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Abstract
We present a comprehensive analysis of the magnetic excitations and electronic properties of
fully quantum double-exchange ferromagnets, i.e. systems where ferromagnetic (FM) ordering
emerges from the competition between spin, charge, and orbital degrees of freedom, but without
the canonical approximation of using classical localized spins. Specifically, we investigate spin
excitations within the Kondo lattice-like model, as well as a two-orbital Hubbard Hamiltonian
in proximity to the orbital-selective Mott phase. Computational analysis of the magnon
dispersion, damping, and spectral weight within these models reveals unexpected phenomena,
such as magnon mode softening and the anomalous decoherence of magnetic excitations as
observed in earlier experimental efforts, but explained here without the use of the phononic
degrees of freedom. We show that these effects are intrinsically linked to incoherent spectral
features near the Fermi level, which arise due to the quantum nature of the local (on-site)
triplets. This incoherent spectrum leads to a Stoner-like continuum on which spin excitations
scatter, governing magnon lifetime and strongly influencing the dynamical spin structure factor.
Our study explores the transition from coherent to incoherent magnon spectra by varying the
electron density. Furthermore, we demonstrate that the magnitude of the localized spin mitigates
decoherence by suppressing the incoherent spectral contributions near the Fermi level. We also
discuss the effective J1–J2 spin Hamiltonian, which can accurately describe the large doping
region characterized by the magnon-mode softening. Finally, we show that this behavior is also
present in multiorbital models with partially filled orbitals, namely, in systems without localized
spin moments, provided that the model is in a strong coupling regime. Our results potentially
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have far-reaching implications for understanding FM ordering in various multi-band systems.
These findings establish a previously unknown direct connection between the electronic
correlations of those materials and spin excitations.

Keywords: spin excitations, double-exchange ferromagnets, multiorbital Hubbard model

1. Introduction

The ferromagnetism of transition metal materials remains a
challenge despite nearly a century of investigation. Typically,
one of three approaches is used to describe the magnetic prop-
erties of a given compound. (i) In systems with localized
charge carriers, the localized magnetic moments form a lat-
tice (i.e. Heisenberg spin model) and interact via an exchange
mechanism [1]. (ii) In contrast, delocalized Bloch plane waves
mediate exchange interactions between spins in itinerant elec-
tron systems [2]. In such a situation, the scattering between
electrons and holes gives rise to the so-called Stoner con-
tinuum [3], which influences the stability of the magnetic
excitations. (iii) In the third scenario, both localized spins
and itinerant electrons coexist. Depending on the hybridiz-
ation between the latter and the strength of the interaction,
the behavior of such systems is encapsulated in the Hubbard–
Kanamori (HK) model [4, 5], the periodic Anderson model
[6], or (derived in the limit of strong interactions [7]) in the
Kondo-lattice model.

The third scenario is usually the right approach in strongly
correlated systems with more than one valence band con-
tributing to the Fermi level (i.e. in multiorbital systems).
The textbook [8–10] example of this phenomenon is present
in transition metals with partially filled d electron orbitals,
with perovskitemanganese oxides (manganites; R1−xAxMnO3

where R = La,Ho,Nd,Pr and A = Sr,Ca,Pb) as a prime
example. Here, three of four 3d electrons ofMn3+ ions occupy
t2g orbitals, and the remaining itinerant electron occupies
one of the eg orbitals [11]. The former are localized and
form (due to the Hund rules) an effective magnetic moment
of S= 3/2—often approximated by the semiclassical S→
∞ limit because of its large value. Since manganites show
a huge decrease in resistance by applying a magnetic field
(the so-called colossal magnetoresistance) [11, 12], consid-
erable effort was devoted to describing the nontrivial phys-
ics of interplay between mobile electrons and localized spins.
Consequently, the Kondo-lattice was extensively investigated
in the past [11, 13–18].

The magnetic properties of manganites and related com-
pounds are strongly influenced by the double-exchange
mechanism [19–21]. In the generic scenario, two ions with
different oxidation (e.g. Mn3+ and Mn4+ bridged by O2−)
can easily exchange the eg electron if its spin projection is
ferromagnetically (FM) aligned with the remaining t2g ones.
This constraint is a consequence of the FM Hund exchange
JH present in the system. Due to this mechanism, double-
exchange FM ordering naturally occurs in multiorbital sys-
tems at electronic densities away from half-filling (n ̸= 1).

Consider itinerant electrons interacting with localized mag-
netic moments. The interorbital Hund exchange JH favors par-
allel alignment of their spins, forming maximized local spins.
Let us discuss here a localized S= 1/2 spin and only one itin-
erant orbital for simplicity. At half-filling n= 1, states with
maximum local spin (forming triplets in this case) are favored
over doubly occupied or empty sites. Such system orders
antiferromagnetically (AFM) via a superexchange mechanism
with coupling ∝ 1/JH, similar to the mechanism known from
the single-orbital Hubbard model at large Hubbard interac-
tionU. However, unlike one-band models, FM ordering is pre-
ferred in multiorbital systems with large interactions (JH ≫ 1)
and n ̸= 1. The latter emerges from the kinetic energy of the
electrons. To minimize the energy, electrons that hop between
neighboring sites must have the same spin projection as the
localized spins. Consequently, the Hund interaction strongly
couples electronic transport with the system’smagnetism. This
work will consider two models where this scenario occurs: the
two-orbital Hubbard model and the generalized Kondo (gK)
model (both described in the next section).

Although the FM order is considered ‘trivial’, with,
e.g. simple Holstein–Primakoff magnons of [1− cos(q)] dis-
persion, the excitations above double-exchange ferromagnets
proved challenging. In the series of inelastic neutron scattering
(INS) experiments on manganites [22–29] unusual features,
characteristic across the R1−xAxMnO3 family, were found.
For all densities n the expected long-wavelength q→ 0 quad-
ratic Goldstone mode, ω(q)∝ q2, was observed. However, for
shorter wavelengths, a sharp dispersion gave way to strong
magnon decoherence and strongly n-dependent magnon mode
softening. In the naive classical spin-wave consideration [28,
29], the latter required nearest-neighbor (NN) and not well-
justified fourth-neighbor coupling (with vanishing second-
and third-NN coupling) to reproduce the experimental disper-
sion. Various origins and approaches have been proposed to
explain this behavior. Although the first-principle calculations
can provide at least a qualitative description of ‘simple’ metal-
lic and half-metallic ferromagnets [30–35] it was suggested
[36–39] that Coulombic interaction might be important and
effects beyond ab initio methods have to be considered.
Other approaches included, e.g. phase separation and the pres-
ence of magnetic polarons [11, 40–42], breakdown of the
canonical double-exchange limit [43], non-Stoner continuum
[44], spin-wave and 1/S-expansion [45–49], and strong spin-
lattice/orbital coupling [15, 27, 40, 50–54]. Importantly, the
latter is consistent with the experimental finding [22, 25,
28, 55] of the importance of Jahn–Teller phonons. However,
as shown below, in the full quantum model (i.e. with S=
1/2 localized moments), the unusual features of excitations
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above double-exchange ferromagnets are reproduced with the
‘simple’ Kondo-like model without Jahn–Teller distortion.

In the context of multiorbital systems, FM ordering also
appears in other materials. Recently, much interest has been
dedicated to the orbital-selective Mott phase (OSMP) in iron
pnictides or ruthenates in which the FM ordered phase can
appear [56–59], and to the coexistence of ferromagnetism
and superconductivity in heavy-fermionmaterials [60–62]. An
example of the latter is the exciting discovery [63] of spin-
triplet superconductivity in the U(Te,Ge)2 family of mater-
ials. Finally, it is worth noting that non-equilibrium setups
(i.e. pump–probe spectroscopy) can also induce a state with
coexistent FM and superconducting order in multiorbital HK
models [64, 65]. In this context, we will show that even in sys-
tems without localized spin moments, the overall behavior is
akin to the one described in the Kondo-lattice considerations.

To end this section let us list the main achievements of our
work:

(i) We present the magnon dispersion relation for a fully
quantum double-exchange ferromagnet.

(ii) We demonstrate that the characteristic features of spin
excitations identified experimentally in manganites—
specifically, magnon mode softening and anomalous
magnon damping—are present in the full many-body cal-
culations of the Kondo-lattice model without phononic
degrees of freedom.

(iii) We show that the single-particle spectral function of
double-exchange ferromagnets includes incoherent spec-
tral weight near the Fermi level. Such excitations con-
trol the magnon damping via scattering with a Stoner-
like continuum. Since the latter emerges from the local
multiplets present in the fully quantum system, they are
not possible when only classical localized spins are con-
sidered and are discussed here.

(iv) We investigate how themagnon dispersion depends on the
localized spin S length, rendering our results relevant to
many itinerant ferromagnets.

(v) We show that in the large doping region, n≳ 1.6, the spin
excitations can be effectively described by the J1–J2 spin
model. Our results confirm the phenomenological (exper-
imental) observation that magnon mode softening has to
be describedwith the help of second-NN interaction along
the primary lattice directions in the effective spin model
consideration.

(vi) We show that all of the above phenomena are also present
in the full two-orbital model, i.e. in the parameter region
where localized spins are absent.

The paper is structured as follows. In section 2, we set the
stage for the discussion about excitations above the double-
exchange ferromagnet. First, we examine the two-orbital
Hubbard Hamiltonian and briefly describe how the OSMP
emerges in this model. Next, we present the effective descrip-
tion, namely the gK model, for which most quantities will be
evaluated. We conclude this section by discussing the meth-
ods and parameters used in this work. Section 3 contains the

analysis of the single-particle spectral function and the dens-
ity of states. Finally, in section 4, we present the main results:
the spin excitations analysis of the quantum double-exchange
ferromagnet. This section also describes the Stoner-like con-
tinuum, which is necessary for understanding spin excitations,
and also the effective long-range spin Hamiltonian. Section 5
is devoted to spin excitations in the two-orbital Hubbard
model. The discussion and conclusions are given in section 6.
In the appendix, we present additional results for the charge
structure factor (appendix A) and the dependence on the sys-
tem parameters (appendices B and C).

2. Models and methods

2.1. Two-orbital HK model & OSMP

To be practical, we will carry out our study in one dimension
(1D) because the results are quasi-exact by using powerful
computational techniques. However, we argue that our conclu-
sions are generic and simple and could apply to higher dimen-
sions as well. The two-orbital 1D HK model is given by

H2O =
∑
γγ ′ℓσ

tγγ ′

(
c†γℓσcγ ′ℓ+1σ +H.c.

)
+∆CF

∑
ℓ

n1ℓ

+U
∑
γℓ

nγℓ↑nγℓ↓ +U ′
∑
ℓ

n0ℓn1ℓ

− 2JH
∑
ℓ

S0ℓ ·S1ℓ + JH
∑
ℓ

(
P†
0ℓP1ℓ +H.c.

)
. (1)

Here c†γℓσ (cγℓσ) represent electron creation (annihilation)
operator at orbital γ = {0,1} and site ℓ= {1, . . . ,L}, nγℓσ rep-
resents density operator (with nγℓ = nγℓ↑ + nγℓ↓), Sγℓ is the
local spin, andP†

γℓ = c†γ↑ℓc
†
γ↓ℓ. The first two terms in the above

equation represent the system’s kinetic energy, with t as hop-
ping and ∆CF as the crystal field, respectively. The rest of the
Hamiltonian accounts for potential energy: the third and fourth
terms describe the on-site electron repulsion, with intra-orbital
U and inter-orbital U′ interactions. The last two terms origin-
ate from themultiorbital physics: JH accounts for the FMHund
coupling between spins Sγℓ in different orbitals, maximizing
the total on-site spin. The model preserves SU(2) symmetry
when U ′ = U− 5/2JH [57].

The phase diagram of (1), i.e. as a function of the interaction
U strongly depends on the value of the Hund exchange JH. At
JH → 0, one can observe the ‘standard’ metal toMott insulator
transition, familiar from the single-orbital Hubbard model.
For JH ̸= 0, especially when JH ∼ U, a new phase can emerge
[57, 66]. In the case of orbital differentiation (e.g. t00 > t11,
or/and due to the presence of a crystal field ∆CF ̸= 0), one
of the orbitals can undergo a Mott phase transition, while the
other remains itinerant (metallic). This phenomenon is termed
the OSMP. Consequently, within the OSMP, itinerant elec-
trons interact with localized ones. Although the exact condi-
tions under which the OSMP is stabilized are still under study
[67–69], this phase appears to be relevant for various iron
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bottom of the noninteracting band. The analysis of the DOSs
(see figures 2 and 3(d)) indicates that 1/3 of spectral weight
close to the Fermi level is in the incoherent band, with the
remaining 2/3 in the free-fermion-like dispersion ∼ cos(q),
irrespective of the magnetization of the system. Consequently,
the additional weight in the A(q,ω) [or DOS(ω)] should be
visible in photoemission ARPES experiments, a novel predic-
tion of our effort. Importantly, as shown in the next section,
the incoherent band is necessary to understand the behavior of
spin excitations.

4. Spin excitations

In this section, we will discuss the dispersion of spin excita-
tions as measured by the dynamical spin structure factor

S(q,ω) =
1
L

∑
ℓ

ei(ℓ−L/2)q ⟨⟨TℓTL/2⟩⟩−ω . (7)

Here Tℓ = sℓ +Sℓ is the total spin at site ℓ. One of the main
results of this work is presented in figure 4, which shows
the electron density n dependence of S(q,ω). Several con-
clusions can be drawn directly from the presented results.
The quadratic behavior of long wavelength magnons can be
clearly recognized for all considered cases, i.e. ω(q→ 0)∝
q2. Figure 5(a) depicts fits of the dispersion toωm(q) = Jq→0q2

in the 0< q< π/4 region. Our results indicate that the long-
wavelength effective spin exchange Jq→0 increases till n≃ 1.6
and decreases afterward.

However, none of the considered cases can be fully
described by the coherent magnon dispersion ωm(q) =
Jq→0[1− cos(q)]. The behavior at shorter wavelengths (q/π ≳
0.4) strongly depends on the doping. For n> 1.5, we observe
a gradual softening of the magnetic excitations with increas-
ing electron density, along with a momentum-independent
mode across a wide range of wavelengths π/2< q< π for the
largest considered density n= 1.8. The behavior for n≲ 1.5
is strikingly different. Here, we note a highly incoherent dis-
persion for short wavelengths; namely, the magnons signi-
ficantly reduce their lifetime Γ. In figure 5(b), we present
the wavevector dependence of the magnon linewidths Γ(q)
obtained from the Lorentzian-like fits of S(q,ω) for a given
q, i.e.

f(ω) =
Λ

(ω−Ω)
2
+Γ2

, (8)

where Λ ,Ω ,Γ are fitting parameters representing a normal-
ization constant, position of the maximum, and linewidth,
respectively. As is evident from the presented results, for
q/π > 0.5, the magnons have a lifetime that is almost an
order of magnitude smaller for n≲ 1.5 than for n> 1.5.
Surprisingly, for q→ π, some results (e.g. for n= 1.5) regain
coherence (at least partially).

4.1. Magnon decoherence & Stoner continuum

The anomalous dependence ofmagnon lifetime on the electron
density n and wavelength q indicates a nontrivial scattering of
themagnons. The usual mechanism for such behavior in itiner-
ant magnets emerges from the Stoner continuum. In this scen-
ario, themagnetic excitations interact with charge fluctuations,
i.e. scattering between two coherent bands of electrons below
and above the Fermi level. In the generic case, one usually
considers a polarized (or partially polarized) system and trans-
itions between majority and minority electrons (which are par-
allel and antiparallel to the polarization of the system, respect-
ively), modeled by, e.g. equation (6) ωff(q). However, these
transitions correspond to ω ∝ JH, since majority and minor-
ity bands emerge from the mean-field decoupling of the Hund
term in (2), i.e. 2JH sℓ ·Sℓ → 2JH (szℓ · ⟨S

z
ℓ⟩+ ⟨szℓ⟩ · S

z
ℓ), justi-

fied only in S→∞ limit. Consequently, the Stoner continuum
in such a scenario lies much above the energy span WS ≲ t/2
of the spin excitations (see figure 5(a)). Even without polariz-
ation, the charge fluctuations between states of ωff(q) below
and above ϵF yield too high frequencies. In appendix A, we
present such a situation which, for the free fermion system,
corresponds to the dynamical charge structure factor N(q,ω).
However, as discussed in section 3, the noninteracting (spin-
less) solution does not fully capture the electron dynamics;
i.e. additional incoherent states exist below the Fermi level.
The following will discuss how a Stoner-like picture emerges
from this context.

Building the Stoner-like continuum from an incoherent
spectrum, like the one presented in figure 3(b), requires some
approximation. Let’s consider a simple dispersion

ωinco (q) = ωff (π)
[
1− cos2 (q/2)

]
, (9)

from the bottom of the noninteracting band ωinco(π) = ωff(π)
to the Fermi level ωinco(q= 0) = 0. In the next paragraph,
we will discuss the validity of this approximation. Here, let
us first focus on the generic properties of the above toy
model equation (9), also shown in figures 6(a1) and (a2) for
two different densities n. The Stoner-like continuum can be
constructed as

ωS (q) = ωff (k1)−ωinco (k2) , (10)

where q= mod (k1 + k2,2π), k1 > kF, and k2 < kF, see
figures 6(b1) and (b2). Note that in our consideration (e.g. fully
polarized Tztot = SL+ sL(2− n) magnetization sector) ωff(k1)
represents the band of σ =↓ fermions, whileωinco(k2) the inco-
herent band of σ =↑ fermions. For equation (9), a simple ana-
lytical formula for the q-dependent minimum of the Stoner
band from equation (10) is given by

ωBS (q) = (2t+µff)sin
2 ([q+ kF]/2) . (11)

In figures 6(c1) and (c2), the low-frequency behavior of
equation (11) is contrasted with the expected dispersion of
magnons, ωm(q)∝ [1− cos(q)]. The presented results show
that the Stoner continuum does not affect the ω→ 0 phys-
ics, i.e. ω(q→ 0)∝ q2. On the other hand, for q∼ π/2, the
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Figure 12. (a) Static electron correlations Ce(`) / h cy
i ci+ℓi of gK

model with S = 1=2 localized spins, calculated for U=t = JH=t = 20,
Tztot = 0, and n = 1:25 ; : : : ; 1:80 (points). Lines represent
noninteracting spinless fermions solution C(`) = � sin(kffF `)=�=`
with kffF = � nff = � (2 � n). (b) Electron density n dependence of
the ratio between nearest- and next-NN effective spin exchanges
Jeff(2)=Jeff(1) and electron correlations Ce(2)=Ce(1) = cos(kffF ).

by Ce(ℓ) =−sin(kffF ℓ)/π/ℓ with kffF = πnff (the result with
which we are in perfect agreement). Within such a solu-
tion, the ratio between nearest- and next-NN correlations is
given by Ce(2)/Ce(1) = cos(nffF ). In figure 12(b) we contrast
the latter and Jeff(2)/Jeff(1) value obtained from the fits to
the dispersion. As evident, Ce only qualitatively captures the
effective spin exchange behavior, i.e. it captures the overall
change of sign of Jeff(2) with n. However, the Ce(2)/Ce(1)
changes sign for n= 1.5, while our data indicate the change in
Jeff(2)/Jeff(1) for n≃ 1.6. Also, the electron density n depend-
ence of Ce(2)/Ce(1) is much stronger than the one obtained
from the fits.

Our results validate the experimental observation [23,
27–29] that describing magnon mode softening requires
incorporating second-NN interactions along a primary lat-
tice direction in the effective spin model. In the three-
dimensional classical spin-wave consideration, this indic-
ates strong spatial exchange anisotropy, i.e. finite coup-
ling in [1,0,0] , [0,1,0] , [0,0,1] and [2,0,0] , [0,2,0] , [0,0,2]
direction and vanishing in [1,1,0] , [1,0,1] and [1,1,1] dir-
ection. Various scenarios were proposed for the origin
of this non-monotonic behavior, e.g. coupling to phonons
[53], orbital ordering [27], or breakdown of the canonical
double-exchange limit [43]. Here, we show that calculations
within a fully quantum model reproduce the experimental
findings.

Figure 13. Orbitally-resolved electron density nγ for 
 = 0 ;1 of
the two-orbital Hubbard–Kanamori model as a function of orbital
differentiation t11=t00. Calculated for L= 60 sites, U=t = 32,
JH = U=4, and (a), (b), (c) n = 2:33 ;2:50 ;2:80, respectively.

5. Two-orbital Hubbard model

The gKmodel (2) with S= 1/2 localizedmoments is an effect-
ive description of the OSMP of the two-orbital Hubbard model
[75]. However, FM ordered phases occur over a wide range of
parameters in (1), even in the absence of apparent localized
electrons [104–109], that is, with finite charge fluctuations in
all orbitals. In such situations, the spin excitation analysis must
be performed in the full multiorbital setup.

In this section, we will consider the two-orbital HK
model (1) with hopping t00 = 0.5, t01 = t10 = 0, varying t11 ⩽
t00, and crystal field ∆CF/t= 0.2. We expect that orbital dif-
ferentiation, predominantly induced by t11 ̸= t00, leads to the
OSMP phase for sufficiently large Hubbard and Hund interac-
tions, as shown in previous studies [70, 71, 76, 110]. Here, we
choose a representative large Hubbard interaction U/t= 32.
In multiorbital systems, both the Hubbard and Hund values
originate from Coulomb interactions [111]. Consequently, we
link these two parameters by the relation JH = U/4 [18, 112,
113]. Finally, tomatch the results of this section to the previous
ones, we select a total electron density of n= 2.33 ,2.50 ,2.80.
If the system enters the OSMP, such n will correspond to
one electron in the Mott localized orbital (γ= 1) and an elec-
tron density of 1.33 ,1.50 ,1.80 on the itinerant orbital (γ= 0),
respectively. In figure 13 we present the hopping imbalance
t11/t00 dependence of the orbital γ = 0,1 resolved electron
density nγ =

∑
ℓ nγℓ. Our results indicate that for the large

enough orbital differentiation (here t11/t00 = 0.2), the γ= 1
orbital is singly occupied for all considered values of n,
indicating OSMP. In the opposite limit of equal bandwidth,
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particles result from the quantum nature of localized spins,
i.e. from the various local multiplets for given n.

Interestingly, these two types of excitations have vastly
different behavior. One is spinless, i.e. carrying effective
spin Seff = 0, while the other Seff = 1. The spinless qua-
siparticles exist above and below the Fermi level, and
they mainly determine the properties of the system related
to electron correlations, kinetic energy, and charge fluc-
tuations (see appendix A). Our numerical results confirm
such behavior, reproducing the noninteracting spinless solu-
tion perfectly. While the spinless particles are noninteract-
ing, yielding a sharp cos-like dispersion relation, a very
broad and incoherent spectrum of the Seff = 1-type indic-
ates a strong interaction between them and/or with other
degrees of freedom (e.g. with magnons). Due to the lat-
ter, the incoherent band is vital in understanding magnon
decoherence.

For all considered electron densities, n, the dispersion
of the spin excitations deviates strongly from the simple
Holstein–Primakoff consideration for the NN exchange coup-
ling ∝ [1− cos(q)]. In agreement with experimental invest-
igation on manganites (which realize JH|S| →∞ limit), we
observe that magnons strongly decohere and/or change the
dispersion towards the edge of the Brillouin zone, i.e. for
q→ π. The strong damping of magnons can be explained as
a consequence of their interaction with the Stoner-like con-
tinuum, which is built out of transitions between coherent
spinless quasiparticles and incoherent excitations. It’s import-
ant to note that such considerations go beyond the stand-
ard mean-field treatment of the Hund coupling. While the
spinless quasiparticles appear already in S→∞ treatment
of gK model (2) [98], the incoherent band of excitations is
a consequence of the quantum nature of localized spin (i.e.
S= 1/2). Furthermore, it is worth noting that the excitations
above the FM ordered ground state do not depend strongly
on the lattice dimensionality (at least within the Holstein–
Primakoff treatment). The scenario presented in this work is a
consequence of the various local multiplets present in the full
quantum mechanical treatment of the problem, a phenomenon
that is independent of lattice dimensionality. Consequently,
our findings are relevant for a broad family of FM ordered
multiorbital compounds, especially displaying the OSMP
properties.

Our results clearly show that magnon damping and mode
softening in quantum double-exchange ferromagnets are
present without the Jahn–Teller phonons (i.e. without any spin-
lattice/orbit coupling in the model). The latter is the canon-
ical explanation [50, 52] of these phenomena for JH|S| →∞
manganites. Although the Jahn–Teller distortion is necessary
for the proper description of such compounds [9, 13, 40, 51,
117], our results give an alternative explanation for the origin
of nontrivial spin dynamics. This is a remarkable result with
important implications. There may be cases in materials where
experimental features are believed to emerge from a combin-
ation of degrees of freedom that are not as active as assumed
in the past.

Data availability statement

The data that support the findings of this study are openly
available at the following URL/DOI: https://github.com/
jacekherbrych/DataRepository.

Acknowledgments

A M and E D were supported by the US Department of
Energy, Office of Science, Basic Energy Sciences, Materials
Sciences and Engineering Division. G A was supported by
the US Department of Energy, Office of Science, National
Quantum Information Science Research Centers, Quantum
Science Center. T T was supported by KAKENHI (Grant No.
24K00560) from the MEXT, Japan. J H acknowledges grant
support by the National Science Centre (NCN), Poland, via
Sonata BIS Project No. 2023/50/E/ST3/00033. The calcula-
tions have been carried out using resources provided by the
Wroclaw Centre for Networking and Supercomputing (http://
wcss.pl). The DMRG++ software developed in Oak Ridge
National Laboratory was used for all calculations presented
in this work. The code is available at https://code.ornl.gov/
gonzalo_3/dmrgpp.

Appendix A. Charge dynamics

Here, we discuss the behavior of the dynamical charge struc-
ture factor defined as

N(q,ω) =
1
L

∑
ℓ

ei(ℓ−L/2)q ⟨⟨nℓnL/2⟩⟩−ω , (A.1)

for the system parameters discussed in figures 1 and 4 of
the main text, i.e. for the gK model with S= 1/2 localized
spins, U/t= JH/t= 20, L= 200 sites, and Tztot = 0 magnet-
ization sector. Here nℓ = nℓ↑ + nℓ↓. In figure A1, we present
N(q,ω) for various electron densities n. It is important to
note that the total energy span of N(q,ω), and even the
bottom of N(q,ω), lies much above the spin excitations
bandwidth WS.

Our results indicate a perfect agreement between N(q,ω)
obtained within the gK model in the JH ≫ t limit and the
free-fermion solution. Specifically, for noninteracting spinless
electrons, one can evaluate the charge structure factor N(q,ω)
exactly [118, 119]. Such calculations are equivalent to the
Stoner continuum of the form

ωSff (q) = ωff (k1)−ωff (k2) , (A.2)

where q= mod (k1 + k2,L), k1 > kF, and k2 < kF, and the
free-fermion band ωff(q), equation (6). Note that within
Stoner-like considerations, one of the bands in (A.2) repres-
ents σ =↑ electrons, while the second band represents σ =↓
electrons. The above perfect agreement between the nonin-
teracting solution ωSff(q) and full many-body calculations of
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Figure A1. Dynamical charge structure factor N(q; ! ) of the gK model with S = 1=2 localized spin in the JH � t limit (U=t = JH=t = 20,
Tztot = 0 magnetization sector) for various electron doping levels, n = 1:33 ;1:40 ;1:50 ;1:60 ;1:66 ;1:80 (panels (a)–(f), respectively). The
red dashed line represents the borders of the Stoner continuum calculated from noninteracting bands, equation (A.2). The white dashed line
in all panels represents the span of the spin excitations WS. See figure 5(a). In all panels: L= 200, �!= t = 5 � 10� 3 and � = 2�! .

N(q,ω) within the gK model (2) in the JH/t≫ 1 limit indic-
ates that the charge fluctuations are indifferent to the incoher-
ent band of excitations.

Appendix B. Hubbard and Hund interaction
dependence

In section 4.1, we demonstrated that the Hubbard interactionU
opens a small gap in the incoherent part of the single-particle
spectral function A(q,ω). Here, we provide a detailed analysis
of this phenomenon. Furthermore, we present additional res-
ults of A(q,ω) and the dynamical spin structure factor S(q,ω)
for various values of the Hubbard U and Hund JH interaction.

As discussed in the main text, the role of the Hubbard
interaction (even for large U≫ t) is minor. Only the inco-
herent part of the single-particle spectral function differs
between different values of U. The detailed analysis of
the latter is presented in figure A2. Upon increasing the
value of U, one can observe that the large spectral weight

of the incoherent part slowly shifts from ω= 0 for U= 0,
through ω/t≃ 0.05 for U/t= 10 to ω/t≃ 0.1 at U/t= 20
(see figures A2(a1)–(c1)). The latter yields an incoherent
gap ∝ U, i.e. ∆inco(U)/t= 0,0.05,0.1, for U= 0 ,10 ,20,
respectively. The Stoner continuum with the gap values
corresponding to the position of the maximum spectral
weight and the spin excitations S(q,ω) are presented in
the second row of figure A2. We find that the region in
which the magnons lose coherence for a given U is bet-
ter described by ωinco(q), equation (12), and the correspond-
ing bottom of the Stoner continuum ωBS(q) when the appro-
priate ∆inco(U) is included (see dashed lines in figures A2
(a2)–(c2)).

Finally, our analysis indicates that both A(q,ω) and S(q,ω)
do not depend substantially on the values of the Hund
exchange JH, provided that JH ≫ t. In figures A2(c)–(f), we
present results for JH/t= 10,20,40. Specifically, the gap∆inco

does not change for all considered Hund values. Similarly, the
region with a decreased magnon lifetime is the same for all
considered JH.
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Figure A2. Analysis of (a)–(c) the Hubbard interaction U (for fixed JH=t = 20) and (d)–(f) the Hund exchange (for fixed U=t = 20)
dependence of the single-particle spectral function A(q; ! ) and the dynamical spin structure factor S(q; ! ) of the gK model. (a1), (b1), (c1)
Incoherent part of A(q; ! ) as calculated for U=t = 0 ;10 ;20, respectively. Dashed lines represents approximation ! inco(q), equation (12),
with � inco=t = 0 ;0:05 ;0:1. (a2), (b2), (c2) Spin excitations S(q; ! ) are calculated for the corresponding values of U. Dashed lines (red,
green, white) represent the bottom of the Stoner continuum ! BS(q) evaluated for � inco=t = 0 ;0:05 ;0:1, respectively. (d1)–(f1) Hund
exchange JH=t = 10 ;20 ;40 dependence of the incoherent part of A(q; ! ) and (d2)–(f2) corresponding S(q; ! ). Other parameters of the
calculations: A(q; ! ) data, panels (a1)–(f1), calculated with �!= t = 4 � 10� 2 and Tztot = SL+ sL(2 � n). S(q; ! ) data, panels (a2)–(f2), are
calculated with �!= t = 6 � 10� 3 and Tztot = 0. In all panels: n= 1.50, L= 200, and � = 2�! .
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Table B1. Fit parameters a, b, and c of the ! fit(q) = a tanh(bqc) function for various electron densities n.

n 1:25 1:33 1:40 1:50 1:60 1:66 1:75 1:80

a 0.30 0.43 0.55 0.55 0.47 0.36 0.23 0.16
b 0.04 0.06 0.08 0.14 0.20 0.30 0.50 0.60
c 3.0 2.9 2.8 2.5 2.2 2.0 2.0 2.0

Appendix C. S(q,ω) fits details

In section 4.2, we have shown the analysis of the magnon dis-
persion relation obtained from the fits ωfit(q) to the maximum
of S(q,ω) for given q (i.e. to the data presented in figure 4).
We have chosen ωfit(q) = a tanh(bqc) as a fit function, and the
results of the procedure are given in table B1. Note that the
functional form of ωfit(q) is arbitrary and ‘simple’ polynomial
fit ωfit(q)∝

∑
i ai q

i would yield similar results. Nevertheless,
the tanh function is consistent across all considered electron
densities n. Since in the inversion symmetric systems, one
expects q→−q symmetry, we explicitly assume ωfit(2π−
q) = ωfit(q), i.e. we investigate only 0⩽ q⩽ π.
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