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Frustration is a key driver of exotic quantum phases, yet its role in charge dynamics remains largely
unexplored. We show that charge frustration—induced by electronic polarization effects—stabilizes
unconventional insulating states in the one-dimensional extended Hubbard model. Using exact diago-
nalization and density-matrix renormalization group, we uncover a charge-disordered phase that remains
insulating despite lacking long-range order and possessing an effectively attractive on-site interaction—a
behavior reminiscent of gapful spin liquids in frustrated spin systems. We also identify a fragile
ferroelectric phase and a charge-density-wave state with emergent eight-site periodicity. These findings
establish charge frustration, driven by charge-dipole interactions, as a robust mechanism for realizing
exotic phases in low-dimensional correlated systems, with implications for organic conductors, transition-

metal oxides, and ultracold polar molecules.

DOI: 10.1103/d5sw-qdfp

Introduction—Strongly correlated electron systems
exhibit a wide range of quantum phenomena, including
superconductivity, magnetism, and charge ordering [1,2].
The Hubbard model and its extended variants have long
served as fundamental theoretical frameworks for capturing
these phenomena in correlated systems [3,4]. While the
effects of Coulomb interactions—both short-range and
long-range—are well studied, the role of polarization
effects, particularly charge-dipole interactions, remains
relatively underexplored despite their relevance in real
materials and experimental systems.

Charge-dipole interactions, which couple mobile charges
to induced dipoles, introduce qualitatively new effects
distinct from purely Coulombic interactions. These inter-
actions become especially important in low-dimensional
systems such as organic conductors, transition-metal
oxides, and ultracold polar molecules [5—7]. Recent experi-
ments with dipolar Fermi gases, including '®'Dy [8] and
polar molecules like >*Na*’K and “°K3’Rb [9-11], further
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underscore the need for a systematic theoretical under-
standing of polarization-driven phenomena.

One-dimensional (1D) systems strongly enhance quan-
tum fluctuations, making them highly sensitive to compet-
ing interactions. Such competition frequently gives rise
to exotic ground states, including charge-density waves
(CDW), bond-order waves (BOW), spin-density waves
(SDW), superconductivity, and phase separation [12-21].
Despite extensive studies of spin frustration, charge frus-
tration explicitly induced by charge-dipole couplings has
remained largely unexplored, apart from some pioneering
works [22-24]. This gap poses fundamental questions
about the nature and stability of emergent phases in low-
dimensional correlated electron systems.

In this Letter, we present a systematic study of the
ground-state properties of the 1D extended Hubbard model,
explicitly incorporating charge-dipole interactions. Using
exact diagonalization (ED) and density-matrix renormali-
zation group (DMRG) methods [25], we reveal rich phase
diagrams featuring unconventional insulating phases.
Notably, we demonstrate that charge frustration driven
by the competition between Coulomb and charge-dipole
interactions stabilizes novel states: a fragile ferroelectric
(FE) phase, a previously unreported charge-disordered
insulating (CDI) phase, and a remarkable CDW phase
with an emergent eight-site periodicity. Our results high-
light charge frustration, driven by polarization effects, as
a new route to exotic insulating and charge-ordered phases
in low-dimensional correlated systems, with relevance to
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organic conductors, transition-metal oxides, and ultracold
polar molecules.

Model—We consider the 1D extended Hubbard model
incorporating charge-dipole interactions to account for
polarization effects. The Hamiltonian is

H = —ZZ (c;(;ciﬂﬁ + H.c.) +(U- 4P)an¢n,¢
+ VZ”:‘”HI + 2PZ”i”i+2 - ZPZ’% (1)
i i i

where c;g(ci,a) creates (annihilates) an electron with spin ¢
at site i, and n; = n; 4 +n; ;. We focus on the half-filled
case. The parameters 7, U, and V represent the nearest-
neighbor hopping amplitude, on-site Coulomb repulsion,
and nearest-neighbor Coulomb interaction, respectively.
The polarization energy P modifies the interactions in
two distinct ways: it reduces the on-site repulsion by 4P
and introduces a next-nearest-neighbor repulsion of
strength 2P. A detailed derivation of the charge-dipole
interaction is provided in Supplemental Material [26].

Phases in the atomic limit—To gain initial insight into
the ground-state properties of the model, we consider the
atomic limit (¢ = 0). The phase diagram in this limit, shown
in Fig. 1, reveals one Mott insulating phase and three
distinct CDW phases, each characterized by long-range
charge order. The Mott insulator corresponds to a SDW
state without long-range magnetic order; finite hopping
introduces antiferromagnetic (AFM) fluctuations via an
effective exchange interaction o 2/(U — P).
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FIG. 1. Phase diagram of the system (1) in the atomic limit
(t = 0) within the (V/U, P/U) parameter space. The schematic
electron configurations for each phase are illustrated, assuming
an infinitesimally small ¢ to indicate the corresponding spin
configurations. The FE, CDW I, and CDW III states are
energetically degenerate along the dashed line.

The three CDW phases exhibit twofold, threefold, and
fourfold periodicities, denoted CDW 1, FE, and CDW 11,
respectively, in line with previous studies [22-24]. In
addition, at the FE-CDW I phase boundary, an eightfold
periodic CDW state—Ilabeled CDW III—becomes degen-
erate (see Supplemental Material [26]). This reflects a high
degree of charge frustration near the phase boundaries,
particularly in the region occupied by the FE phase.

This frustrated region is especially sensitive to quantum
fluctuations when ¢ is finite. As we show below, hopping
destabilizes the classical charge orders and gives rise to
exotic quantum states. We refer to this fluctuation-prone
sector as the intermediate region (I region) in the remainder
of this Letter.

Methods—We determine the phase boundaries using a
level-crossing analysis [37,38] based on ED for several
values of U/t. To refine these boundaries and explore
regions inaccessible to the level-crossing approach, we
perform large-scale DMRG simulations. Additional details
are provided in Supplemental Material [26].

Phase boundaries via level-crossing approach—We
estimate phase boundaries by analyzing level crossings
in the excitation spectra. Each excitation is classified by
discrete quantum numbers: inversion symmetry (¢ = *£1),
electron-hole symmetry (J = +1), and total spin S.
Transitions are identified by the crossing of energy levels
with different symmetry labels, as summarized in Table I.
In addition to the four insulating phases in Fig. 1, this
approach also captures the BOW phase, known to appear at
weak to intermediate U/r [12,13].

We thus distinguish five distinct phases: SDW, CDW 1,
CDW 11, the I region, and BOW. The resulting phase
diagrams for U/t = 2, 4, 10, and 20, obtained from ED on
a periodic N = 12 site cluster, are shown in Fig. 2. The
system size accommodates both the six-site periodicity
of the FE state and the four-site periodicity of CDW IL
Remarkably, the overall phase structure in the (V/U, P/U)
plane remains qualitatively similar down to U = 4t.
At U = 2t, however, the I region narrows significantly.
Notably, the BOW phase persists even in the presence of

TABLE 1. Sets of discrete symmetries used to classify ex-
citation spectra at each phase transition in the level-crossing
analysis.

Symmetry quantum numbers

Transition

Phase A—Phase B A:(6,J,S) B:(s,J,S)
SDW-CDW 1 (+1,4+1,1) (+1,-1,0)
SDW-CDW Il (+1,+1,1) (+1,+1,0)
SDW-I region (-1,4+1,0) (+1,-1,0)
SDW-BOW (+1.+1.1) (+1,+1,0)
CDW I-BOW (+1,-1,0) (—1,+1,0)
CDW I-Iregion (+1,41,0) (+1,+1,1)
CDW II-I region (+1,41,0) (+1,+1,1)
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FIG. 2. Ground-state phase diagrams of the model in Eq. (1) for
four values of U/t, plotted in the (V/U,P/U) plane. Solid
symbols denote phase boundaries determined via level-crossing
analysis, while open symbols are obtained from DMRG. In (a),
transitions of the same type are shown in the same color. Arrows
in (b)—(d) indicate parameter paths used for analysis in sub-
sequent sections.

finite polarization. Phase boundaries and the stability of
the BOW region are further refined using DMRG; see
Supplemental Material for details [26].

Beyond the FE phase found in the atomic limit, we
identify two additional insulating states within the I region:
a CDI phase, which is neither charge ordered nor Mott type,
and a long-period CDW phase (CDW III) exhibiting eight-
site periodicity. These phases are challenging to detect via
level crossing due to symmetry constraints. We therefore
perform a detailed analysis using DMRG, as described
below.

Stability of FE state—As noted, the entire I region
corresponds to the FE phase in the atomic limit.
However, this state is highly fragile against finite hopping
and difficult to detect numerically [24]. To probe its
stability, we approach the FE state from large U/t
Figure 3(a) shows the charge density for U/t = 50 and
15, at fixed V/U = 0.5 and P/U = 0.15, chosen near the
FE phase center in the atomic limit. The characteristic
three-site pattern—doubly occupied, singly occupied, and
empty—is evident, corresponding to a CDW with wave
vector g = 27/3. The modulation amplitude is reduced at
U/t = 15, reflecting enhanced quantum fluctuations.

To quantify long-range FE order, we compute the
order parameter (Opg) = limN_,oo%|<nN/2_2> —{(ny ).
Figure 3(b) shows its dependence on /U at fixed V/U =
0.5 and P/U = 0.15. Starting from unity at /U =0,
it decreases and vanishes abruptly only near /U ~ 0.08,
signaling a first-order transition. This highlights the
extreme fragility of the FE phase, which occupies a wide
region at U/t =20 [Fig. 2(d)] but shrinks drastically at
U/t = 10 [Fig. 2(c)].
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FIG. 3. DMRG results for the FE state. (a) Charge density
distribution at large and moderate U/t. (b),(c) FE order parameter
as a function of /U and P/U, respectively; the parameter path
for (c) is shown in Fig. 2(d). (d) Local spin profile (S;) for
representative parameters. All parameters are given in the figure.

Figure 3(c) further characterizes the transition by show-
ing (Ogg) versus P/U for U/t =20 and V/U = 0.625.
The system evolves from CDW II to FE to CDW III, with
discontinuous jumps in (Ogg) at both boundaries, provid-
ing clear evidence for first-order transitions. This is con-
sistent with the FE phase (threefold) mediating between
two CDWs with coprime periodicities—fourfold (CDW II)
and eightfold (CDW III).

Additional insight comes from the spin structure.
Assuming superexchange between singly occupied sites,
the FE phase maps to an AFM Heisenberg chain.
Figure 3(d) shows the z-component spin profile (S;) for
P/U=0.17 and 0.18 at U/t =20, V/U = 0.625. As
expected, (S7) ~ 0 at doubly occupied and empty sites,
with staggered spin moments on singly occupied ones,
schematically: “--- 1| 1 o N | o ---” However, long-
range magnetic order is absent due to the spin isotropy. This
is confirmed by a vanishing spin gap. Note that the effective
exchange interaction is extremely weak; for example, J ¢ ~
9.4 x 10™* for U/t = 20, V/U = 0.625, and P/U = 0.18.
Further details are provided in Supplemental Material [26].

Thus, we confirm that the I region hosts the FE phase at
large U/t, but increasing hopping destabilizes it, giving rise
to two novel phases (see below): a CDI without charge
order and distinct from a Mott insulator, and a CDW III
phase with long-range eight-site modulation (¢ = 37/4).

Properties of CDI phase—We now examine the CDI
phase in detail, focusing on its emergence from the
SDW phase and its unconventional insulating character.
Figure 4(a) shows the charge gap, defined as A, =
limy_ o [Eo(N + 2,0) + Eo(N — 2,0) — 2Ey(N, 0)]/2,
where Ey(N,, S?) is the ground-state energy of a system
with N sites, N, electrons, and total spin-z component S°.
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FIG. 4. DMRG results for the SDW and CDI phases. (a) Charge
gap A./t as a function of V /U, the parameter path for (a),(b),(d)
is shown in Fig. 2(b). (b) Central charge ¢ versus V /U, with open
circles marking the peak positions used for finite-size extrapo-
lation. (c) Finite-size scaling analysis of the Tomonaga-Luttinger
parameter K, within the CDI phase. (d) Double occupancy
(ni4n; ) versus V/U, highlighting the transition from SDW to
CDI phases. (e) Charge structure factor C(g) computed in the

CDI phase; inset shows C(0)/N versus 1 / N. (f) Log-log plot of
the spin-spin correlation function |(S7S7,.)| within the CDI
phase. All parameters are given in the figure.

The data are presented as a function of V/U for U/t = 4 and
P/U = 0.15. In the SDW phase, A, is finite, as expected
for a Mott insulator. As V/U increases, the gap decreases,
closes at the transition point, and reopens in the CDI phase,
indicating a continuous transition between two charge-
gapped states. Meanwhile, the spin gap remains zero
throughout, as confirmed in Supplemental Material [26].

To further support these findings, we calculate the central
charge, ¢ =3[Sy(N/2—-1)—Sy(N/2)]/In[cos(xz/N)],
where Sy(l) is the von Neumann entanglement entropy
of a subsystem of length / in a periodic chain of length
N [39,40]. Figure 4(b) shows c¢ as a function of V/U for
several system sizes at fixed U/t =4 and P/U = 0.15.
Each curve exhibits a single peak, and extrapolating these
peaks to the thermodynamic limit locates the transition at
V/U = 0.4179, in excellent agreement with both the gap-
closing point (0.4175) and the level-crossing estimate
(0.4171). Notably, ¢ = 2 appears only at the critical point,
where both spin and charge excitations are gapless, while
¢ =1 holds in both the SDW and CDI phases due to a
single gapless spin mode.

The insulating character of the CDI phase is further
conﬁrmed through the Tomonaga-Luttinger parameter

K,, defined via the slope of the charge structure factor
Clq) = X, e ((mn,) — (n){n;.,)) in the limit of small
momentum, K, = zlim,_,C(q)/q [41]. As shown in
Fig. 4(c), K, extrapolates to zero throughout the CDI
phase, confirming its incompressibility.

The CDI phase also exhibits unique local characteristics.
Figure 4(d) shows the double occupancy (n;;n;), which
remains below 0.25 in the SDW phase, consistent with
repulsive interactions. However, it exceeds 0.25 in the CDI
phase, indicating an effective on-site attraction. This dis-
tinguishes CDI from a conventional Mott insulator.

To examine the possibility of charge ordering or phase
separation, we evaluate the structure factor without sub-
tracting the mean density: C(q) =>_, e (nn;,,).
Figure 4(e) shows C(q) for U/t =4, V/U = 0.6, and
P/U =0.15. A single peak appears at g =0, with
C(0) = N, consistent with a uniform charge distribution.
The absence of significant peaks at finite ¢ confirms that the
system lacks long-range charge order, and the fact that C(0)
does not exceed N rules out phase separation. The charge
profile thus remains spatially uniform, resembling that of a
Mott insulator, though distinct in microscopic character.

Remarkably, despite the absence of long-range order,
the CDI phase remains insulating. Its origin lies in the
proximity to several competing charge-ordered phases—
CDW I, CDW 1I, FE, and CDW III-—which induce short-
range patterns in the ground-state wave function. These
local configurations act as effective double occupancy
barriers, suppressing charge transport and localizing car-
riers. This mechanism is also reflected in the collapse of the
charge dispersion in the single-particle excitation spectrum.
Moreover, as shown in Fig. 4(f) the spin-spin correlation
function |(S5S%,,)| decays as 1/r%, indicating the absence
of magnetic interactions. This rapid decay does not arise
from conventional spin dynamics, but rather from the lack
of effective spin couplings imposed by the underlying
charge disorder. Additional supporting data are provided in
Supplemental Material [26].

The CDI phase thus represents a novel type of insulating
state—uniform, non-Mott, and stabilized by frustration—
induced local correlations. A deeper theoretical under-
standing of its nature remains an open question for future
investigation.

CDW state with eight-fold periodicity—We now turn to
the CDW III phase, which emerges within the I region
at large U/t [see Fig. 2]. Figure 5(a) shows the charge
structure factor C(q), computed at U/t = 10, V/U = 0.8,
and P/U = 0.2. A pronounced peak appears at g = 37/4,
whose divergence with system size confirms long-range
order with eight-site periodicity [Fig. 5(b)].

To identify the charge alignment, we plot the density-
density correlations in Fig. 5(c), which reveal a
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FIG. 5. DMRG results for the CDW III phase. (a) Charge
structure factor C(g) and (b) finite-size scaling of the normalized
peak height at ¢ =3xz/4. (c) Density-density correlations.
(d) Finite-size scaling of the CDW III order parameter.
(e) Finite-size scaling of the spin gap. (f) Charge order parameter
p versus P/U; the parameter path for (f) is shown in Fig. 2(c). All
parameters are given in the figure.

characteristic pattern: “-- N o t N o N | o ---”
Each period contains three charge-rich, three charge-poor,
and two intermediate sites. To quantify this order, we define
the CDW III order parameter as (Oyy) = & Z?’:/f,ﬁ_3 vi{ni),
where y; = 1 for charge-rich sites, —1 for charge-poor sites,
and 0 otherwise. Finite-size scaling confirms a nonzero
value in the thermodynamic limit [Fig. 5(d)], establishing
the stability of the CDW III phase.

In the spin sector, this configuration localizes spin-1/2
moments on singly occupied sites, where charge patterns
such as “f o N” and “o f| o” appear alternately
between them. This maps the system onto a spin-Peierls
Heisenberg chain with alternating exchange couplings. In
fact, from a small-cluster analysis, we estimate the effective
couplings to be J¢T = 0.01604¢ and J§T = 0.01422¢ for
U/t =20, V/U = 0.525, and P/U = 0.1075, yielding a
spin gap A/t =~ 0.0036. This is in good agreement with the
spin gap obtained directly from the original model, A, =
limy_ . [Eo(N, 1) — Eo(N,0)], which gives A, ~0.0019¢
[Fig. 5(e)]. Further details are provided in Supplemental
Material [26].

To delineate the CDW III region, we compute the scaled
structure factor p = limy_C(¢ma)/N along a path
from the CDI phase through CDW 1II into the FE phase
at U = 10r and V/U = 0.5 [Fig. 5(f)]. In the CDI phase,

p =0; it becomes finite in the CDW III phase at
gmax = 37/4, and vanishes again as the system transitions
into the FE phase. There, a new peak emerges at
Gmax = 27/3, signaling the onset of threefold FE
charge order.

The CDW III phase originates near the CDW I-FE
boundary at large U/t. In the atomic limit, its configuration
is energetically degenerate with those of CDW I and FE on
the boundary. Finite hopping lifts this degeneracy, and the
gain in spin-Peierls energy can stabilize CDW III over FE.
This mechanism explains why, in the U/t =20 phase
diagram [Fig. 2(d)], the region adjacent to CDW I—
classically part of the FE phase—is replaced by CDW III.

Summary—We have investigated the ground-state prop-
erties of the 1D extended Hubbard model with charge-
dipole interactions, using ED and DMRG calculations.
The inclusion of polarization effects introduces competing
interactions that drive strong charge frustration. Within
this frustrated regime, we uncover a novel charge-
disordered insulating phase that is charge gapped yet
non Mott in character—Ilacking both charge order and
magnetic interactions, and stabilized by local short-range
correlations induced by nearby CDW states. We also
identify the extreme fragility of the FE phase under
quantum fluctuations, and a CDW phase with emergent
eight-site periodicity. These phases arise from the
interplay between charge frustration and hopping-induced
quantum fluctuations. Our results shed light on fundamen-
tal mechanisms governing charge transport and coherence
in low-dimensional systems, and offer insights relevant to
the design of correlated materials and dipolar quantum
platforms.
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