disordered state—thatis, T — T, Fig. 1, where the fields v, »
as well as the composite one ¥ become disordered. In this case,
K., flow to zero as L increases. The deviations remain small
(about 2-3%) even in the regime where W is the only ordered
field. The emergence of the TBS is detected by observing that
windings W_ , in the layers 1 and 2 are changing exactly by the
increment AW, = 1, AW, = X (plus or minus), respectively.

At finite values of u the loops belong to both layers so that
no separate windings can be introduced. However, the sums
Wy = W) 4 + W remain well defined and can be used to
evaluate the rigidity p, of the fields along the layers. In a
general case of N, layers p = py = py:

1
p=an; 2 (W) (13)

Jaijs (14)

where for a given « = %,J in Eq. (14) the bond (ij) (as well
as J, ;;) is oriented along the direction c.

Our focus here on the renormalized value u, of the
Josephson coupling u in the SP regime. In the case of N,
layers, if the periodic boundary conditions are also imposed
perpendicular to the layers (along z direction), the interlayer
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response u, is given by windings W, along z direction:
N;
z

ur

1
(wW2), w, = ~ DA (15)

where the summation ), of the currents J, ; (oriented along z
direction) is performed over all sites of all layers. Similarly to
the cases Eqgs. (12) and (13), Eq. (15) represents the full linear
response at zero momentum—that is, the renormalized value
u, of the Josephson coupling u.

At this point, we should comment on how to interpret the
PBC for two layers, N, = 2. While in the cases N, > 3 it
is a natural procedure to link the z = N_th layer to the first
one, 7 = 1, by the Josephson term, the case N, = 2 needs an
auxiliary construction because the layers 1 and 2 are coupled
already directly. The formal procedure, then, consists of adding
a third layer, z = 3, with no rigidity along x,y directions and
coupled by the Josephson term to both layers, z = 1,2. If the
coupling u3 between the layers 1 and 3 and the coupling u3
between the layers 2 and 3 add up as 1/u3 + 1/ux = 1/uy,
in the dual action Eq. (11) the sum in the last term can be
extended to the layers z = 1,2,3 in the periodic manner. The
key to this procedure is the Kirchhoff’s rule: the J current
from a site (x,y) along z direction from the layer 2 to the layer
3 must be exactly the same as the current from the site (x,y) in
the layer 3 to the layer 1. Then, in the form Eq. (11) the same
value uy can be used for the currents from the layer 1 to the
layer 2 directly or through the layer 3 as shown in Fig. 2.

C. Asymptotic expression for u,

As mentioned above, the dual representation allows obtain-
ing analytically asymptotic solution for u,. Let’s begin with
the simplest case of zero stiffnesses K. and arbitrary number
of layers, N, = 2, 3,4. The action in this case in the field
representation becomes ~ ) fdzx[—u cos(¢p,+1 — ¢;)], or
in the dual form,

J:.=0+1,+2,..., (16)

where the summation runs over all sites i of only one layer, say,
z = 1. In this expression the Kirchhoff rule dictates that the
current J, ; at a given site along z direction must be the same
for all values of z. Thus, such a current with J,; constitutes
one closed loop characterized by the winding W = J_ ;. This
allows constructing the partition function exactly as

L2

N.
74 = [ Z exp (-2 < W2>j| , (17)
W=0,£1,+2,... Uy

where L? is the number of sites in one layer. The stiffness
Eq. (15) can be found by taking into account that the
total winding along z direction is W, =Y, J,;, where the
summation runs over L? sites of only one layer. Then, using
statistical independence of different sites we find

2N Y woin W2 exp(—N.W?/2uy)
Uy = .
1+2 Zw=1,2,... exp(—N, W2/ 2uy)

This expression shows that, as long as N, is finite, the
Josephson coupling remains relevant even if there is no

(18)
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in-plane order. In the limit uy < 1 only the term W =1 is
important, so that Eq. (18) becomes

2N,

= M ON.exp(—N./2uy). (19
2 + exp(N./2uy) <exp(=N/2uy). (19)

ur

The exponential decay versus N, in Eq. (19) is a direct
consequence of the absence of the stiffness along the layers,
that is, p = 0 in Eq. (14), so that the shortest loop is “vertical”
with the number M = N, of the vertical currents J,_;; =
JZZQ,,' =...=Jz=M,i-

Thus, it is natural to anticipate that the dimensional
decoupling in a strong sense, when u, scales to zero as some
negative power of L as prescribed by RG, should not occur
even in the absence of the algebraic order along the planes,
when p — 0. The stiffness along z direction remains finite in
the limit L — oo as long as N, is finite.

This example indicates that short-range interplane cor-
relations rather than long-range intraplane coherences are
responsible for finite interplane Josephson coupling. In terms
of the original variables ¢, the result Eq. (19) implies that
u, ~ uM (because uy ~ 1/[21n(2/u)] in the limit u — 0).
This can be viewed as the perturbative result of N,th order
with respect to u.

If there is a finite strong stiffness p > 1, Eq. (19) can
also be used, with N, substituted by some effective value
M =1,2,3,..., thatis

2M

= sreeai 2M exp(—M/2uy).  (20)

iy

The value of M is determined by the length of a “cheapest”
string of J currents along z directions. The loop proliferation
can be viewed from the perspective of the Worm Algo-
rithm [32] where one open end of a string of J currents walks
randomly until it meets another open end so that a closed
loop is formed. Then, most of the path is residing in a layer
with only occasional jumps between neighboring layers (in the
limit uy — 0). Such an elementary jump has the probability
~ exp(—M /2uy), so that all higher values M are exponentially
suppressed. In other words, the situation is reminiscent of the
“ideal gas” of rare fluctuations of the J currents of length M
in z direction.

Thus, generically, it is expected that u, o< u™ in the limit
u — 0 because then uy ~ 1/[2In(2/u)] [30,31]. Below we
will show that for the model we consider M = 2 and, thus,
U, X u?.

In the standard XY model (with no drag effect and no asym-
metry between the layers) in its J-current representation [23],
characterized by finite in-plane stiffness o and small interlayer
coupling uy, the “cheapest” string in z direction has M = 1 in
Eq. (20). The standard XY model and its comparison with the
multilayer extension of the bilayer model will be discussed in
more detail in the Sec. III D. Below we will show that M = 2
in Eq. (20) for the bilayer in the SP regime and will present
the numerical support for this. In other words, contrary to the
RG prediction, the Josephson interlayer coupling u, remains
finite in the limit L — oo.

PHYSICAL REVIEW B 95, 094101 (2017)

D. Numerical results for N, = 2

Here we discuss the results of Monte Carlo simulations
of the bilayer in the regime of SP. The action Eq. (11) can
be represented in the notations 7T, X, Y, é [introduced below
Eq. (5)] as

r, r 2 I
Hy = %): [EJW t 55 iy = X i) } + Z B
(2D

where the values of the parameters have been discussed at
theendof Sec. ITA: X =5,6 =1/2, T =(T; + Tix.—1))/2 =
0.565.

The structure of the loops is determined by the energy
of creating a J-current element along a given direction. A
typical energy to create a J-current element along a bond in
the plane 2 can be estimated as § £y ~ T /(28) ~ 0.5. Thus,
large loops with a typical values |J,| = 1 can exist in the
plane 2. In contrast, the energy to create an isolated element
in the plane 1 (with no J, currents along the same bond in the
layer 2) requires much more energy: S E; ~ T(1 + X?/8)/2 ~
15. Accordingly, the probability to create such an element
is exponentially suppressed as ~ exp(—15), and no entropy
contribution (due to four optional directions along the plane)
can compensate for such a low value. This implies that no large
isolated loops can exist in the layer 1. The only option to create
alarge loop in the layer 1 is if each element J ;; is mirrored by
the current J, ;; = X J; ;; along the same bonds in the layer 2.
A typical energy of this combined element is §Ej, ~ T/2 =
0.25. This strong asymmetry between the layers has immediate
implication for the windings along z direction—the minimal
length M of the element J, ; mustbe M = 2 in Eq. (20). Thus,
the stiffness u, in the limit u < 1 becomes

4

= x4 =, 22
2 4+exp(l/uy) 22)

Uy

where the asymptotic expression uy = m [30,31] has
been used. Accordingly, for the simple XY model (with no
drag interaction) the corresponding dependence is u, oc u'.
This will be discussed below.

As discussed above, the power u? stems from the value
M =2 in Eq. (20). Formally speaking, Eq. (22) appears to
be as though the weak layer (z = 1) is incoherent and, thus,
is eliminated in second order of perturbation with respect to
u—very much like the situation discussed in Sec. II C. It is,
however, important to note that the weak layer is coherent
and the application of the perturbative approach in terms of
the original variables—the phases ¢,—is not that apparent. In
contrast, the dual representation leading to the picture of the
“ideal gas” of the vertical currents gives the result u, ~ u?
quite naturally.

The results of the simulations is shown in Fig. 3. The first
striking feature to notice is that u,, while changing over 7
orders of magnitude, does not depend on the layers size L.
Second, u, versus uy follows the analytical result Eq. (22)
with high accuracy—even for values uy ~ 1. Both features are
in the striking conflict with the RG prediction stating that u,
should scale as oc L2!=7/T) a~ [ =128 _ (inthe SPregime. It
should be also noted that the stiffness along the layers Eq. (13)
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FIG. 3. Monte Carlo results for the interlayer stiffness u, vs. its
bare value uy for the bilayer for various layer sizes (shown in the
legend). Error bars are shown, and for the majority of the data points
these are smaller than symbols. The fit line is the solution Eq. (22).

remains finite and much larger than u,, thatis, p = 32.3 £ 0.1
for all simulated sizes from L = 8 to L = 960. This justifies
the validity of Eq. (22) even in the case uy ~ 1.

III. STACK OF BILAYERS

As it became evident from the previous analysis, no SP
can occur in the double layer. Referring to the sketch of the
possibilities, Fig. 1(b) is realized instead of Fig. 1(a). Here
we will address a possibility of SP in a N -layers setup. In
other words, we will be looking for a behavior where the
renormalized Josephson stiffness u, decays as a function of N,
in the limit L — oo, while the stiffness along planes remains
finite. This would be a “weaker” version of the SP in a clean
system (cf. the SP in the layered disorder case [20]).

We consider the PBC setup: the odd z = 1,3,5,7, ... and
the even z = 2,4,6,.. layers are characterized by the inplane
stiffnesses K1 and Ky, > K, respectively, with the nearest
layers coupled by the current-current term o K, (the same
for all pairs of layers) as well as by the Josephson coupling
—u Y, . COS(por1 — §), where Y(x,y) = explig:(x, )] is
the XY variable defined on a site (x,y) belonging to the
layer z.

In the linearized with respect to the gradients of ¢,
approximation analogous to Eq. (1) the model becomes

Hy= ) {Hz— / d*xulcos($:11 — ¢:)

z=1,3,5,...
+ cos(¢p.—1 — ¢Z)]}s (23)

where the summation runs over odd values of z and the notation
K - Ky -
H, = / dzx[T(wbz)z + = (Voo41)?

+ KoV (Vosr + %Z_I)} (24)
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is used. The Gaussian part of the action can be diagonalized
by using Fourier representation along z direction with doubled
unit cell. Then, the matrix K, becomes dependent on the
wave vector g, = 4nn,/N,,n, =0,1,2,... ,Nz/2 — 1 along
z axis. The corresponding partition function becomes

Z=/D¢z exp(—Hy), (25)

where the measure of functional integration D¢, must explic-
itly account for the definition of the phases ¢,(x,y) modulo
2r.

A. RG solution

The corresponding RG equation for u, Eq. (B19) is
analogous to that discussed in Appendix B for the bilayer.
Then the critical temperature of the dimensional decoupling
becomes
(fo_] 1+ Y +4Xcos?q,

Y —4X2cos? g

TR
¢ T 4xN,

; (26)

where the wave vectors along z take values dictated
by the periodic boundary conditions g, = 4mwm/N,, m =
0,1,2,...,(N,/2) — 1. Here we use the same notations 7" =
1/K11, X = K12/K11, Y = K2 /Ky introduced in Sec. 1T A.
Thus, RG predicts irrelevance of u, at T > Tj.

The upper limit on 7 is determined by the loss of algebraic
order along the layers. (At u, = 0 there should be no 3D
vortices.) Clearly, if T is as high as > 7Y /2 > 1, all layers
will become disordered. Less drastic situation occurs when
only weak layers (odd) are disordered 7 /2 < T < nY/2. In
this case the Josephson coupling between even layers will
be supported by the proximity effect. We, however, will be
considering the situation 7 < 7/2, which implies algebraic
order in all layers.

We considered also a possibility of proliferation of the
composite vortices. One option is a composite vortex char-
acterized by phase windings g = 1 and ¢, = X > 1 in odd
and even layers, respectively, forming a string of length N,
perpendicular to the layers. In this case the vortex energy will
have a factor ~N,, which makes such vortices too energetically
costly to play any role in the limit N, > 1, provided the
system is not too close to the instability (when the matrix
of the gradient interactions acquires zero eigenvalue, that is,
Y — 4X? = 0). In our simulations we have been avoiding this
region. Thus, such “infinite” vertical vortices are excluded.
Another option is when composite vortices occur as finite
length vertical strings—say, of length 2 (along z axis) with
g1 = £l inan odd layer and g, = —[2X]q, in the neighboring
(even) layer. However, a simple analysis shows that energy of
such (and longer) composite vortices turns out to be higher than
that of the simple vortex with g¢; & 1, g, = 0 destroying order
in the odd layers. Thus, we impose the requirement 7; < /2
in order to have a finite range 7, < T < m/2 for the SP to
exist within the RG approximation. This implies

> 8. 27)

1 Ng:_l 1+Y +4Xcos?q,
N, = Y —4X2cos2 g,
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It can surely be achieved for large enough X in the limit
N, > 1. Replacing the summation by integration in this limit
and considering 8§ < 1, Eq. (27) gives § < X?/64. For the
simulations we have chosen § = 0.3 and X = 6, which gives
T, ~ 0.983 with T = 1.28 chosen in the middle of the interval
between {0y = w/2 ~ 1.57 and T,. The chosen value of T
corresponds to the limit N, — oo, and for any finite N,, the
actual T, from Eq. (26) is below this value.

It is worth reminding that, according to RG, u, should
exhibit suppression as some power of L — oo in the range
Ts < T < T(,0- However, as shown below analytically and
then numerically, there is no such suppression in the asymp-
totic limit uy < 1.

B. Dual formulation

The dual formulation of the model Egs. (23), (24), and (25)
in terms of the closed loops of integer J currents (along bonds
in and between the layers) can be achieved similarly to the case
N, = 2. Using Villain approach (see Appendix A) to the dis-
crete gradients : V¢, — (V;;¢p, + 2mwm_ ;;) along the planes
and —u cos(@, 1 — ¢.) = (uy /2,41 — b, + 2m; ;) for
the Josephson terms, where m ;; refers to integer defined on
the bond ij belonging to the plane z and m,; stands for an
integer on a bond connecting site i in the plane z to the same
site in the plane z + 1, the partition function Eq. (25) follows
as a result of explicit integration over all ¢, (i) and summations
over all bond integers.

The J currents enter through the Poisson identity
Zm:O,:ﬁ:l,:ﬁ:Z,“ fim) = ZJ:O,:tl,:tZ,.. fdx exp(2riJx) f(x)
applied to each bond integer. This allows explicit integration
over all phases ¢ as well as over the bond integers m_ ;;,m; ;.
There are two types of J currents: inplane ];‘3 a=172
within each “elementary cell” (along z) and between the
planes J; .. The label a = 1,2 refers to J current defined
on the bond ij belonging to a plane with odd and even z,
respectively. J,; denotes the current from the site i from the
plane z to the plane z + 1. The integration over phases ¢
generates the Kirchhoff constraint—similarly to the bilayer
case.

Finally, the J-current ensemble can be represented as

Z =7 exp(—H)),
{7}
Hy= 5 X Ve =G0+ 5 S @)
ij;z,2 i,z

where the matrix V,,(z —z') is defined in terms of the
matrix K. It reflects the asymmetry between odd and even
layers. Explicitly, V11(z) = Y Va1(z), for z = z — 7' being even,
describes the interaction between odd layers, and V»(z)
is defined between even layers; Vip(z) = —X[Vaa(z+ 1) +
Va2o(z — 1)] refers to the interaction between odd and even
layers (that is, z is odd), and

T cos(¢mz)
LT , 29
22(2) N, Z Y — 4X?%cos?(gm) )
qm

with z =0, £2, +4,... and the summation running over
qm =4mm/N,,m =0,1,...,N/2 — 1.
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C. Asymptotic solution

Analogously to the case of the bilayer, the dual represen-
tation allows constructing the asymptotic solution for u, for
arbitrary N,. We begin by finding the renormalized Josephson
coupling in the asymptotic limit u — 0, L — oo with N, kept
fixed. The dual formulation Eq. (28) for N, layers allows
obtaining the asymptotic expression for u, within the same
logic used for deriving Eq. (22). We will repeat it here. The
loop formation can be viewed as a process of random walks
of two ends of a broken loop—exactly along the line of the
Worm Algorithm [32]. Such a walk of each end is controlled by
energetics of creating one bond element |J| = 1 in arandomly
chosen direction—either along a given plane or perpendicular
to it. Similarly to the case of the two layers, the energy to
create such an element alone along an odd layer costs energy
> T ~ 1, while the same element along an even layer costs
energy ~1. The only option for creating a loop in an odd layer
is if its energy is compensated by parallel elements in the even
plane. This feature is caused by the strong current-current
interaction ~X. Thus, if the walk occurs along z direction
from some even layer z toward the neighboring odd layer
z+ 1, the subsequent move along the odd layer will be too
energetically costly so that the walker would either move
further toward z 4 2 layer or will go back to the original layer
z. Thus, the interlayer elements are characterized by either
Jio = Jizy1 ==xlor Ji; = Ji .41 =0. The weight of such a
process is either exp(—1/uy) or 1, respectively. Even if the
walker makes a step or two along the layer z + 1 (which is a
highly improbable event) and then chooses to go toward the
layer z 4 2, the contribution to the partition function will be
further reduced exponentially by the energy of the element J
along the odd plane. Thus, such processes can be ignored, and
we arrive at the conclusion that u, given by Eq. (22) must be
valid for arbitrary N, in the asymptotic limit. The validity of
this solution will be verified numerically as explained below.

It is instructive to discuss the dependence on N, in the
situation when L > 1isfixedand uy — 0. In this situation the
renormalized Josephson stiffness #, does exhibit the SP-like
behavior u, ~ exp(— ... N;) (which, however, transforms into
the solution Eq. (22) as L — o0). The reason for this, however,
is of a purely geometrical nature (which has nothing to do with
the drag interactions). Indeed, for any finite N, > 1, the sys-
tem becomes essentially of (quasi-) 1D nature as long asuy —
0. In this case, there is such a value u* of uy below which
there is essentially only one macroscopic vertical loop with
W, = +£1 for a given area L2, with higher ones exponentially
suppressed. This situation corresponds to the contribution
of zero modes to the stiffness along z direction. These
modes are characterized by V, ,¢.(x,y) =0, which leads
to the effective Hamiltonian Hy = ZZ u,L? cos(¢.41 — ¢.),
with u, ~ 2exp(—1/uy) being the renormalized mesoscopic
stiffness. Zero modes become dominant excitations as long as
I/trL2 < Kq;.

The dual form of the zero mode action takes a form

- N.
Hy= ——W?,
0 2L%, *

(30)

where the duality procedure has been implemented as
explained earlier. Calculation of the Josephson stiffness
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FIG. 4. Monte Carlo results for the interlayer stiffness u, of the
model Egs. (28) and (29) in the SP regime. Dashed orange line is the
analytical solution Eq. (22). Dotted black line represents the offset
u, = 0.1 of the analytical solution Eq. (22). The first and the second
numbers in the legend indicate values of L and N_, respectively

according to Eq. (15) gives the resulting stiffness

N, 1
u® ~ exp <_ 2 eX8PL(2/MV)> 31

in the main exponential approximation in the limit u® «
u, ~ 4e='"v_Thus, if uy is taken to zero, there is such a
value uy = u* below which this inequality will be satisfied
for fixed L, N, > 1. The corresponding value can be obtained

from Ne+(2]/”*) > 1, which gives

|
~ In(8L2/N,)

in the main logarithmic approximation. Thus, for fixed L,N,
the solution Eq. (22) is valid as long as uy > u* and it must
cross over to Eq. (31) as long as uy <« u*. However, as L —
00, the crossover value of uy, Eq. (32), goes to zero, which
means the recovery of the asymptotic solution Eq. (22) for
any finite uy. This effect will be seen in the simulations as
discussed below. It is important to mention, though, that such a
suppression has nothing to do with SP because the RG solution
(discussed above) implies the suppression of u, — 0 in the
limit L — oo for fixed uy, while the asymptotic solution gives
finite u,, Eq. (22), in the same limit.

*

(32

D. Numerical results for N, > 2

The model Eq. (28) has been simulated by the Worm Algo-
rithm [32]. The renormalized interlayer stiffness u, was found
for a range of layer sizes 6 < L < 640 and layer numbers
10 < N, < 40. The resulting data is presented in Figs. 4 and 5.
As can be seen in Fig. 4, the solution Eq. (22) plays the role
of the envelop for the family of the curves u, versus 1/uy
for various L and N,. We note that the stiffness p along
the layers [as determined by Eq. (13)] remains independent
of the sizes and much larger (p = 22.6 £ 0.5) than u,. This
justifies the applicability of the asymptotic limit for Eq. (22).

PHYSICAL REVIEW B 95, 094101 (2017)
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FIG. 5. The values of u* determined numerically from the data
shown in Fig. 4 by finding the crossings of the curves u, with the
offset (dotted) line in Fig. 4. The linear fit of this line gives the slope
y = 1.00 £ 0.02.

We have also controlled that the system is far enough from
any possible composite phases [28] state by measuring the
lowest order correlator (exp(i¢.(x,y)) exp(—i¢,(x’,y"))) and
observing that it exhibits long-range order. (In the composite
phase state such a correlator is short ranged.) Thus, the system
is well in the putative SP state. Its behavior, however, is
drastically different from the RG prediction.

At this point we should discuss the deviations of the
numerical curves from the analytical result seen in Fig. 4.
As discussed above, this behavior is a consequence of zero
modes. The value of uy = u™ below which the suppression
begins decreases as

' =y In(L?*/N,), y = 1.00 +0.02, (33)

for L?/N, > 1 in the main logarithmic approximation. This
behavior is demonstrated in Fig. 5, where the value u*
corresponds the offset for u, taken at 1/10 of the value given
by the analytical Eq. (22). The result Eq. (33) is consistent
with the analytical formula Eq. (32).

Clearly, such a quasi-1D suppression (zero modes effect)
is also present in the standard XY model (where no SP are
anticipated to exist). In order to demonstrate this explicitly we
have also simulated a simple XY model given by the system

Zxy = /D¢z exp(—Hyy),

Hxy = — ) _[K cos(Vij¢.) +ucos(V.9.)],  (34)
(ij).z
with some K > 1 (guaranteeing that no BKT transition

occurs in each layer for u = 0), and 0 < 1 K K. In the dual
representation this system is described by

- 1 1
Hyy — Hyy = Zﬁjf%ij+zmji?z’ (35)
(ij).z i,z

where J;; . and J; ; are the same J currents introduced above
for the model Eq. (28). The results of the simulations of
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FIG. 6. Monte Carlo results for the interlayer stiffness u, of the
strongly asymmetric XY model. Dashed orange line is the analytical
solution Eq. (20) with M = 1. Dotted black line represents the offset
u, = 0.1 of the analytical value. The first and second numbers in the
legend indicate values of L and N, respectively.

this model are presented in Figs. 6 and 7. In the asymptotic
limit the interlayer stiffness is described by Eq. (20) with
M = 1. Then, according to the above discussion, the value u*
determining where the deviations from the analytical formula
begin is given by (u*)~! = 21n(L?/N.,), that is, with the slope
y = 2, which should be compared with the numerical value
y =1.95+0.05 in Fig. 7. Thus, both models demonstrate
essentially the same 3D behavior, with the only difference
being the slope of the renormalized Josephson coupling Inu,
versus its bare value uy .

IV. DISCUSSION

The RG approach to 2D systems proves to be very effective
in many cases, including 2D XY model when it can be

1/u’
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12]
10}

8;

61

-
IN(LZ/N,)

FIG. 7. The values of u* determined numerically from the data
shown in Fig. 6 by finding the crossings of the curves u, with the
offset (dotted) line in Fig. 6. The linear fit of this line gives the slope
1.95 £ 0.05.
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mapped on the Sine-Gordon (SG) one [34]. A successful
implementation of the RG analysis to the Josephson coupling
was demonstrated in Ref. [35] where a single weak link can
make one channel Luttinger liquid insulating.

The merit of RG, however, should be taken with caution
when applied to the dimensional reduction situations in layered
systems hosting compact U(1) variables. In this case there is
no exact mapping between XY and SG representations at finite
interlayer Josephson coupling, and the approximation ignoring
the compact nature of the variables becomes uncontrolled. As
our analysis of one particular layered system shows, no SP
exists in such a system despite the RG prediction: the system
shows essentially the 3D behavior of the asymmetric XY
model. Clearly, the simplest example presented here reveals
the flaw in extending RG to the dimensional decoupling
situations [12—-16] when the effective model corresponds to
zero conformal spin [11]. (At nonzero spin, tunneling of pairs
can take over [10].) As shown in Sec. II C, the interlayer
Josephson coupling exists even when there is no intralayer
order—which is consistent with the proximity effect.

The dual formulation in terms of the closed loops gives a
very important insight. Specifically, the SP means that as layer
size L — o0, asuppression of the Josephson coupling between
layers would require that the number of times elements of
closed loops fluctuate between layers must scale slower than
L? so that the density of such events is zero in the limit L = oo.
The loops statistics, however, is controlled by local energies of
creating finite elements and the entropy due to six directions
in 3D versus four along layers. Thus, as long as there is a
finite energy to cross between neighboring layers, the entropy
will lead to a finite density of crossings for large enough L.
Similar argument can be applied to quantum wires in terms
of the quantum to classical mapping where imaginary time is
treated as an extra dimension.

The dual approach and the argumentation along the line of
the numerical algorithm [32], treating closed loops formation
as a process of the worm head wandering around and
eventually finding its tail, allowed us to expose the actual
stages of the renormalization of the Josephson coupling: (i) At
small scales Josephson coupling is controlled by exponentially
suppressed random and independent (in the asymptotic limit)
events of crossings between layers. It can be viewed as an
ideal gas of J currents between the layers. This stage leads to
the renormalized coupling, in general, represented by Eq. (20)
with M = 1,2,3, .. .. (ii) If the number of layers N, increases,
with L being fixed, quasi-1D fluctuations further suppress the
coupling exponentially as demonstrated in Eq. (31).

Here we have discussed alocal model characterized by short
range interactions between the interlayer J-current elements.
This feature in combination with the low density of such
elements justifies the “ideal gas,” which in its turn leads to finite
values of the renormalized interlayer Josephson coupling.

The question may be raised if a presence of long-range
forces between the interplane J currents J,; can change the
situation and lead to the SP or its weaker version—where u, —
0 with the growing number of layers N, in the limit L = oco.
In this respect we note that in order to realize this, fluctuations
of the difference of the J currents with positive and negative
orientations must be macroscopically suppressed. In this case,
the fluctuation of the winding numbers in z direction (sz) will
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scale slower than L? so that u, ~ (W?2)/L?> — 0. This may
be caused by interactions between the interlayer J currents
decaying not faster than second power of their separation along
planes. More specifically, the following additional repulsive
term,

1 - o
HSP = z Z U()C,' — xj)Jz,iJz,jv (36)

1,32

in the simple XY J-current model Eq. (35) with U(X) having
the long-range tail ~1/|X|° with o < 2 will generate the
energy contribution vaZZL"7 in terms of the windings in z
direction. Consequently, the renormalized Josephson coupling
Eq. (15) would scale as u, ~ L2 — 0.

As one particular example, long-range forces can be intro-
duced in the standard XY model Eq. (34) by some effective
gauge-type term —u cos(V.¢ — g.A.) + (VA,)?, where VA,
refers to the derivatives along the layers of some soft mode A,
with g, being a constant. The resulting interaction in the dual
form Eq. (36) becomes U ~ g2 In(]X|) and, thus, it suppresses
the interlayer Josephson as u, = N_(W2)/L* ~ 1/(L*InL)
in the limit L — oo for fixed N,. At the moment we do not
comment on how realizable in practice such a mechanism is.

Here we have analyzed a clean system and found no SP. The
situation is completely different in the presence of layered
disorder [19,20] when the weakly sliding phases occur due
to rare fluctuations of disorder resulting in a large stack of
insulating layers simply blocking the flow perpendicular to
the layers. The number of such layers scales logarithmically
with the total number of layers, so that u, ~ N_¢ with some
nonuniversal exponent ¢ > 0. This effect does not need any
drag-type interactions and can occur in a simple XY model.
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APPENDIX A: LATTICE FORMULATION

In order to introduce the cross-gradient term ~ K, in Eq. (1)
(cf. Refs. [3,13,14,16]) consistent with the compact nature of
the phases, we use an effective gauge-type field A;; defined on
bonds of the lattice:

Hyip=—) [n cos(Vijh1 — Ai) + 12 cos(V o — g2 Ayj)
(i)
(Al)

+ éAfj] — Zucos[qbz(i) — ¢1(0)],

i

PHYSICAL REVIEW B 95, 094101 (2017)

where ; > 0,#, > 0, g > 0 and g, are parameters; (ij) de-
notes summation over nearest-neighbor sites within each layer;
Vi, = ¢.(i) — ¢.(j); A;j is a bond vector field (that is,
A;j = —Aj;) oriented along the bond (ij). Accordingly, the
partition function Eq. (3) should be rewritten as

Z= / DAD¢1 D¢, exp(—Ha.g), (A2)
where the temperature is absorbed into the the parameters
t1, ty, u, g. Our focus here is on verifying the applicability
of the RG analysis to the renormalization of the Josephson
coupling u. Hence, we will not discuss physical origins of the
variables and the parameters.

If the fugacity of the inplane vortices is irrelevant, the terms
—COS(Vij¢1 — Aij) and —COS(V,‘]‘(PZ — g2Aij) in Eq (Al)
can be replaced by (V;;¢; — Aij)2/2 and (V;j¢, — ng,-j)z/Z,
respectively. Then, the Gaussian integration over A;; can be
carried out explicitly in Eq. (A2), so that Eq. (A1) in terms of
the phases becomes exactly Eq. (1). where the 2 x 2 matrix
K., z,7 = 1,2 is related to the original parameters as

n(1+ ggan) (14 gt)
Kh=——FT—"—~Kn=—""7">5-,
1 —i—g(h + gth) 1 +g(fl +g2t2)
1t
Kp = 8820112 (A3)

_1+8(11 +830)

(As a matter of taste, we will keep g» < 0 in order to have
K12 > 0)

The stability requirement Eq. (2) is guaranteed by

K11K22 — K122 = L > 0.
1+ g(n + g3n)

The condition Eq. (9) for the existence of SP for the chosen
values Y = 25.5, X = Sinterms of the parameters ¢, t,, g2, g,
implies that g1|g2|(1 — 5]g2]) = 5, gt1(S.1|g2] = ) = 1,11 =
0.177]g:1/1(1 — 41g:)(5.1]g2| — 1), and 10/51 < [ga] < 1/5.

The partition function Z, Eq. (A2), with the full action
Eqg. (A1) can be evaluated by the high-temperature expansion
method (see, e.g., Ref. [36]) in terms of ¢, t,, u with further
explicit integration over the variables. This approach allows
obtaining Z in terms of the integer bond variables—powers
of the corresponding Taylor series. We will be utilizing the
Villain approximation [30] for the cosines to obtain the so-
called J-current version [23] of Egs. (A2) and (A1):

(A4)

7 = Z qu/DAe_HV, (A5)
{ma.i/,mi}
f
Hy = Z |:§1(vij¢1 — Aij+2mmy ;)
(ij)
+fz(v b2 — g2 Ai; +2my ) + 1A2}
—(Vij@2 — 824i;j 1,ij — Ay
2 J J J zg J
Uy . . 2
— — 2wrm;)”, A6
+ Z 5 (620) = 1) + 27my) (A6)
where my;; = —mg ;; =0, £ 1, £2,... (@ = 1,2) are inte-

ger numbers defined along bonds between two nearest sites i
and j along the planes, and m; = 0, £ 1, & 2, ... is an integer
assigned to a site i and oriented from the layer 1 to the layer 2.

094101-10



DUAL VIEW ON SLIDING PHASESIN U(1) ...

The Villain approximation proves to be very accurate for
establishing the transition points as well as in general if the
effective constants 71, f>, uy are properly expressed in terms
of the corresponding bare values 11, t,, u (see Ref. [31]). The
“renormalization” can be essentially ignored for #1,#, > 1,
so that in what follows we will be using 7} = 1,5 = 1.
Similarly, for the Josephson coupling # ~ 1 one should
take uy = u and, if u < 1, the corresponding relation is
uy = 1/[2In(2/u)] [30,31]. After using the Poisson identity,
> fm) = f dmf(m)exp(2rimJ) for arbitrary function f,
for each integer and performing the integrations over ¢; and
A, the resulting expression becomes the dual formulation
Egs. (10) and (11) of the original system Eqgs. (1) and (3).

APPENDIX B: RG EQUATIONS FOR THE BILAYER

Here we will provide the derivation of the RG equations
based on the quantum to classical mapping. In our case it
should rather be viewed as classical to quantum mapping.
Treating one of the layers direction (say y) as imaginary
time t and using Haldane’s approach [37] in terms of the
phases ¢; and the “angles” 6; counting particles as mutually
conjugated variables, the corresponding action in D =1 + 1
becomes [20,22]

L B . 1
Hy = / dx/ dt{iaxezar¢z + 5 K. 0x ¢ 0c Pz
0 0 v 2
1
+ ﬁur‘)zzfaxezaxezf — ucos(¢ — ¢»)

- Z V1.4, €08[2(q161 + 61292)]}, (BD)

41,92

where (K1), are the matrix elements of the matrix inverse
of K,,; B = L (that is, the “speed of sound” V, =L/8 =
1) and the summation over the repeated indexes (z,z7' = 1,2)
labeling layers is used here and below. The last summation
terms account for the backscattering events with g;,g, being
arbitrary integers (from —oo to +00), which represent charges
of the instantons (or composite vortices—in the “language” of
the original classical layers).

We begin by looking for a solution where all the harmonics
amplitudes V,, 4, are irrelevant. In this case the Gaussian
integration of the 6; variables leads the effective low-energy
action Eq. (1). In this regime the renormalization of u and
K. can be obtained within the standard RG procedure (see,
e.g., Ref. [25]). It consists of the repeated elimination of the
high momenta harmonics from some cutoff A to A/(1 + )
with s — 0 and further rescaling of the unit of length (and
time) by the factor (1 + s). More specifically, the variables

é2,

¢ = ¢ + ¢, (B2)
are separated into the low-energy ¢!~ and the high-energy ¢>)
parts, where the latter is to be integrated out from the partition
function Z = f D¢ D6 exp(—Hy). This (with the rescaling)

will generate the effective action H (Q<), which depends on the
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low-energy harmonics only and the renormalized values of
K., and u. To the lowest order the resulting RG equation for
u can be represented as

du (1 o) 0
- (2 % (9, 5 ) )s>u,

where the averaging (. . .), is performed over the harmonics in
the narrow shell A < || < A/(1 + s) in the gaussian part of
the action Eq. (1).

The renormalization of K, is determined by the terms ~u
in the lowest order. The resulting equations are

(B3)

2

dK Cu? - >

i Tu(<(¢§ F— 95, (B4)
dK Cu?® > >

2= (] = 9570, (B3)
dK Cu’® - >

dllz = Tu(<(¢i F— ¢S, (B6)

where C > 0 stands for a constant which depends on the cutoff
procedure. As usual, this constant can be absorbed into the
definition of u, and we choose it as C = 1.

Using the notations Ky, = K1Y, Kj» = K;; X in the Gaus-
sian integral ((q§i>) - ¢§>))2)s /s, the above equations become

du 1 1+4+Y+2X

— =(2- , B7

di ( 4K, Y — X2 )” (B7)
dK 2 14Y+2X

n_ W 1FrAeR (BS)

dl 27TK1] Y—X2

d(K Y 2 14Y+2X

(K11 ): u +Y + ’ (BY)
dl 27TK1| Yy — X2

and

d(Kn X 2 14+Y+4+2X

(K11 )=_ u +Y+ (B10)
dl 27TK11 Y—X2

Equations (B8), (BY9), and (B10) imply K;; = C;/(1 +
X),Y =1+ Cy(1 + X), where C; > 0,C, > 0 are constants
of integration. Finally, Eqs. (B7) and (B8) can be expressed in
terms of two variables u and Ky = K11 — C;/(2+ C») as

d 1
2 _(2- u, (B11)
dl 47TK¢
and
dK 2
Lo _ 2 (B12)
dl 27K,

These are the standard RG equations, which are fully inte-
grable. The SP phase corresponds to Ky < 1/(87), which is
represented by Eq. (6) (with T = 1/K ;). In this phase u flows
to zero and the Luttinger matrix K, remains essentially scale
independent.

The SP implies that Luttinger liquids in both wires remain
gapless. Thus, the condition Ky < 1/(87) should be consistent
with the requirement that all the harmonics V,, ,, are irrelevant.
In the regime Ky < 1/(87) (where u is irrelevant), Eq. (B1)
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can be expressed in terms of the “angles” 6, as

L p 1 ..
Hy :/ dx/ df{_z(K_])abveaveb
0 0 2n

- Z Va1, €08[2(q161 + q292)]}-

q1,92

(B13)

The RG equation for the most relevant harmonic can be
obtained along the same lines as discussed above. It is
dvqwlz

= 2—i<<qle(>>+qze<>)>2>~ Vorgr (B14)
dl 23 1 2 N q1,92

Evaluation of the correlator ((q19f>) + qz9§>) )?), within the
Gaussian part of the action Eq. (B13) gives

dyv, dav,
% = [2 - ﬂKaanCIb]Vql,qz, — %

= {2 — JTKH[(CJ] + Xq2)* + (Y — XZ)‘]zz]}anyqz-
(B15)

As can be immediately seen, this equation features the critical
point of the transition into the composite phase described by
Eq. (8) (where T = 1/K ).

The renormalization of the K matrix in the second order in
the amplitude V,, 4, is given by

d(K b
dl

Equations (B16) have two integrals. Using the notations
(K™D =Y(K "y and (K1 = X(K 1)1y (which are
related to the previously introduced variables as ¥ = 1/Y and
X =—X/Y), we find ¥ = ¢2¢;* — Big3/(K~"); and X =
qqu_l — Byq1g>/(K 111, where B;, B, are constants of inte-
gration. Using these relations in Egs. (B15) and (B16), we find

= Qaqbqul’qursqﬂh- (B16)

av, wq?

el 2 =[ _Ki;]vql.qz, (B17)
dKy _ qi
d K, e (B1¥)
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where the notation Ky = (K~ 1)1 —¢?B3/(2B, — B)) is in-
troduced.

Equations (B17) and (B18) are also the standard RG
equations. For K, < mwq?/2 the most “dangerous” harmonic
V1.4 18 irrelevant, that is, the system remains in the superfluid
regime with two gapless modes (provided the SP phase exists).

The above analysis implies that the SP phase exists if
two conditions hold: Ky < nqlz/Z and Ky < 1/(8m). These
conditions are represented by Eqgs. (8) and (6), respec-
tively. As further analysis in the main text (Sec. II A)
has shown, Eq. (9) is one of the solutions satisfying both
inequalities.

RG for arbitrary N,

The equation for u, in the case of a stack of bilayers, as
discussed in Sec. III, can be obtained along the same line as
for the bilayer (see also Ref. [38] in the context of the bosonic
composite phases in a layered system):

du, _
dinl ~—

(2 - 21<(¢z+1 - ¢z)2>s)ur. (B19)
s
We note that, due to the PBC along z direction, the mean
(.41 — ¢.)?) does not depend on z. Using discrete Fourier
representation along z direction with doubled unit cell con-
taining two layers (the odd and the even) with two sorts
of phases ¢, = ¢(2) and ¢. = ¢@(z) along odd and even
layers, respectively, the part H, in Eq. (23) can be diagonalized
and the correlator in Eq. (B19) found. This gives Eq. (B19)

rewritten as
du, T
—=2{1- = )u,,
d lnl Td

where Ty is given by Eq. (26).

The flow equations for the matrix K can also be found
along the same line as described in Ref. [38]. In this case
the matrix K., which now depends on the wave vector ¢,
remains essentially unrenormalized as long as 7 > Tj.

(B20)

[1] P. G. De Gennes and G. Sarma, Phys. Lett. A 38, 219 (1972).

[2] D. R. Nelson and J. Toner, Phys. Rev. B 24, 363 (1981).

[3] C. S. O’Hern and T. C. Lubensky, Phys. Rev. Lett. 80, 4345
(1998); L. Golubovic and M. Golubovic, ibid. 80, 4341 (1998);
L. Golubovic, T. C. Lubensky, and C. S. O’Hern, Phys. Rev. E
62, 1069 (2000).

[4] K. B. Efetov, Sov. Phys. JETP 49, 905 (1979).

[5] S. E. Korshunov and A. I. Larkin, Phys. Rev. B 46, 6395 (1992).

[6] P. W. Anderson, Phys. Rev. Lett. 64, 1839 (1990).

[7] X. G. Wen, Phys. Rev. B 42, 6623 (1990).

[8] C. Castellani, C. Di Castro, and W. Metzner, Phys. Rev. Lett.
69, 1703 (1992).

[9] M. Fabrizio and A. Parola, Phys. Rev. Lett. 70, 226 (1993).

[10] S. Brazovskii and V. Yakovenko, Sov. Phys. JETP 62, 1340

(1985); C. Bourbonnais and L. G. Caron, Int. J. Mod. Phys. B
5, 1033 (1991); H. J. Schulz, ibid. 05, 57 (1991); V. Yakovenko,
JETP Lett. 56, 510 (1992); D. Boies, C. Bourbonnais, and A.-M.
S. Tremblay, Phys. Rev. Lett. 74, 968 (1995).

[11] A. O. Gogolin, A. A. Nersesyan, and A. M. Tsvelik, Bosoniza-
tion and Strongly Correlated Systems (Cambridge University
Press, Cambridge, 2004), Chap. 20.

[12] C.S. O’Hern, T. C. Lubensky, and J. Toner, Phys. Rev. Lett. 83,
2745 (1999).

[13] S. L. Sondhi, Kun Yang, Phys. Rev. B 63, 054430 (2001).

[14] R. Mukhopadhyay, C. L. Kane, and T. C. Lubensky,
Phys. Rev. B 63, 081103(R) (2001).

[15] V. J. Emery, E. Fradkin, S. A. Kivelson, and T. C. Lubensky,
Phys. Rev. Lett. 85, 2160 (2000).

[16] A. Vishwanath and D. Carpentier, Phys. Rev. Lett. 86, 676
(2001).

[17] A. F. Andreev and E. P. Bashkin, Sov. Phys. JETP 42, 164
(1976).

[18] K. S. Raman, V. Oganesyan, and S. L. Sondhi, Phys. Rev. B 79,
174528 (2009).

[19] P. Mohan, P. M. Goldbart, R. Narayanan, J. Toner, and T. Vojta,
Phys. Rev. Lett. 105, 085301 (2010).

094101-12


https://doi.org/10.1016/0375-9601(72)90051-5
https://doi.org/10.1016/0375-9601(72)90051-5
https://doi.org/10.1016/0375-9601(72)90051-5
https://doi.org/10.1016/0375-9601(72)90051-5
https://doi.org/10.1103/PhysRevB.24.363
https://doi.org/10.1103/PhysRevB.24.363
https://doi.org/10.1103/PhysRevB.24.363
https://doi.org/10.1103/PhysRevB.24.363
https://doi.org/10.1103/PhysRevLett.80.4345
https://doi.org/10.1103/PhysRevLett.80.4345
https://doi.org/10.1103/PhysRevLett.80.4345
https://doi.org/10.1103/PhysRevLett.80.4345
https://doi.org/10.1103/PhysRevLett.80.4341
https://doi.org/10.1103/PhysRevLett.80.4341
https://doi.org/10.1103/PhysRevLett.80.4341
https://doi.org/10.1103/PhysRevLett.80.4341
https://doi.org/10.1103/PhysRevE.62.1069
https://doi.org/10.1103/PhysRevE.62.1069
https://doi.org/10.1103/PhysRevE.62.1069
https://doi.org/10.1103/PhysRevE.62.1069
https://doi.org/10.1103/PhysRevB.46.6395
https://doi.org/10.1103/PhysRevB.46.6395
https://doi.org/10.1103/PhysRevB.46.6395
https://doi.org/10.1103/PhysRevB.46.6395
https://doi.org/10.1103/PhysRevLett.64.1839
https://doi.org/10.1103/PhysRevLett.64.1839
https://doi.org/10.1103/PhysRevLett.64.1839
https://doi.org/10.1103/PhysRevLett.64.1839
https://doi.org/10.1103/PhysRevB.42.6623
https://doi.org/10.1103/PhysRevB.42.6623
https://doi.org/10.1103/PhysRevB.42.6623
https://doi.org/10.1103/PhysRevB.42.6623
https://doi.org/10.1103/PhysRevLett.69.1703
https://doi.org/10.1103/PhysRevLett.69.1703
https://doi.org/10.1103/PhysRevLett.69.1703
https://doi.org/10.1103/PhysRevLett.69.1703
https://doi.org/10.1103/PhysRevLett.70.226
https://doi.org/10.1103/PhysRevLett.70.226
https://doi.org/10.1103/PhysRevLett.70.226
https://doi.org/10.1103/PhysRevLett.70.226
https://doi.org/10.1142/S0217979291000547
https://doi.org/10.1142/S0217979291000547
https://doi.org/10.1142/S0217979291000547
https://doi.org/10.1142/S0217979291000547
https://doi.org/10.1142/S0217979291000055
https://doi.org/10.1142/S0217979291000055
https://doi.org/10.1142/S0217979291000055
https://doi.org/10.1142/S0217979291000055
https://doi.org/10.1103/PhysRevLett.74.968
https://doi.org/10.1103/PhysRevLett.74.968
https://doi.org/10.1103/PhysRevLett.74.968
https://doi.org/10.1103/PhysRevLett.74.968
https://doi.org/10.1103/PhysRevLett.83.2745
https://doi.org/10.1103/PhysRevLett.83.2745
https://doi.org/10.1103/PhysRevLett.83.2745
https://doi.org/10.1103/PhysRevLett.83.2745
https://doi.org/10.1103/PhysRevB.63.054430
https://doi.org/10.1103/PhysRevB.63.054430
https://doi.org/10.1103/PhysRevB.63.054430
https://doi.org/10.1103/PhysRevB.63.054430
https://doi.org/10.1103/PhysRevB.63.081103
https://doi.org/10.1103/PhysRevB.63.081103
https://doi.org/10.1103/PhysRevB.63.081103
https://doi.org/10.1103/PhysRevB.63.081103
https://doi.org/10.1103/PhysRevLett.85.2160
https://doi.org/10.1103/PhysRevLett.85.2160
https://doi.org/10.1103/PhysRevLett.85.2160
https://doi.org/10.1103/PhysRevLett.85.2160
https://doi.org/10.1103/PhysRevLett.86.676
https://doi.org/10.1103/PhysRevLett.86.676
https://doi.org/10.1103/PhysRevLett.86.676
https://doi.org/10.1103/PhysRevLett.86.676
https://doi.org/10.1103/PhysRevB.79.174528
https://doi.org/10.1103/PhysRevB.79.174528
https://doi.org/10.1103/PhysRevB.79.174528
https://doi.org/10.1103/PhysRevB.79.174528
https://doi.org/10.1103/PhysRevLett.105.085301
https://doi.org/10.1103/PhysRevLett.105.085301
https://doi.org/10.1103/PhysRevLett.105.085301
https://doi.org/10.1103/PhysRevLett.105.085301

DUAL VIEW ON SLIDING PHASESIN U(1) ...

[20] D. Pekker, G. Refael, and E. Demler, Phys. Rev. Lett. 105,
085302 (2010).

[21] Liujun Zou and T. Senthil, Phys. Rev. B 94, 115113 (2016).

[22] M. A. Cazalilla, A. F. Ho, and T. Giamarchi, New J. Phys. 8,
158 (2006)

[23] M. Wallin, E. S. Sorensen, S. M. Girvin, and A. P. Young, Phys.
Rev. B 49, 12115 (1994).

[24] T. C. Lubensky and P. M. Chaikin, Principles of Condensed
Matter Physics (Cambridge University Press, Cambridge, 2000).

[25] T. Giamarchi, Quantum Physics in One Dimension (Oxford
University Press, Oxford, 2004).

[26] A. M. Tsvelik, Quantum Field Theory in Condensed Matter
Physics (Cambridge University Press, Cambridge, 1996).

[27] E. Babaev, Nucl. Phys. B 686, 397 (2004).

[28] V. M. Kaurov, A. B. Kuklov, and A. E. Meyerovich, Phys. Rev.
Lett. 95, 090403 (2005).

[29] E. K. Dahl, E. Babaev, and A. Sudbo, Phys. Rev. B 78, 144510
(2008).

PHYSICAL REVIEW B 95, 094101 (2017)

[30] J. Villain, J. Phys. (Paris) 36, 581 (1975).

[31] W. Janke and H. Kleinert, Nucl. Phys. B 270, 135
(1986).

[32] N. V. Prokof’ev, B. V. Svistunov, and L. S. Tupitsyn, Phys. Lett.
A 238, 253 (1998); JETP 87, 310 (1998); N. V. Prokofev and
B. V. Svistunov, Phys. Rev. Lett. 87, 160601 (2001).

[33] E. L. Pollock and D. M. Ceperley, Phys. Rev. B 36, 8343
(1987).

[34] A. M. Polyakov, Gauge fields and strings, in Contemporary
Concepts in Physics, Vol. 3 (Harwood Academic Publishers,
Chur-Melbourne, 1987), Chap. 4.

[35] C. L. Kane and M. P. A. Fisher, Phys. Rev. Lett. 68, 1220
(1992).

[36] G. Parisi, in Statistical Field Theory, Frontiers in Physics
(Addison-Wesley, Reading, MA, 1988).

[37] E. D. M. Haldane, Phys. Rev. Lett. 47, 1840 (1981).

[38] A. Safavi-Naini, B. Capogrosso-Sansone, and A. B. Kuklov,
Phys. Rev. A 90, 043604 (2014).

094101-13


https://doi.org/10.1103/PhysRevLett.105.085302
https://doi.org/10.1103/PhysRevLett.105.085302
https://doi.org/10.1103/PhysRevLett.105.085302
https://doi.org/10.1103/PhysRevLett.105.085302
https://doi.org/10.1103/PhysRevB.94.115113
https://doi.org/10.1103/PhysRevB.94.115113
https://doi.org/10.1103/PhysRevB.94.115113
https://doi.org/10.1103/PhysRevB.94.115113
https://doi.org/10.1088/1367-2630/8/8/158
https://doi.org/10.1088/1367-2630/8/8/158
https://doi.org/10.1088/1367-2630/8/8/158
https://doi.org/10.1088/1367-2630/8/8/158
https://doi.org/10.1103/PhysRevB.49.12115
https://doi.org/10.1103/PhysRevB.49.12115
https://doi.org/10.1103/PhysRevB.49.12115
https://doi.org/10.1103/PhysRevB.49.12115
https://doi.org/10.1016/j.nuclphysb.2004.02.021
https://doi.org/10.1016/j.nuclphysb.2004.02.021
https://doi.org/10.1016/j.nuclphysb.2004.02.021
https://doi.org/10.1016/j.nuclphysb.2004.02.021
https://doi.org/10.1103/PhysRevLett.95.090403
https://doi.org/10.1103/PhysRevLett.95.090403
https://doi.org/10.1103/PhysRevLett.95.090403
https://doi.org/10.1103/PhysRevLett.95.090403
https://doi.org/10.1103/PhysRevB.78.144510
https://doi.org/10.1103/PhysRevB.78.144510
https://doi.org/10.1103/PhysRevB.78.144510
https://doi.org/10.1103/PhysRevB.78.144510
https://doi.org/10.1051/jphys:01975003606058100
https://doi.org/10.1051/jphys:01975003606058100
https://doi.org/10.1051/jphys:01975003606058100
https://doi.org/10.1051/jphys:01975003606058100
https://doi.org/10.1016/0550-3213(86)90549-3
https://doi.org/10.1016/0550-3213(86)90549-3
https://doi.org/10.1016/0550-3213(86)90549-3
https://doi.org/10.1016/0550-3213(86)90549-3
https://doi.org/10.1016/S0375-9601(97)00957-2
https://doi.org/10.1016/S0375-9601(97)00957-2
https://doi.org/10.1016/S0375-9601(97)00957-2
https://doi.org/10.1016/S0375-9601(97)00957-2
https://doi.org/10.1134/1.558661
https://doi.org/10.1134/1.558661
https://doi.org/10.1134/1.558661
https://doi.org/10.1134/1.558661
https://doi.org/10.1103/PhysRevLett.87.160601
https://doi.org/10.1103/PhysRevLett.87.160601
https://doi.org/10.1103/PhysRevLett.87.160601
https://doi.org/10.1103/PhysRevLett.87.160601
https://doi.org/10.1103/PhysRevB.36.8343
https://doi.org/10.1103/PhysRevB.36.8343
https://doi.org/10.1103/PhysRevB.36.8343
https://doi.org/10.1103/PhysRevB.36.8343
https://doi.org/10.1103/PhysRevLett.68.1220
https://doi.org/10.1103/PhysRevLett.68.1220
https://doi.org/10.1103/PhysRevLett.68.1220
https://doi.org/10.1103/PhysRevLett.68.1220
https://doi.org/10.1103/PhysRevLett.47.1840
https://doi.org/10.1103/PhysRevLett.47.1840
https://doi.org/10.1103/PhysRevLett.47.1840
https://doi.org/10.1103/PhysRevLett.47.1840
https://doi.org/10.1103/PhysRevA.90.043604
https://doi.org/10.1103/PhysRevA.90.043604
https://doi.org/10.1103/PhysRevA.90.043604
https://doi.org/10.1103/PhysRevA.90.043604



