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Quantum link models (QLMs) serve as experimentally accessible platforms for studying lattice gauge theories with
finite-dimensional Hilbert spaces. In this work, we investigate information scrambling in the partially confined phase of
a spin-1 quantum link model by calculating the dynamics of out-of-time-ordered correlators (OTOCs) and entanglement
entropy. We observe that, in the partially confined phase, information scrambling exhibits significant asymmetry, manifested
as the unidirectional propagation of both OTOCs and entanglement entropy. This phenomenon stands in stark contrast to the
isotropic spreading observed in the deconfined phase and the localization characteristic of the confined phase. Furthermore,
the simultaneous occurrence of the unidirectional propagation of both OTOCs and entanglement entropy, together with
the θ -induced asymmetric excitation propagation, reveals a direct connection between information scrambling and charge
confinement.
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1. Introduction

Information scrambling refers to the rapid spreading of
initially localized information across an entire quantum sys-
tem, leading to the generation of global entanglement and
complex patterns of correlations.[1–3] This phenomenon is
central to understanding the non-equilibrium dynamics of
quantum many-body systems and has profound implications
across various fields, including quantum thermalization,[4]

quantum chaos,[5,6] and black-hole physics.[7] In thermaliz-
ing systems, quantum information initially encoded in local
degrees of freedom rapidly disperses throughout the system
via entanglement growth, leading to equilibration described by
Gibbs statistical mechanics. Conversely, many-body localized
(MBL) systems defy thermalization due to strong disorder and
interactions, preserving local information over long times.[8]

MBL phases exhibit quantum memory effects and non-ergodic
behavior, indicating a breakdown of the eigenstate thermaliza-
tion hypothesis (ETH), which manifests as a slow, logarithmic
growth of entanglement.[9]

Confinement, a fundamental phenomenon in quantum
chromodynamics (QCD),[10–12] prevents the isolation of
quarks due to an interquark potential that grows with dis-
tance, thereby binding them into hadrons. A closely anal-
ogous mechanism of charge confinement exists in strongly

coupled quantum electrodynamics (QED).[13,14] A paradig-
matic example is the (1+ 1)-dimensional Schwinger model,
where the effective coupling scales linearly with separation,
rendering charge confinement the dominant regime. Recent
advances in quantum simulation platforms — including ul-
tracold atoms in optical lattices, trapped ions, and supercon-
ducting qubits — have enabled the experimental realization of
synthetic gauge fields.[15–23] On these simulators, a topologi-
cal θ -angle-induced confinement–deconfinement transition in
a spin-1/2 quantum link model, which represents one of the
simplest U(1) lattice gauge theories, has been observed.[24]

In addition, a partially confined phase has been predicted in
a spin-1 quantum link model. However, few works have ex-
plored the relationship between information scrambling and
charge confinement properties.

In this work, we investigate information scrambling in the
partially confined phase of a spin-1 quantum link model. To
quantify information scrambling, we compute the time evo-
lution of both the out-of-time-ordered correlator (OTOC) and
the growth of entanglement entropy following a local pertur-
bation. One key finding is that, in the partially confined phase,
anisotropic information scrambling occurs: quantum entan-
glement rapidly develops on one side of the perturbation while
remaining significantly suppressed on the opposite side. Fur-
thermore, we calculate the charge dynamics after introducing
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a gauge-violation perturbation and find that the unidirectional
propagation of excitons perfectly synchronizes with asymmet-
ric information spreading, revealing a direct connection be-
tween charge confinement properties and quantum informa-
tion scrambling.

2. Model
The Hamiltonian of the one-dimensional quantum link

model (QLM)[25–27] can be expressed as

Ĥ = −J
N−1

∑
j=1

(
1√
2

ψ̂ jŜ+j ψ̂ j+1 +h.c.
)

+m
N

∑
j=1

ψ̂
†
j ψ̂ j +g

N−1

∑
j=1

[
(−1) jŜz

j +h
]2

. (1)

In this formulation, ψ̂ j and ψ̂
†
j represent the annihilation

and creation operators of the fermionic matter field at site j,
respectively. At odd-numbered sites, these fermions corre-
spond to electrons, while at even-numbered sites, they repre-
sent positrons. The Pauli operators Ŝ±j describe the spin states
on the links connecting adjacent matter sites j and j+1.

The Hamiltonian encompasses several distinct physical
interactions. The off-diagonal first term describes the matter–
gauge interaction between different states, coupling spin-flip
processes with the creation and annihilation of particle pairs
in the matter field. The second term represents the mass en-
ergy of the fermions in the matter field. The third term charac-
terizes the electric field energy (where g ≥ 0). The quantized
electric field on the jth link is given by

Ê j = (−1) jŜz
j +h. (2)

Here, (−1) jŜz
j represents the electric field generated by the

matter particles, with the alternating sign reflecting the oppo-
site charges of electrons and positrons. The parameter h de-
notes an external background electric field.

A notable feature of this Hamiltonian is its U(1) local
gauge symmetry. Under a local gauge transformation at any
site j

Ĝ j(φ)ψ̂ jĜ
†
j(φ) = e−iφ

ψ̂ j, (3)

Ĝ j(φ)Ŝ+j Ĝ†
j(φ) = e iφ Ŝ+j , (4)

Ĝ j(φ)Ŝ+j+1Ĝ†
j(φ) = e iφ Ŝ+j+1, (5)

Ĝ j(φ)Ŝz
j+1Ĝ†

j(φ) = Ŝz
j+1, (6)

the Hamiltonian remains invariant, where the gauge transfor-
mation operator is defined as

Ĝ j(φ) = e iφ Q̂ j , (7)

Q̂ j = ψ̂
†
j ψ̂ j + Ŝz

j + Ŝz
j−1. (8)

Q̂ j is referred to as the gauge charge and serves as a locally
conserved quantity in the Hamiltonian.

The U(1) local gauge symmetry divides the total Hilbert
space into distinct gauge sectors, with each sector character-
ized by a unique set of gauge charges. The physical sector
corresponds to the case where all gauge charges Q̂ j = 0 for
every site j. We define the charge density on the matter site as

ρ̂ j = (−1) j
ψ̂

†
j ψ̂ j. (9)

This expression indicates that fermions on even (odd) sites
carry negative (positive) charge. Equation (8) can then be
rewritten as

Ê j+1− Ê j = ρ̂ j, (10)

which is nothing but Gauss’s law on a one-dimensional lattice.
The properties of the artificial gauge field enable transi-

tions between the physical sector and other sectors through
specific operator actions, allowing exploration of the Hamil-
tonian’s behavior in nonphysical sectors. A key example of
this is the matter field operator, which does not preserve gauge
invariance under local transformations, as evidenced by the
nonzero commutation relation [ψ̂ j, Q̂ j] 6= 0. Quantum link
models exhibit distinct characteristics depending on their spin
representation. In this work, we focus on information scram-
bling in the spin-1 QLM. For comparison, we also present re-
sults for the spin-1/2 QLM, which display fundamentally dif-
ferent behaviors.

The topological angle θ ,[14,28–30] a key parameter in these
systems, takes the form θ = π + 2πh for the spin-1/2 QLM
and θ = 2πh for the spin-1 QLM. In the spin-1/2 case, the
system exhibits two distinct phases depending on θ : a con-
fined phase when θ 6= π , and a phase with global Z2 trans-
lation symmetry when θ = π . At θ = π , the system un-
dergoes a confinement–deconfinement transition at a critical
mass m∗ ≈ 1.[31] These theoretical and numerical predictions
have been experimentally validated using a Bose–Hubbard
simulator.[24]

The spin-1 QLM exhibits partial confinement behavior at
θ = π .[32] Partial confinement, first identified by Coleman in
1976 in the context of the continuous Schwinger model,[14]

represents an intermediate regime in which charge confine-
ment depends on the relative positions of particles.

To demonstrate these properties, we analyze the partially
confined phase with parameters m = J, g = J, and θ = π , as
shown in Fig. 1. By applying excitation operators ψ̂

†
j Ŝ−j ψ̂

†
j+1

and ψ̂
†
j+1Ŝ−j+1ψ̂

†
j+2 to the ground state, we observe distinct

temporal evolution patterns that characterize this phase.
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Fig. 1. Time evolution of the matter-site densities for m = J, g = J,
and θ = π in a system of twelve matter sites. (a) The initial state
is ψ̂

†
6 Ŝ−6 ψ̂

†
7 |g〉, representing the excitation of positive-negative charge

pairs, which exhibit frozen dynamics, consistent with the confined phase.
(b) The initial state is ψ̂

†
5 Ŝ−5 ψ̂

†
6 |g〉, representing the excitation of negative-

positive charge pairs, with the extra physical charge delocalized, consis-
tent with the deconfined phase.

3. Partial scrambling of information
To characterize the distinctive information dynamics in

the partially confined phase of the spin-1 QLM, we examine
two key quantum information metrics: the out-of-time-ordered
correlator (OTOC) and the entanglement entropy. These mea-
sures provide insights into the partial scrambling behavior that
is unique to this phase.

The OTOC is defined as

O(t) = 〈Ŵ (t)†V̂ †Ŵ (t)V̂ 〉, (11)

where Ŵ and V̂ are arbitrary operators. Here, Ŵ (t) =

e iĤtŴ e−iĤt represents the time evolution of the operator Ŵ
under the Hamiltonian Ĥ, and the expectation value is taken
with respect to the initial state |ψ0〉. The OTOC provides a
powerful framework for analyzing how local quantum infor-
mation disperses in quantum many-body systems.

For our analysis, we consider a system comprising 12
gauge sites under open boundary conditions. In our calcula-
tions, we select the ground state of the physical sector, |g〉, as
the initial state. Two specific operators are chosen to probe the
system dynamics: the gauge-violating operator V̂ = ψ̂

†
6 , which

creates a matter excitation at site 6, and the gauge-invariant
operator Ŵ = n̂l , which measures the local particle number at

site l, where l is an even number. The calculation workflow is
presented in Fig. 2.

ψ

ψ

⸸

n

n

U↼t↽

U↼t↽

U↼↩t↽

Fig. 2. Schematic illustration of the OTOC calculation procedure. The
operator Ŵ is chosen as ψ̂

†
6 , while the operator V̂ is taken as n̂4.
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Fig. 3. Time evolution of the out-of-time-ordered correlator (OTOC) for
different choices of the Ŵ operator in various phases. (a) Spin-1 QLM
with m = 4J, g = J, and θ = π (partially confined phase). (b) Spin-1/2
QLM with m= 4J, g= J, and θ = π (deconfined phase). (c) Spin-1 QLM
with m = 4J, g = J, and θ = 0 (confined phase).
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As shown in Fig. 3(a), the OTOC exhibits distinctly dif-
ferent dynamical behaviors depending on whether l > 6 or
l < 6. For sites to the right of site 6, the OTOC decays rapidly
over time, whereas for sites to the left of site 6, it remains
nearly constant. This asymmetric behavior indicates that lo-
cal information excited at the sixth matter site propagates ex-
clusively leftward rather than isotropically, a phenomenon we
refer to as partial information scrambling.

For comparison, Fig. 3(b) illustrates the OTOC evolu-
tion in the deconfined phase of the spin-1/2 quantum link
model, characterized by isotropic information propagation,
while Fig. 3(c) presents the OTOC evolution in the confined
phase of the spin-1 quantum link model.

The partial scrambling of information can also be char-
acterized by examining the dynamics of the entanglement en-
tropy, defined as

S(ρA) =−Tr[ρA log(ρA)], (12)

where ρA denotes the reduced density matrix of subsystem A,
obtained by tracing out subsystem B: ρA = TrB(ρAB), with
ρAB being the density matrix of the complete system. Within
our chosen gauge, the quantum state can be expressed as a su-
perposition of direct product spin states. We partition the spin
chain into two subsystems by choosing a cutting point, such
that the spins to the left of this point form subsystem A, while
those to the right form subsystem B. A schematic representa-
tion of this partition is shown in Fig. 4.

Cut 

A B

Cut 

A B

ψ

⸸

ψ

⸸

Fig. 4. Schematic illustration of entanglement entropy calculations for
different partition cuts. In the upper panel, the blue line divides the sys-
tem into subsystem A (comprising three spins on the left) and subsystem
B (comprising the remaining spins on the right). The lower panel shows
an alternative partitioning, where the green line separates nine spins (sub-
system A) from the remainder of the system (subsystem B).

The entanglement entropy dynamics were investigated
using the initial state ψ̂

†
6 |g〉, following the same procedure as

in the OTOC analysis. Our calculations reveal two distinct
patterns in the time evolution of the entanglement entropy, de-
pending on whether the bipartition point lies to the left or right
of the sixth matter site, as illustrated in Fig. 5(a). For compari-
son, Fig. 5(b) shows the entanglement entropy evolution in the
deconfined phase of the spin-1/2 quantum link model.

0 20 40 60 80
Jt

Cut at 3th spin
Cut at 9th spin

Cut at 3th spin
Cut at 9th spin

0 20 40 60 80

Jt

(a)

(b)

1.2

1.0

0.8

0.6

0.4

0.2

0

1.2

1.0

0.8

0.6

0.4

0.2

0

S
S

Fig. 5. Time evolution of the entanglement entropy for different biparti-
tion points between subsystems A and B. (a) Spin-1 QLM with m = 4J,
g = J, and θ = π (partially confined phase). (b) Spin-1/2 QLM with
m = 4J, g = J, and θ = π (deconfined phase).

When the bipartition point is located to the right of the
sixth matter site, the entanglement entropy between subsys-
tems A and B remains nearly zero and exhibits minimal vari-
ation over time. This extremely low entanglement entropy in-
dicates that quantum correlations between the subsystems are
strongly suppressed, thereby restricting their capacity for in-
formation transfer. This observation further corroborates our
finding that local information excited at the sixth matter site
propagates exclusively leftward.

Notably, we find that this directional behavior reverses
when the initial excitation is applied to an odd-numbered mat-
ter site, where information instead propagates solely to the
right. These results collectively demonstrate the highly direc-
tional nature of information scrambling in the partially con-
fined phase of the spin-1 quantum link model.

A notable distinction between the confined and decon-
fined phases can be identified through the correlation func-
tion 〈g|ψ̂i(t)ψ̂

†
i (0)|g〉 and its Fourier transform, commonly

referred to as gauge-violation spectroscopy.[33] The confined
phase exhibits a delta-function spectrum, whereas the decon-
fined phase displays a spectrum with finite width. However,
this approach is insufficient to discriminate between the de-
confined and partially confined phases, as their spectral fea-
tures appear nearly identical.

In this context, the detection of partial information scram-
bling provides a more sensitive and conclusive diagnostic. The
distinctly directional propagation patterns observed in the par-
tially confined phase serve as a unique signature that differ-
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entiates it from both the confined and deconfined regimes, of-
fering a more comprehensive characterization of the system’s
quantum dynamical behavior.

4. Physical mechanism

To elucidate the underlying mechanism of partial infor-
mation scrambling, we investigate the time evolution of the
matter-site occupation numbers 〈n̂〉, starting from the initial
state ψ̂

†
6 |g〉. While this method has previously been employed

to distinguish between the confined and deconfined phases
in the spin-1/2 quantum link model,[34] our extension to the
spin-1 case reveals new physical insights, as illustrated in
Fig. 6. The application of the gauge-violating operator drives
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Fig. 6. Time evolution of the matter-site densities. (a) Spin-1 QLM with
m = 4J, g = J, and θ = π (partially confined phase). The initial state is
ψ̂

†
6 |g〉. (b) Spin-1 QLM with m = 4J, g = J, and θ = π (partially confined

phase). The initial state is ψ̂
†
7 |g〉. (c) Spin-1/2 QLM with m = 4J, g = J,

and θ = π (deconfined phase). The initial state is ψ̂
†
6 |g〉.

the system into a non-physical sector, where the propagation
of a single-particle excitation exhibits a pronounced direc-
tional asymmetry. This behavior stands in stark contrast to the
spatially localized dynamics observed in the confined phase
and the isotropic propagation characteristic of the deconfined
regime.

Building upon our analysis of particle propagation, it
is instructive to examine the fundamental distinctions be-
tween spin-1 and spin-1/2 quantum link models, which have
been extensively explored in both theoretical and experimen-
tal studies.[25,31,34–40] A key difference lies in their topologi-
cal characteristics: spin-1/2 models inherently possess a topo-
logical angle of θ = π (or θ = −π) in the absence of exter-
nal fields, whereas realizing this critical angle and inducing a
phase transition in spin-1 models requires the application of an
external electric field. The presence of such a field introduces
a preferential direction for charge motion — positive charges
drift along the field lines, while negative charges move oppo-
sitely. This directional bias in charge transport ultimately gives
rise to the phenomenon of partial information scrambling.
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0

Fig. 7. Quasiparticle propagation and its relation to information scram-
bling for m = J, g = J, and θ =−π . (a) Time evolution of the entangle-
ment entropy for different bipartition points between subsystems A and
B; the initial state is ψ̂

†
1 |g〉. (b) Time evolution of the matter-site densities

with the same initial state, ψ̂
†
1 |g〉. White dashed lines indicate the times

at which quasiparticles reach the corresponding matter sites.

To establish a direct connection between quasiparticle
propagation and information scrambling, we simultaneously
monitor the time evolution of entanglement entropy and
matter-site occupation densities in the spin-1 quantum link
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model, as illustrated in Fig. 7. Our results reveal a clear cor-
relation: the entanglement entropy between subsystems A and
B exhibits a rapid increase precisely when quasiparticles reach
the interface separating these regions. This synchronization
provides compelling evidence of the intrinsic link between
particle transport and information spreading within the sys-
tem.

5. Summary
In this work, we systematically investigated quantum in-

formation scrambling in the partially confined phase of a spin-
1 quantum link model. Through numerical analysis of the
OTOC and entanglement entropy dynamics, we demonstrated
that information scrambling exhibits pronounced anisotropy in
this regime: entanglement propagates exclusively to one side
of the perturbation while remaining suppressed on the oppo-
site side. This behavior contrasts sharply with the isotropic
spreading observed in the deconfined phase and the frozen dy-
namics characteristic of the confined phase.

The observed directional scrambling arises from the inter-
play between the external electric field (encoded via θ ) and the
gauge structure of the spin-1 QLM, which promotes unidirec-
tional quasiparticle propagation. Specifically, in the partially
confined phase, the θ -angle modifies the effective potential
between charges, enabling localized excitations to propagate
asymmetrically. This mechanism is further corroborated by
the occupation density dynamics of matter sites, where gauge-
violating operators induce motion only along the direction of
the electric field.

Our findings establish partial confinement as a distinct in-
termediate regime that governs quantum information dynam-
ics, bridging conventional confinement and deconfinement
paradigms. The directional scrambling mechanism provides
a sensitive diagnostic tool for distinguishing phases in lattice
gauge theories, complementing traditional correlation func-
tion analyses. Moreover, these results highlight the potential
of quantum simulators to probe non-equilibrium phenomena
in lattice gauge theories, with broader implications for under-
standing thermalization, many-body localization, and black-
hole information dynamics.
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