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The experimental advances in cold atomic and molecular gases stimulate the investigation of lattice correlated
systems beyond the conventional on-site Hubbard approximation, by possibly including multiparticle processes.
We study fermionic extended Hubbard models in a one-dimensional lattice with different types of particle
couplings, including also three- and four-body interactions up to nearest neighboring sites. By using the
bosonization technique, we investigate the low-energy regime and determine the conditions for the appearance
of ordered phases, for arbitrary particle filling. We find that three- and four-body couplings may significantly
modify the phase diagram. In particular, diagonal three-body terms that directly couple the local particle densities
have qualitatively different effects from off-diagonal three-body couplings originating from correlated hopping,
and favor the appearance of a Luther-Emery phase even when two-body terms are repulsive. Furthermore, the
four-body coupling gives rise to a rich phase diagram and may lead to the realization of the Haldane insulator

phase at half-filling.

DOI: 10.1103/PhysRevB.88.115115

I. INTRODUCTION

The recent experimental realization of ultracold fermionic
gases of molecules' and atoms®> with strong dipolar mo-
ments, and their confinement in optical lattices® allow one
to investigate in a controlled way the effect of interaction
in one-dimensional (1D) lattice systems. In such dimension
correlations are well known to be relevant, so that 1D
systems are characterized by peculiar properties that cannot
be captured by the ordinary Fermi-liquid theory. As compared
to the traditional solid-state realizations of 1D systems such
as Bechgaard salts,* 1D cuprates,” semiconductor quantum
wires,® carbon nanotubes,” and edge states in quantum Hall
effect systems,® optical lattice based implementations allow
for a greater tunability of the interaction parameters and for the
implementation of peculiar types of interactions, such as long-
range or many-body couplings.””!! These features represent
a remarkable boost in the investigation of correlations in 1D
systems, broadening the range of accessible parameters, and
the spectrum of physical properties that can be addressed.

The prototype Hamiltonian utilized to account for cor-
relation effects in lattice fermion systems is the Hubbard
model, originally introduced in the context of condensed
matter physics.'? It describes electron-electron interaction as
a purely on-site repulsion between electrons with opposite
spin orientation. Despite its simplicity, it does show that
Coulomb interaction has dramatic effects on the electron
dynamics in low dimensions, leading the 1D electronic system
into an insulating state [the Mott insulator (MI)] at half-
filling, no matter how weak the repulsion is. Such phase
was realized with controlled systems of neutral ultracold
fermionic atoms,'3 where an arbitrary on-site interaction is
obtained via appropriate Feshbach resonance. Very recently,
in these systems it has also become possible to simulate longer
range couplings, thanks to the confinement of systems of
molecules with nonvanishing dipolar moment. This leads one
to consider generalizations of the Hubbard model, including
further interaction terms characterized by various coupling
constants, such as nearest neighbors density-density coupling,
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correlated hopping, exchange interaction, and so on. Such
models, often referred to as the class of extended Hubbard
Hamiltonians, have been adopted in the description of various
phenomena in condensed matter.'*-!

A quite promising research frontier for the investigation of
Hubbard Hamiltonians is opened by the study of ultracold
atoms and molecules. Indeed the tunability of the various
coupling constants in such atomic and molecular systems
is easier than in condensed matter physics. Moreover, these
systems have spurred the interest in the role of three-body
interaction terms, which are often disregarded in condensed
matter problems. It has, for instance, been predicted that
polar molecules in optical lattices of various geometries
naturally give rise to Hubbard models with strong nearest
neighbor three-body interactions, which can be controlled in an
independent way from the two-body terms.?*?> Experimental
evidence of the role of three-body interactions has been
observed in cold %Rb Rydberg atoms trapped in a optical
lattice®® or in a magneto-optical trap.>* Furthermore, recent
observations on cold Cs atoms have provided the signature that
even four-body interactions affect the level population.?> These
experimental advances pave the way to the search for phases
other than the Mott insulator. Indeed, it is known that three-
and many-body terms are strong candidates for the observation
of exotic phases, such as fractional quantum Hall states in
electron systems.26 More recently, it has been found that, in
the case of bosonic particles, solid and supersolid phases are
favored®*?’ in the strong three-body regime. In the fermionic
case, a three-body correlated hopping was predicted”® to favor
Haldane charge order in principle at half-filling. Such terms are
off-diagonal in the occupation number representation though.

An exhaustive characterization of the phase diagram of the
extended Hubbard models, in particular in the presence of di-
agonal three- and four-body interaction terms, is thus lacking.
This paper is devoted to the investigation of this problem. In
Sec. I we consider a quite general class of fermionic Hubbard
models, which includes various types of nearest neighbors two-
body, as well as three- and four-body interaction terms, char-
acterized by independent coupling constants. We make use of
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the bosonization technique to investigate the low-energy limit,
and we determine the conditions on the coupling constants
for the onset of different phases (Sec. III), such as Luttinger
liquid, the Luther-Emery liquid, charge insulators (Mott and
Haldane), and fully gapped phases. Then, in Sec. IV, we focus
on the effect of three-body and four-body terms. We show that
diagonal three-body couplings have quite different effects on
the phase diagram from the off-diagonal three-body couplings
that were investigated in the correlated hopping models. In
particular they favor the presence of the Luther-Emery phase,
even in the presence of repulsive on-site interaction. Then, we
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show that in the presence of four-body interaction the phase
diagram acquires an extremely rich structure, where a large
variety of phases can be obtained with varying the coupling
constants, including the Haldane insulator phase. Finally, in
Sec. V we summarize and discuss our results.

II. MODEL HAMILTONIAN AND
ITS LOW-ENERGY LIMIT

The extended Hubbard model that we consider is described
by the following Hamiltonian:

5flj+16] + UﬁjTﬁji + Vﬁjﬁj+1

+JSJ . Sj+1 + Y(CjTCj¢Cj+1iCj+lT +HC)+ P(ﬁjTﬁjlﬁj+l +ﬁj+1Tﬁj+l¢ﬁj)+ Q ﬁjTﬁjiﬁj+lTﬁj+l¢:|~ (1)

In Eq. (1) N, denotes the number of sites of the 1D

lattice, c}d and c;, are fermionic creation and annihilation

operators, o = %1, being the spin label; 4 ;, = c}(,cj(, is the
fermion number operator for spin o at the jth lattice site,
and7; =74 +njy;finally §; = Z(m,(cj.g 050/Cjpr)/218 the
spin operator (o are the Pauli matrices). In Eq. (1) t > 0
represents the hopping amplitude for electrons, while U is the
customary Hubbard on-site interaction term. The couplings
X and X account for correlated hopping terms, which have
been first considered by Hirsch'* and later by Simon and
Aligia' in modeling hole superconductivity in narrow-band
materials. Furthermore V is the neighboring site density-
density interaction, J characterizes the exchange coupling,
important in describing the onset of magnetic phases,’ and
Y is a pair-hopping term which was first introduced by
Penson and Kolb to provide an effective description of short-
radius pair superconductivity (see Refs. 16 and 17). Then, P
parametrizes a three-body interaction that directly couples the
local fermonic densities. Thus, differently from the three-body
term X appearing in the correlated hopping, the P term is
diagonal in the occupation number representation. Finally,
in Eq. (1) the Q term describes a four-body interaction. In
condensed matter systems such many-body terms, although
not stemming directly from Coulomb interaction, can appear
indirectly as effective terms on decimated lattices, for instance
in the study of metal-insulator transitions,'® as well as in the
mapping of a three-band Hubbard model into an effective
single band.'*?° In polar molecule systems, instead, such terms
are more directly realizable and can in principle be tuned
independently from the two-body interaction.

The Hamiltonian (1) can be easily verified to exhibit the
total spin SU(2) as well as the charge U(1) symmetries,
whereas further symmetries appear for specific relations
between the coupling constants.>”

In the weak-coupling regime (.e., for
|U,V,X,)~(,J,Y,P,Q| &« 4t) one can fairly capture the
physics of the lattice model by linearizing the dispersion
relation of the hopping term near the two symmetric Fermi

points +kr, and by passing to the continuum limit through
the replacement

cl, — a le ™ R () + L (o)), )

where a is the original lattice spacing and x = ja. The fields
R,(x) and L,(x) respectively describe the right and left
moving components of the fermions, and are supposed to be
slowly varying over distances of the order of a. According
to Abelian bosonization,>!'=3° these fermionic fields can be
rewritten in the following way:

Ri(x) = mp[—mw} 5
L) = 2 g [4iv/ar 22020 g

where @, (x) and ®,(x) are bosonic fields, mutually nonlocal
and fulfilling [®, (x),0, (¥)] = 850-sgn(x — y)/2.In Egs. (3)
and (4) kgy,kL, are Majorana Klein factors accounting for
anticommutation of different fermionic species; « is an
ultraviolet cut-off, which is of the order of the lattice
spacing a. Applying the bosonization scheme (see the
Appendix), and introducing the charge (¢) and spin (s) fields
Dos(x) = (P £ @ i)/‘/i the Hamiltonian (1) exhibits in
the low-energy limit the charge-spin separation, namely, it
can be rewritten as the sum

H ="H.+H,, (5)

where ‘H, (v = ¢,s) is a Sine-Gordon model

By U S0, D)2 :
Huzhvvfdx[ v i E )

2
cos [/87 K, D/, (x)] }
m, . (6)
2o

Here v, is the velocity of charge (spin) excitation along
the chain, IT)(x) = 9,0/ (x) is the momentum conjugate
to &), where &, = ®,//K, and O, = 0,/K, are the
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fields renormalized by the interaction; finally m, is the
(dimensionless) mass parameter.

v, K, = (1 4+ A)), -

v

v 0
7 = UF(l +A, = B),
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The parameters K,, v,, and m, appearing in Eq. (6) are
determined by the following relations:

@)

0
vym, = vFCw

where vOF = 2tah~'sin(p/2) is the Fermi velocity in the noninteracting case, p = 2kpa/m is the filling factor, and the

dimensionless quantities A,, B,, and C, read

2 7
~( P S]Il? . TTp
Ac=|-Xp+ X(& -2 ) - ZZsin 22| /4,
[p+ <4 n2> nsm2}/
sin® 72 +J . TP
—sin— | /¢,
2 T 2

2

2Y
®)

®

0 - mp  sin (%) — sin (%Tp) 3
B = ——7—< U+2V(2 —cos mp)+8X cos — —4X| p cos — + +2Y — =J cos mp
27t sin () 2 2 T 2
2 2 2 1 —2 cos mp + cos Z2
+ p(3—cosmTp)— —sinmp |+ — (@B —cosmTp)— —sinmTp — s
2P (p(3 )— =i o( % ) - L PR (10)
T 2 7 2
TP ~ Tp 2 . mp J
s = ———————| U +2V cos mp + 8X cos — —4X| p cos — — —sin— | +2Y — —(2 + cos 7mp)
27t sin (7”) 2 2 7w 2 2
2 . 0> 2 2
+ 2P(,0(1 + cos mp) — p sin 7[,0) + Q(;(l + cos mp) — ;,0 sin Tp + F(l — cos JT,O))1|, (11
[
and the two sectors. The sine-Gordon model, for which the exact
U—_2y 88 oy 3y _40 solution is known,** may give rise to gapless and gapped
= ™ 2 2 o0, (12) phases, depending on the range of the parameters K, and
2mt ’ m,. Its asymptotic properties can be captured through renor-
C, = B,. (13)  malization group (RG) analysis, which yields the following

The relation B; = Cy in Eq. (13) directly stems from the spin-
SU(2) symmetry of the model. Notice that B; depends on the
value of filling p. In contrast, in the charge sector, B, # C. in
general. Furthermore, while B, is present at arbitrary filling,
the term C. in Eq. (12) is present only at half-filling (p =
1), and originates from two-particle Umklapp processes. We
have neglected here the presence of higher order terms in the
bosonization expression that may, at specific commensurate
filling values different from p = 1, couple charge and spin
sectors.’” These effects have been investigated for instance in
Refs. 28, 41, and 42.

In the weak-coupling regime, one has |A,|,|B,|,|C,| < 1
and the general relations (7) imply

B

K, ~1+ =,
+2

m, >~ C,.

(14)
s)

III. QUANTUM PHASE DIAGRAM

An important criterion to classify the various phases is
to identify the presence of charge and/or spin gaps. Due to
the spin-charge separation (5), this task is accomplished by
analyzing the sine-Gordon model (6) characterizing each of

RG flow equation:

di _ , dy,
dl e

where &, = 4(/K, — 1) ~ B, and 5, = m, ~ C, are dimen-
sionless space parameter coordinates. The RG flow, character-
ized by the scaling invariant £> — n? = const, shows that the
model is gapless if and only if the bare parameters belong to
the region &, > |n,|.** In particular, for the spin sector (v = ),
the spin-SU(2) symmetry of the model, Eq. (13), causes the RG
flux to take place along the separatrices & = +n, of Eq. (16),
so that K and m cannot vary independently.

In the gapless phase, the fields @, (x) oscillate and—except
for the case of Umklapp processes—the integral of the cosine
term in (6) vanishes on average. In contrast, the opening of a
gap takes place whenever the vacuum expectation value (®,)
of the corresponding field pins to a value that minimizes the
cosine in Eq. (5).%* As far as the charge sector is concerned,
a gap can open only at half-filling, and there are two possible
sets of pinning values for @, depending on whether m. < 0 or
m. > 0. If the spin gap is closed, these values correspond to the
two possible phases of a charge insulator, which are denoted as
Mott insulator (MI) and Haldane insulator (HI), respectively,
for reasons that will be clarified below. In contrast, for the

= —éuﬁu, (16)
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TABLE 1. The different types of possible emerging phases,
depending on the presence of a gap A, (v = ¢,s) in the charge/spin
sector and on the behavior of the related field ®,, which can either
be Fluctuating or pinned around the specified values.

A, A, V27 d, V27D, Type of phase
=0 =0 Fluctuating Fluctuating LL

=0 #0 Fluctuating TPy LE

#0 =0 TP, Fluctuating MI

#0 =0 w(pe.+1/2) Fluctuating HI

#0 #0 TP, Py BOW

#0 #0 7(pe+1/2) 7T Ps CDW

spin sector the SU(2) invariance makes the opening of a spin
gap always correspond to m; < 0, so that only one way of
pinning ®; is possible. In this case, when the charge gap is
closed the spin gapped phase is the Luther-Emery (LE) phase,
whereas when the charge gap is also open one has two possible
fully gapped phases: for m, < 0 the bond ordered wave phase
(BOW) and for m. > 0 the charge density wave (CDW) phase.
The transitions from the gapless phase to the gapped phases are
of Berezinsky-Kosterlitz-Thouless (BKT) type, whereas the
transition from the m, > 0 to the m, < O phase is of second
order.*® The possible scenarios are summarized in Table I,
where the behavior of the fields ®.(x) and ®,(x) is described.
Depending on closing/opening of the related gap A, (v = c,s),
the field @, can either be fluctuating or pinned around a set of
values indicated in the table and characterized by integers p,.

Each of the above gapped phases is characterized by a
specific long-range order (LRO).?**" To see that, one can
introduce—already at the level of the lattice model—the parity
and string operators at a given site j, i.e., nonlocal operators
defined as

J
V). imng®
0y = [Te™ ", )
=1
J e
OI(SV)(]) — 1—[6171}1./1 -,](V)a (18)
=1

respectively, with v = ¢,s, and J© = (7, — 1), J*) = (A4 —
fiy,,). The two-point correlators C;,V)(r) = (Og)(j)Og)T(j +
r)) (parity correlator) and C{’(r) = (0’ ()0 (j + r))
(string correlator) can be evaluated in the continuum limit
along the lines of Refs. 39 and 47, obtaining

CY(x) = (cos[v2m @, (0)] cos[v2m D, (x)]),  (19)
CY(x) = (sin[/27 D, (0)] sin[v27 D, (x)]).  (20)

The different pinning values for the field @, in Table I
determine the asymptotic behavior lim,_, o C f;/)s(x)’ leading
to a nonvanishing value of at least one of the correlations,
determining the order parameters for the gapped phases.
The microscopic orders can be deduced from the analysis
developed in Ref. 28 and are pictorially sketched in Fig. 1.
Also, phases can be further characterized by the asymptotic
behavior of more customary local operators, which instead

PHYSICAL REVIEW B 88, 115115 (2013)

(a) LE

AW W

(b) MI

A

(c) HI

AR AVE R ATV A

FIG. 1. (Color online) Schematic representation of various phases
with a gap in either the spin or the charge sector, at half-filling. (a) The
LE liquid phase exhibits a Cf{f) order, where pairs of singly occupied
sites with spin-1 and spin-| fermions are correlated and localized
close to each other along the 1D lattice. (b) The MI phase exhibits a
Cftf) order, where correlated doubly occupied sites (doublons) and
empty site (holons) are localized near to each other. (¢) The HI
exhibits a nonvanishing C g") correlation, which implies that doublons
and holons appear in alternate order in the sublattice of nonsingly
occupied sites. See Ref. 28 for details.

decay at least algebraically, such as
Ocpw(x) = sin[v27 ®(0)] cos[v27 d,(x)].  (21)
Ospw (x) = cos[v2m Do(0)] sin[v2m Ds(x)],  (22)
Ors(x) = expliv270.(0)] sin[+v/27 D,(x)],  (23)
Oss(x) = exp[im B.(0)] cos[\/ﬂ D, (x)], 24)

where SDW stands for spin density waves, and TS and SS for
triplet and singlet superconductivity, respectively.

A. Luttinger liquid phase

In the Luttinger liquid (LL) phase both charge and spin
sector are gapless. Evidence of LL behavior was found in both
condensed matter systems®® and ultracold gases.!® The corre-
lation functions are characterized by quasi-long-range order,
i.e., they decay with a power-law behavior at large distance.
The exponents of the power laws are nonuniversal (in that
they are interaction dependent), although the mutual relations
between the exponents do determine a universality class.

The LL phase is present under the following conditions:

(1) At half-filling (p = 1) the following two relations must
be fulfilled:

8X 3 40 <

U-2V——-2Y+-J——<0,
T +2 w2

1
8V+4Y+8P+Q(2+—2)<0, (25)
b4

8X J 40
U—-2V+—+2Y — =+ >
T

T2 20
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or

8% 34
v_ov_ X Ly 3,42,
T 2 72

16X 7
2U+4V——+3J+8P+Q(2——2> <0, (26)
T T

8X 40
U- 2V+—+2Y—§+ > 0.

In this case, the dominant correlation functions are the
superconducting ones, and in particular the triplet is known
to be logarithmically dominant with respect to the singlet;*¢*®
we thus have

(O1s(x) Ok () ~

where K is the fixed-point value

lx — y|70FED 27

1 1
Kr=1+-—{|av+2v +4P+ Q1+ —
2 22

Tt

8X 3 7 12
x|U+2V—-"=4ZJ+4P+0(1-= .
T 2 w2

(28)

For V=X=J=P = Q =0 one recovers the result of
Ref. 17 for the Penson-Kolb-Hubbard model.

Notice that, differently from the ordinary Hubbard model
at half-filling, the RG flux of the charge sector does not
necessarily take place along a separatrix, because the extra
interaction terms make the model not charge SU(2) symmetric.
Indeed, in general, K} # 1.

(ii) Away from half-filling (p # 1) one is left with only one
condition:

By(p) > 0, (29)

where B; is given by the full expression (11), generalizing the
result by Ref. 49 to the case of nonvanishing X, P, and Q. In
this case the dominant correlation functions are still the TS
ones. However,

(O1s(x)Of5(y)) ~
where K., is the bare parameter given by (14) and (10).

lx — y| K, (30)

B. Luther-Emery liquid phase

The LE liquid phase is characterized by gapless charge
excitations and a gapped spin sector. This implies that the RG
flow of the spin sector must take place along the outgoing
separatrix, i.e., that By = Cy < 0. Owing to that, the field
®; is pinned around one of the infinitely many degenerate
minima of the potential mg cos «/gcbs in Eq. (6), shown
in Table I. Hence in the LE phase the LRO is described
by the parity spin correlator C%, which remains finite
in the thermodynamic limit. This phase is microscopically
characterized by correlated pairs of singly occupied sites with
spin-1 and spin-| fermions that are localized, i.e., that are
likely to be distributed in neighboring sites along the lattice
[see Fig. 1(a)].

The correlation functions of the local operators (21)—(24)
are instead difficult to evaluate in general, due to the gapped

PHYSICAL REVIEW B 88, 115115 (2013)

spin part. However, at the decoupling point K; = 1/2, they can
be calculated exactly since the model can be refermionized into
a free massive Dirac fermion;’° we emphasize that, strictly
speaking, such point is beyond the consistency condition of
the weak-coupling approach, which implies that operators are
marginal, i.e., that K is always close to 1 [see Eqgs. (10), (11),
and (14)]. However it is known from the exact solution®'*3
that the picture valid at K; = 1/2 is robust for the whole region
1/2 < K < 1, and thus also for K; < 1. In contrast, for K; <
1/2 breathers (bound states) can appear, and the form factor
approach has to be invoked.’’ The SDW and TS correlation
functions decay exponentially fast, whereas the CDW and the
SS exhibit a power-law behavior (due to the charge sector)
whose exponent depends on whether the system is half-filled
or not. The phase exists under the following conditions.

At half-filling (p = 1) the following two relations must be
fulfilled:

8X 3
U—-2V - —-2Y+= J g\o,
T
8V+4Y+8P+Q( ) (31)
8X 40
U— 2V+—+2Y—5+—2<0
or
8X 3 40
U-2V—-—-2Y+-J——=2>0,
b4 2 72

16X 7
2U+4V—7+3J+8P+Q<2—P) <0, 32

8X J 4
U—av+ X oy 122
T 2 72

and the dominant order parameters are

(Ocow(X) Ol (1)) = (Oss(X) O () ~ |x — y| V&,

(33)

where K is given by (28).
Away from-half filling (p # 1) one is left with only one
condition:

B,(p) < 0. 34)

In this case one obtains

(Ocow(¥) Ofpw () = (Oss(X)Ods() ~ Ix —yI7. (35)

C. Charge insulator phases

When the charge sector is gapped and the spin sector flows
to the gapless fixed point K} = 1, the system behaves as a
charge insulator. Such situation occurs only at half-filling. In
this case the charge field @, is pinned. For m, < 0, one has
@, = p. (p. € Z) as pinning values, and C;f) remains finite.
This is the MI phase, which is characterized by correlated
pairs of doublons and holons, localized near to each other [see
Fig. 1(b)], and where SDW correlations are dominant:

(Ospw(¥) Ol () ~ [x — y| " (36)

In contrast, for m, > 0, the pinning valueis /27 ®, = 7 (p. +
1/2) (p. € Z). This is the HI phase, where LRO is described
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by the finite value of Céc), and CDW correlations turn out to
be dominant:

(Ocow(X) Olpw () ~ x — y| 7" (37)

The microscopic order amounts to correlated doublons and
holons, which appear in alternated order [see Fig. 1(c)]. In this
case CDW correlations are dominant.

Explicitly, the MI phase occurs for

8X 3 40
u-2V——=-2Y+-J——>0,
T 2 2
16X 7
20 +4V — — +3J+8P+Q(2—- =) >0, (38
b4 b4
8X J 4
U—ov Xy 122
T 2 n?
whereas the HI phase is realized for
8X 3 4
v_av- X oy 3,28
T 2 w2
1
8V+4Y+8P+Q<2+—2>>0, (39)
T
8X J 4
U_ova X oy 122
T 2 2

D. Fully gapped phases

This type of phases, which can occur only at half-filling
p = 1, are characterized by both massive channels, so that
both fields are pinned. In particular, since m; < 0, the field
®; is always pinned around the values 2n®; = pyr (ps €
Z), so that Cgf) is finite. Moreover, depending on the sign of
m., two possible sets of pinning values are possible for @,
giving rise to two different types of LRO in the charge sector.
When m. < 0, the field &, is pinned around 27 d, = PeT
(pe € Z). In this case C 55) is also finite, and the microscopic
order consists of correlated pairs of doublons and holons and
correlated pairs of singly occupied sites with spin-1 and spin-|,
fermions, which are likely to be distributed in neighboring
sites. The dominant correlations are of BOW type. In contrast,
if m. > 0 the pinning value is ~/27 ®. = 7 (p. + 1/2), and
the phase is characterized by a finite c© , besides a finite Cf{f).
The microscopic order thus amounts to correlated pairs of
singly occupied spin-1 and spin-| sites, which are localized
near each other in a background of alternated doublons and
holons; CDW correlations are dominant. Notice that, in both
phases, singly occupied sites are localized close to each other,
whereas holons and doublons can either appear in localized
pairs (BOW), or in alternate order along the chain (CDW).
The presence of LRO in the fully gapped phases is usually
envisaged through the finite asymptotic value of the CDW
and BOW correlation functions. Indeed the analysis at the
decoupling points K. = K; = 1/2 shows that

(Ocow(x) Ol () ~ const. (40)

Already in the case of the half-filled U — V model with
U < 2V the above requirements are fulfilled; such a long-
range order is related to the breaking of a discrete symmetry
(the translation by one site) in the insulating ground state.
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On the other hand, in a typical compound one can have at
most U < 2V; therefore, although U and V are the most
relevant coupling constants, the other interaction terms such
as X, Y, J, P,and Q can occur to be of the order of U — 2V,
the present results quantitatively point out that the latter can
determine the presence of the above long-range order.

Below we provide the conditions at half-filling for arbitrary
parameter values. A fully gapped CDW occurs for

8X 3 40

U-2V— —-2Y+-J—-——= <0,
T +2 712<

1
8V+4Y+8P+Q<2+—2>>0, 1)
T

8X J 4
voov+ Xy 129
7 2 m?
whereas a fully gapped BOW phase occurs for

<0,

8X 3 4
U_ov_ 3% oy 3, %2
T 2 2

T
16X 7
2U+4V ——+3/4+8P+0(2—- =) >0, (42
T T
8X J 4
U—2V+—+2Y——+—%<0.
T 2 T

IV. EFFECTS OF DIAGONAL THREE- AND
FOUR-BODY INTERACTIONS

The experimental realization of confinement of ultracold
gases of multiple species and nonvanishing dipolar moment
has opened the way to the engineering of many-body inter-
actions of order higher than two.?-??> Signatures of three-
and four-body interactions have recently been experimentally
observed in systems of Rb and Cs atoms in optical lattices.?3>
In bosonic systems, three-body terms have been shown??’ to
lead to a supersolid phase, characterized by the simultaneous
presence of charge modulations and superconducting corre-
lations, at appropriate commensurate fillings. For fermionic
systems, the three-body couplings that have been mostly
analyzed are correlated hopping terms, characterized by the
coupling constant X in Eq. (1). These terms were first
considered in the field of superconductivity of narrow-band
materials,'*!34%52 and have more recently been investigated
in the context of cold atoms. In particular, it has recently been
predicted that the three-body coupling X can be responsible
for the appearance of Haldane charge order at half-filling.?®
Such type of three-body couplings*? are off-diagonal in the
occupation number representation. However, most of setups
of ultracold gases involve diagonal many-body terms,’*> i.e.,
terms that directly couple the local electron density 71, at
each lattice site. In the lattice Hamiltonian (1) such diagonal
three-body and four-body terms are characterized by the
coupling constants P and Q, respectively, and represent the
natural generalization of the conventional diagonal two-body
couplings U and V. We shall thus now specify the general
results obtained in previous sections to analyze the phase
diagram in the case where only U, V, P, and Q couplings
are present. In particular, because the analysis as a function
of the coupling V has already been widely explored in the
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FIG. 2. (Color online) The phase diagram of the extended
Hubbard model for U = 3V = t/4 as a function of the filling factor
p and the three-body diagonal coupling P. Transitions from LL
to LE phases are possible both for positive and negative values
of P, depending on the filling factor. At half-filling p = 1, the
MI transition occurs for both repulsive and moderately attractive
three-body coupling P.

literature,*'*2°* we shall address here the effects of the three-

and four-body couplings P and Q.

A. Three-body interaction

We start from analyzing the effect of the three-body
coupling P, and set first Q = 0. In Fig. 2 the ground state phase
diagram of the extended Hubbard model with U =3V =1t is
plotted as a function of the three-body term P and the filling
factor p. As one can see, LE phases appear for both repulsive
and attractive values of P, namely, for P > 0 at p < 1 and
for P < 0 at p > 1. With varying the filling factor, transitions
from a LL to a LE phase occur for both positive and negative P
values. Athalf-filling (o = 1) the P term changes the threshold
values of U and V for the onset of the MI phase, which
appears when U + 2V > —4P and U — 2V > 0. Notice that,
for suitable values of the two-body couplings U and V, a
repulsive diagonal three-body term P > 0 makes the MI phase
in principle possible even when U and V are both attractive
U,V <0).

The case of half-filling is particularly suitable to highlight
the different roles played by the diagonal three-body coupling
P and the off-diagonal three-body coupling X, originating
from correlated hopping [see Eq. (1)] previously considered
in the literature (see, e.g., Refs. 42 and 49). In particular,
Fig. 3 shows the phase diagram as a function of V and P, for
repulsive on-site coupling U = /2 > 0. As one can see, for
V < U/2 the three-body term P induces a transition between
the LL phase and a MI phase, whereas for V > U/2 the
coupling P drives a transition from the LE phase into the fully
gapped phase with CDW order. An attractive value P < 0

1,0 T

™~ /m"' /
: %/
A

0,0

-0,5- LL

-1,0 T

10 05 00 05 10
V/t

FIG. 3. (Color online) Ground state phase diagram of the ex-
tended Hubbard model (1) as a function of the two-body nearest
neighbors interaction parameter V and of the diagonal three-body
coupling P, for U = ¢t/2 at half-filling p = 1. For V < U/2, the P
coupling drives a transition from a LL to a MI phase, whereas for
V > U/2 the P coupling drives a transition from a fully gapped
CDW phase to a LE phase, characterized by a gapless charge sector
and a gapped spin sector. Differently from the U — V extended
Hubbard model, the P term makes the LE phase arise also for
repulsive U,V > 0. This phase diagram has to be compared with that
of the off-diagonal three-body coupling X originating from correlated
hopping in Eq. (1), shown in Fig. 4.

of the three-body coupling makes the LE phase appear even
for repulsive two-body couplings, U,V > 0. Importantly, this
effect is absent in the U — V extended Hubbard model with
U > 0, regardless of the sign of V, and cannot be induced
by the off-diagonal three-body coupling X either. This is
illustrated in Fig. 4, where the phase diagram is plotted as
a function of V and X, for the same repulsive on-site coupling

U =1t/2 > 0 as Fig. 3. Atrepulsive V > 0, depending on the

1.0 —
0.5 LL
-
~
U /
/uw "" 4:
0.0 < 'z'”/
I //
Fully gapped
-0.5+ (BOW)
'10 v T v v T v 1
-1.0 -0.5 0.0 0.5 1.0

V/t

FIG. 4. (Color online) Ground state phase diagram of the ex-
tended Hubbard model (1) as a function of the two-body nearest
neighbors interaction parameter V and of the off-diagonal three-body
coupling X, for U =1¢/2 at half-filling p = 1. Differently from
Fig. 3, no LE phase is present. Instead, when V > 0, a HI phase,
characterized by a gapless spin sector and a gapped charge sector,
emerges. Furthermore, for V > U/2, the fully gapped CDW phase,
already present in the U — V model, persists.
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FIG. 5. (Color online) The phase diagram of the extended
Hubbard model for U = 2V = t/4 as a function of the filling factor
p and the four-body diagonal coupling Q. Transitions from LL to
LE phases are possible both for positive and negative values of Q,
depending on the filling factor. At half-filling p = 1, two transitions
occur from a LE to a fully gapped BOW phase, and from the BOW
phase to a MI phase, with varying the four-body coupling Q from
attractive to repulsive regime.

sign of X, a fully gapped BOW phase or a charge insulator
HI phase emerges. The latter was previously known in the
literature as BSDW.*? Furthermore, for V > U/2, the fully
gapped CDW phase, already present in the U — V model,
persists.

The direct inspection of Figs. 3 and 4 emphasizes that, while
the off-diagonal three-body coupling X favors the emergence
of the HI phase (charge sector gapped, spin sector gapless), the
diagonal three-body coupling P favors the LE phase (charge
sector gapless, spin sector gapped). We also notice that, while
in Fig. 3 all transitions are of BKT type, in the case of Fig. 4
a second order transition line 8X/m = U — 2V emerges for
V > 0, separating MI and HI, and BOW and CDW phases.

B. Four-body interactions

Let us now consider the effect of the four-body coupling
Q appearing in Eq. (1), and set P = 0. The phase diagram as
a function of the filling p and Q, for the case U =2V =1,
is shown in Fig. 5. As one can see, at Q < 0 a filling-driven
transition between a LL and a LE phase occurs. In particular, at
half-filling, transitions from LE to a fully gapped BOW phase
and to a HI phase occur with varying the coupling Q. In fact, at
half-filling the situation turns out to be particularly interesting
because of the possible opening of the charge gap. In Fig. 6
the phase diagram is plotted as a function of the two-body
coupling V and the four-body coupling Q, for U = /4, and
exhibits an extremely rich structure, where all possible phases
identified in Table I can be observed already at half-filling.
This confirms at a glance the interesting role played by such
diagonal-four-body interaction.

Let us, in particular, discuss the charge insulator phases
HI and MI whose parameter conditions are determined by
Egs. (38) and (39). One can see that the presence of Haldane
order in the charge sector is favored by a repulsive four-body
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FIG. 6. (Color online) Ground state phase diagram of the model
in the V — Q space for U = t/4, at half-filling p = 1. All possible
phases described in Table I appear when varying the two-body
coupling V and the four-body coupling Q. In particular, one observes
the presence of a Haldane insulator phase for repulsive U,V,Q > 0.

term Q > 0, while a repulsive two-body term U > 0 favors
Mott (parity) order. Indeed the two different charge orders
are induced by different arrangement of doublons and holons
in the background of singly occupied sites (see Fig. 1). The
result corresponds to the physical intuition that a repulsive
Q prevents the formation of neighboring pairs of doublons,
a feature that is favored by the alternation of doublons and
holons characterizing Haldane order. The direct observation
of Haldane order in low dimensional fermionic systems has
remained an open issue so far, since previous theoretical
investigations have suggested that off-diagonal terms are
necessary to observe it.”®%> However, this type of coupling
is difficult to realize experimentally.'! Our result suggests that
the observation of Haldane charge order in trapped ultracold
gases of fermionic atoms is possible, upon inducing a diagonal
four-body interaction term. Also, a second order transition line
is observed between the HI and MI phases, as well as between
the BOW and CDW phases. Even at V = 0O the independent
tuning of U would allow the observation of the direct second
order MI to HI transition at U = 4Q/m>. Such features should
also be present in the bosonic case, since they do not appear
to be related to the presence of spin degree of freedom.

V. CONCLUSIONS

We have applied the bosonization technique to investigate
a widely general class of extended Hubbard models [see
Eq. (1)], which includes a variety of two-body couplings up
to nearest neighboring sites, and also three- and four-body
interaction terms. These models, which now find a promising
platform in gases of ultracold dipolar molecules trapped in
optical lattices, also describe several physical features of
1D materials in condensed matter. We have determined the
relations that coupling constants appearing in Eq. (1) must
fulfill for the opening/closing of the charge and spin gap,
thereby characterizing the conditions for the emergence of
LL, LE, CDW, BOW, HI, and MI phases.
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We have then focused our investigation on the effects of
diagonal three- and four-body couplings, characterized by the
coupling constants P and Q in Eq. (1). We have proved that
these terms, whose realization in systems of interacting dipolar
molecules®” is nowadays at experimental reach, have nontrivial
effects on the phase diagram of the system. Our analysis has
been carried out at arbitrary filling p, and has determined the
existence of filling dependent phase boundaries between LL
and LE phases, as shown in Figs. 2 and 5.

A quite appealing scenario occurs at half-filling (o = 1),
where a gap may open in the charge sector, depending on
the values of the various coupling constants. In particular, we
have found that the three-body term P induces a transition
between the LL phase and a MI phase if V < U/2, whereas
it determines a transition from the LE phase to the CDW
phase for V > U/2. Interestingly, an attractive value P < 0
of the three-body coupling makes the LE phase appear even
for repulsive two-body couplings, U,V > 0. Importantly, this
effect is absent in the U — V extended Hubbard model with
U > 0 and cannot be induced by the off-diagonal three-body
coupling X, originating from the correlated hopping term that
was previously investigated. Indeed our results (see Figs. 3
and 4) show that, while the off-diagonal three-body coupling
X favors the emergence of the HI phase (charge sector
gapped, spin sector gapless), the diagonal three-body coupling
P favors the LE phase (charge sector gapless, spin sector
gapped). Typically, off-diagonal couplings are more difficult
to implement experimentally as compared to diagonal terms.
This would suggest that the HI phase is unlikely to be observed.
However, a possible way out to observe the HI phase is
offered by the four-body coupling Q, which turns out to play
an extremely interesting role. Indeed, our results show that
such term, in combination with the two-body density-density
coupling V, induces a quite rich phase diagram (see Fig. 6)
where all possible phases can be present. In particular, a HI
phase is also present for repulsive U,V,Q > 0. Moreover a
second order transition line emerges (separating HI from MI
and CDW from BOW phases in Fig. 6). This is thus a different
feature with respect to the case of three-body interactions,
where such line occurs only in the presence of off-diagonal
couplings.

A natural development of the present work would be to
relax the constraint of SU(2) symmetry characterizing the spin
sector, by including a spin-orbit coupling,™ whose effects
on the ordinary Hubbard model have recently attracted a
remarkable interest,’® especially in view of the realization
of topological states using cold atom systems.’’ We expect
that the interplay between spin-orbit coupling and three- and
four-body terms might give rise to exotic phases, due to the
much richer physics related to the spin sector.

As a final remark, we also mention that recent studies have
pointed out that, when the weak-coupling limit is abandoned,
some qualitatively different results may be obtained. It was
noticed,’®* for instance, that in the half-filled bond-charge
Hubbard model (where only U and X terms are nonvanishing)
at moderate positive U a transition from a MI to a BOW
and then to a LE phase is driven by a sufficiently large X
term. This effect is not captured by the present low-energy
analysis, which predicts no effect of X at p = 1 in Eq. (11).
The result can be recovered within the bosonization scheme
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by including higher order terms with respect to standard
treatment (see also Ref. 60). Hence, another possible evolution
of the present work may be the inclusion of such higher
order terms in the bosonization approach. Also, accounting
for Umklapp processes for multiparticle scattering would
allow the investigation of the conditions for charge gap
opening also at commensurate fillings different from p =
1, with the possible formation of Haldane and supersolid
phases.®!
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APPENDIX: LOW-ENERGY HAMILTONIAN

Here we would like to provide some technical details
concerning the procedure to obtain the low-energy Hamil-
tonian (5)—(6) from the original Hamiltonian (1). In the first
instance, before performing the continuum limit (2), we have
singled out fluctuations : 7 j, : from the Fermi sea, by rewriting
each density operators 7 j, appearing in (1) as fij; =: fj, :
~+p/2 (where p is the electron filling). This avoids unphysical
divergencies arising from the continuum limit of the density,
and enables one to bosonize : 7i j, : rigorously. In addition, the
operator product expansion (OPE) has been applied in order to
evaluate the fusion of fields in nearest neighboring sites, and
in particular the following OPE formulas have been used:

eEIVAT O (x) pFinAT®s(x+a) 1 0, D,
Qra) = Qray 2774
(0, D)% 020,
27 A3/2°
(AT)
3, @, (x) eFiVITP(r+a) i eTIVAT P, (1)
JT 2w 2mla o
VAT Wy @ (x)
. (A2)
LJm
PEENZEL ME) 8, Do (x +a) _ i eIV s (x)
2o T 2n’a«
e eEVAIT Wy D (x)
LJm )
(A3)

where L = Nja is the length of the chain, and : : stands hence-
forth for (bosonic) normal ordering. The field ®,, is chosen to
fulfill periodic boundary conditions ®,(L) = ®,(0), and we
have considered L — oo.

115115-9



FABRIZIO DOLCINI AND ARIANNA MONTORSI

'K.-K. Ni, S. Ospelkaus, M. H. G. de Miranda, A. Pe’er,
B. Neyenhuis, J. J. Zirbel, S. Kotochigova, P. S. Julienne, D. S.
Jin, and J. Ye, Science 322, 231 (2008); K.-K. Ni, S. Ospelkaus,
D. Wang, G. Quéméner, B. Neyenhuis, M. H. G. de Miranda,
J. L. Bohn, J. Ye, and D. S. Jin, Nature (London) 464, 1324
(2010).

M. Lu, N. Q. Burdick, and B. L. Lev, Phys. Rev. Lett. 108, 215301
(2012).

M. H. G. de Miranda, A. Chotia, B. Neyenhuis, D. Wang,
G. Quéméner, S. Ospelkaus, J. L. Bohn, J. Ye, and D. S. Jin, Nat.
Phys. 7,502 (2011); A. Chotia, B. Neyenhuis, S. A. Moses, B. Yan,
J. P. Covey, M. Foss-Feig, A. M. Rey, D. S. Jin, and J. Ye, Phys.
Rev. Lett. 108, 080405 (2012).

4C. Bourbonnais and D. Jérome, Phys. World 11, 41 (1998).

SK. Maiti, D. D. Sarma, T. Mizokawa, and A. Fujimori, Phys. Rev.
B 57, 1572 (1998); Z. Hiroi and M. Tanako, Nature (London) 377,
41 (1995).

6S. Tarucha, T. Honda, and T. Saku, Solid State Commun. 97,
413 (1995); O. M. Auslaender, A. Yacoby, R. de Picciotto,
K. W. Baldwin, L. N. Pfeiffer, and K. W. West, Phys. Rev. Lett.
84, 1764 (2000); V. V. Deshpande, M. Bockrath, L. I. Glazman, and
A. Yacoby, Nature (London) 464, 209 (2010).

"R. Egger and A. O. Gogolin, Phys. Rev. Lett. 79, 5082 (1997);
M. Bockrath, D. H. Cobden, J. Lu, A. G. Rinzler, R. E. Smalley,
L. Balents, and P. L. McEuen, Nature (London) 397, 598 (1999);
B. Gao, A. Komnik, R. Egger, D. C. Glattli, and A. Bachtold, Phys.
Rev. Lett. 92, 216804 (2004).

SA. M. Chang, L. N. Pfeiffer, and K. W. West, Phys. Rev. Lett.
77, 2538 (1996); R. de-Picciotto, M. Reznikov, M. Heiblum,
V. Umansky, G. Bunin, and D. Mahalu, Nature (London) 389, 162
(1997); M. Grayson, D. C. Tsui, L. N. Pfeiffer, K. W. West, and
A. M. Chang, Phys. Rev. Lett. 80, 1062 (1998).

M. Lewenstein, A. Sanpera, V. Ahufinger, B. Damski, A. S. De,
and U. Sen, Adv. Phys. 56, 243 (2007).

10, Moritz, T. Stoferle, K. Giinter, M. Kohl, and T. Esslinger, Phys.
Rev. Lett. 94, 210401 (2005); R. Citro, T. Giamarchi, E. Orignac,
and M. Rigol, Rev. Mod. Phys. 83, 1405 (2011).

T, Sowinski, O. Dutta, P. Hauke, L. Tagliacozzo, and M. Lewenstein,
Phys. Rev. Lett. 108, 115301 (2012).

12]. Hubbard, Proc. R. Soc. London, Ser. A 276, 238 (1963); E. H.
Lieb and F. Y. Wu, Phys. Rev. Lett. 20, 1445 (1968).

BR. Jordens, N. Strohmaier, K. Giinter, H. Moritz, and T. Esslinger,
Nature (London) 455, 204 (2008); U. Schneider, L. Hackermiiller,
S. Will, T. Best, I. Bloch, T. A. Costi, R. W. Helmes, D. Rasch, and
A. Rosch, Science 322, 1520 (2008).

14]. E. Hirsch, Phys. Lett. A 134, 451 (1989); F. Marsiglio and J. E.
Hirsch, Phys. Rev. B 41, 6435 (1990).

M. E. Simon and A. A. Aligia, Phys. Rev. B 48, 7471
(1993).

16K A. Penson and M. Kolb, Phys. Rev. B 33, 1663 (1986); J. Stat.
Phys. 44, 129 (1986); S. Robaszkiewicz and B. R. Bulka, Phys.
Rev. B 59, 6430 (1999); F. Dolcini and A. Montorsi, ibid. 62, 2315
(2000); 65, 155105 (2002).

7G. I Japaridze, A. P. Kampf, M. Sekania, P. Kakashvili, and
Ph. Brune, Phys. Rev. B 65, 014518 (2001).

18C. Castellani, C. Di Castro, D. Feinberg, and J. Ranninger, Phys.
Rev. Lett. 43, 1957 (1979).

19M. E. Simon, A. A. Aligia, and E. R. Gagliano, Phys. Rev. B 56,
5637 (1997).

20H. P. Biichler, A. Micheli, and P. Zoller, Nat. Phys. 3, 726 (2007).

PHYSICAL REVIEW B 88, 115115 (2013)

211, Bonnes, H. Biichler, and S. Wessel, New J. Phys. 12, 053027
(2010).

22H.-W. Hammer, A. Nogga, and A. Schwenk, Rev. Mod. Phys. 85,
197 (2013).

23S. Will, T. Best, U. Schneider, L. Hackermiiller, D.-S. Liihmann,
and I. Bloch, Nature 465, 197 (2010).

24]. Han, Phys. Rev. A 82, 052501 (2010).

23], H. Gurian, P. Cheinet, P. Huillery, A. Fioretti, J. Zhao, P.L. Gould,
D. Comparat, and P. Pillet, Phys. Rev. Lett. 108, 023005 (2012).

26G. Moore and N. Read, Nucl. Phys. B 360, 362 (1991).

?’B. Capogrosso-Sansone, S. Wessel, H. P. Biichler, P. Zoller, and
G. Pupillo, Phys. Rev. B 79, 020503(R) (2009).

28L. Barbiero, A. Montorsi, and M. Roncaglia, Phys. Rev. B 88,
035109 (2013).

1In the notation of Ref. 19, we have P = 2(V;, — V};) and Q =
4(Vi + Vyr = 2Vp).

39F. Dolcini and A. Montorsi, Nucl. Phys. B 592, 563 (2001).

3A. O. Gogolin, A. A. Nersesyan, and A. Tsvelik, Bosonization
and Strongly Correlated Systems (Cambridge University Press,
Cambridge, 1998).

32V, J. Emery, in Highly Conducting One-Dimensional Solids, edited
by J. T. Devreese, R. P. Evrard, and V. E. van Doren (Plenum,
New York, 1979).

BE. D. M. Haldane, J. Phys. C Solid State Phys. 14, 2585
(1981).

HR. Shankar, in Low-Dimensional Quantum Field Theories for
Condensed Matter Physicists, edited by S. Lundqvist, G. Morandi,
and Yu Lu (World Scientific, Singapore, 1995).

35M. Stone, Bosonization (World Scientific, Singapore, 1994).

3J. Voit, Rep. Prog. Phys. 58, 977 (1995).

37]. Sélyom, Adv. Phys. 28, 201 (1979).

38]. von Delft and H. Schéller, Ann. Phys. (Leipzig) 4, 225 (1998).

¥T. Giamarchi, Quantum Physics in One Dimension (Clarendon,
Oxford, 2003).

“OFor instance, at filling value p = 1/3, the three-body term with
coupling constant P appearing in Eq. (1) gives rise to terms such
as exp{i[v/187 ®.(x) £ /27 D, (x)]}.

“'E. B. Kolomeisky and J. P. Straley, Rev. Mod. Phys. 68, 175
(1996).

“2M. Nakamura, Phys. Rev. B 61, 16377 (2000).

4L. A. Takhtajan and L. D. Faddeev, Teor. Mat. Fiz. 21, 160 (1974)
[Theor. Math. Phys. 21, 1046 (1974)]; A. B. Zamolodchikov, Pis’ma
Zh. Eksp. Teor. Fiz. 25, 499 (1977) [Commun. Math. Phys. 55, 183
(1977)]; G. E. Japaridze, A. A. Nersesyan, and P. B. Wiegmann,
Nucl. Phys. B 230, 511 (1984).

# An inspection of Egs. (16) shows that, in fact, the condition 1, = 0
and &, < 0 also corresponds to gapless fixed points. However, it
is a half-line of unstable fixed points, and any infinitesimal n, # 0
leads the system to a gapped phase.

%G. 1. Japaridze and E. Miiller-Hartmann, Ann. Phys. (Leipzig) 3,
163 (1994); G. 1. Japaridze and A. P. Kampf, Phys. Rev. B 59, 12822
(1999).

46S. Sachdev, Quantum Phase Transitions (Cambridge University
Press, New York, 2011).

“TA. Montorsi and M. Roncaglia, Phys. Rev. Lett. 109, 236404
(2012).

“8T. Giamarchi and H. J. Schulz, Phys. Rev. B 39, 4620 (1989).

A, A. Aligia and L. Arrachea, Phys. Rev. B 60, 15332 (1999).

30Y.-J. Wang, F. H. L. Essler, M. Fabrizio, and A. A. Nersesyan, Phys.
Rev. B 66, 024412 (2002).

115115-10


http://dx.doi.org/10.1126/science.1163861
http://dx.doi.org/10.1038/nature08953
http://dx.doi.org/10.1038/nature08953
http://dx.doi.org/10.1103/PhysRevLett.108.215301
http://dx.doi.org/10.1103/PhysRevLett.108.215301
http://dx.doi.org/10.1038/nphys1939
http://dx.doi.org/10.1038/nphys1939
http://dx.doi.org/10.1103/PhysRevLett.108.080405
http://dx.doi.org/10.1103/PhysRevLett.108.080405
http://dx.doi.org/10.1103/PhysRevB.57.1572
http://dx.doi.org/10.1103/PhysRevB.57.1572
http://dx.doi.org/10.1038/377041a0
http://dx.doi.org/10.1038/377041a0
http://dx.doi.org/10.1016/0038-1098(95)00102-6
http://dx.doi.org/10.1016/0038-1098(95)00102-6
http://dx.doi.org/10.1103/PhysRevLett.84.1764
http://dx.doi.org/10.1103/PhysRevLett.84.1764
http://dx.doi.org/10.1038/nature08918
http://dx.doi.org/10.1103/PhysRevLett.79.5082
http://dx.doi.org/10.1038/17569
http://dx.doi.org/10.1103/PhysRevLett.92.216804
http://dx.doi.org/10.1103/PhysRevLett.92.216804
http://dx.doi.org/10.1103/PhysRevLett.77.2538
http://dx.doi.org/10.1103/PhysRevLett.77.2538
http://dx.doi.org/10.1038/38241
http://dx.doi.org/10.1038/38241
http://dx.doi.org/10.1103/PhysRevLett.80.1062
http://dx.doi.org/10.1080/00018730701223200
http://dx.doi.org/10.1103/PhysRevLett.94.210401
http://dx.doi.org/10.1103/PhysRevLett.94.210401
http://dx.doi.org/10.1103/RevModPhys.83.1405
http://dx.doi.org/10.1103/PhysRevLett.108.115301
http://dx.doi.org/10.1098/rspa.1963.0204
http://dx.doi.org/10.1103/PhysRevLett.20.1445
http://dx.doi.org/10.1038/nature07244
http://dx.doi.org/10.1126/science.1165449
http://dx.doi.org/10.1016/0375-9601(89)90370-8
http://dx.doi.org/10.1103/PhysRevB.41.6435
http://dx.doi.org/10.1103/PhysRevB.48.7471
http://dx.doi.org/10.1103/PhysRevB.48.7471
http://dx.doi.org/10.1103/PhysRevB.33.1663
http://dx.doi.org/10.1007/BF01010908
http://dx.doi.org/10.1007/BF01010908
http://dx.doi.org/10.1103/PhysRevB.59.6430
http://dx.doi.org/10.1103/PhysRevB.59.6430
http://dx.doi.org/10.1103/PhysRevB.62.2315
http://dx.doi.org/10.1103/PhysRevB.62.2315
http://dx.doi.org/10.1103/PhysRevB.65.155105
http://dx.doi.org/10.1103/PhysRevB.65.014518
http://dx.doi.org/10.1103/PhysRevLett.43.1957
http://dx.doi.org/10.1103/PhysRevLett.43.1957
http://dx.doi.org/10.1103/PhysRevB.56.5637
http://dx.doi.org/10.1103/PhysRevB.56.5637
http://dx.doi.org/10.1038/nphys678
http://dx.doi.org/10.1088/1367-2630/12/5/053027
http://dx.doi.org/10.1088/1367-2630/12/5/053027
http://dx.doi.org/10.1103/RevModPhys.85.197
http://dx.doi.org/10.1103/RevModPhys.85.197
http://dx.doi.org/10.1038/nature09036
http://dx.doi.org/10.1103/PhysRevA.82.052501
http://dx.doi.org/10.1103/PhysRevLett.108.023005
http://dx.doi.org/10.1016/0550-3213(91)90407-O
http://dx.doi.org/10.1103/PhysRevB.79.020503
http://dx.doi.org/10.1103/PhysRevB.88.035109
http://dx.doi.org/10.1103/PhysRevB.88.035109
http://dx.doi.org/10.1016/S0550-3213(00)00598-8
http://dx.doi.org/10.1088/0022-3719/14/19/010
http://dx.doi.org/10.1088/0022-3719/14/19/010
http://dx.doi.org/10.1088/0034-4885/58/9/002
http://dx.doi.org/10.1080/00018737900101375
http://dx.doi.org/10.1002/(SICI)1521-3889(199811)7:4<225::AID-ANDP225>3.0.CO;2-L
http://dx.doi.org/10.1103/RevModPhys.68.175
http://dx.doi.org/10.1103/RevModPhys.68.175
http://dx.doi.org/10.1103/PhysRevB.61.16377
http://dx.doi.org/10.1007/BF01035551
http://dx.doi.org/10.1007/BF01626520
http://dx.doi.org/10.1007/BF01626520
http://dx.doi.org/10.1016/0550-3213(84)90107-X
http://dx.doi.org/10.1002/andp.19945060304
http://dx.doi.org/10.1002/andp.19945060304
http://dx.doi.org/10.1103/PhysRevB.59.12822
http://dx.doi.org/10.1103/PhysRevB.59.12822
http://dx.doi.org/10.1103/PhysRevLett.109.236404
http://dx.doi.org/10.1103/PhysRevLett.109.236404
http://dx.doi.org/10.1103/PhysRevB.39.4620
http://dx.doi.org/10.1103/PhysRevB.60.15332
http://dx.doi.org/10.1103/PhysRevB.66.024412
http://dx.doi.org/10.1103/PhysRevB.66.024412

QUANTUM PHASES OF ONE-DIMENSIONAL HUBBARD ...

SIE. A. Smirnov, J. Phys. A 17,1873 (1984); 19, L575 (1985); Nucl.
Phys. B 337, 156 (1990).

521, Arrachea and A. A. Aligia, Phys. Rev. Lett. 73, 2240 (1994);
A. Schadschneider, Phys. Rev. B 51, 10386 (1995); F. Dolcini and
A. Montorsi, ibid. 66, 075112 (2002).

3J. P. D’Incao and B. D. Esry, Phys. Rev. Lett. 103, 083202 (2009).

34J. Voit, Phys. Rev. B 45, 4027 (1992).

33S. Fujimoto and N. Kawakami, Phys. Rev. B 48, 17406 (1993).

3J. A. Riera, Phys. Rev. B 88, 045102 (2013); W. S. Cole, S. Zhang,
A. Paramekanti, and N. Trivedi, Phys. Rev. Lett. 109, 085302
(2012); A. A. Zvyagin, Phys. Rev. B 86, 085126 (2012).

PHYSICAL REVIEW B 88, 115115 (2013)

YN. Goldman, I. Satija, P. Nikolic, A. Bermudez, M. A. Martin-
Delgado, M. Lewenstein, and I. B. Spielman, Phys. Rev. Lett. 105,
255302 (2010).

3A. Anfossi, Cristian Degli Esposti Boschi, A. Montorsi, and
F. Ortolani, Phys. Rev. B 73, 085113 (2006).

PA. A. Aligia, A. Anfossi, L. Arrachea, C. Degli Esposti Boschi,
A. O. Dobry, C. Gazza, A. Montorsi, F. Ortolani, and M. E. Torio,
Phys. Rev. Lett. 99, 206401 (2007).

%0 A. Dobry and A. A. Aligia, Nucl. Phys. B 843, 767 (2011).

61G. G. Batrouni, R. T. Scalettar, V. G. Rousseau, and B. Grémaud,
Phys. Rev. Lett. 110, 265303 (2013).

115115-11


http://dx.doi.org/10.1088/0305-4470/17/16/003
http://dx.doi.org/10.1088/0305-4470/19/10/003
http://dx.doi.org/10.1016/0550-3213(90)90255-C
http://dx.doi.org/10.1016/0550-3213(90)90255-C
http://dx.doi.org/10.1103/PhysRevLett.73.2240
http://dx.doi.org/10.1103/PhysRevB.51.10386
http://dx.doi.org/10.1103/PhysRevB.66.075112
http://dx.doi.org/10.1103/PhysRevLett.103.083202
http://dx.doi.org/10.1103/PhysRevB.45.4027
http://dx.doi.org/10.1103/PhysRevB.48.17406
http://dx.doi.org/10.1103/PhysRevB.88.045102
http://dx.doi.org/10.1103/PhysRevLett.109.085302
http://dx.doi.org/10.1103/PhysRevLett.109.085302
http://dx.doi.org/10.1103/PhysRevB.86.085126
http://dx.doi.org/10.1103/PhysRevLett.105.255302
http://dx.doi.org/10.1103/PhysRevLett.105.255302
http://dx.doi.org/10.1103/PhysRevB.73.085113
http://dx.doi.org/10.1103/PhysRevLett.99.206401
http://dx.doi.org/10.1016/j.nuclphysb.2010.10.017
http://dx.doi.org/10.1103/PhysRevLett.110.265303



