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Magnetic polarons at finite temperature: One-hole spectroscopy study

Toni Guthardt ,1 Markus Scheb ,1 Jan von Delft ,1,2 Annabelle Bohrdt ,1,2,3 and Fabian Grusdt 1,2

1Department of Physics and Arnold Sommerfeld Center for Theoretical Physics (ASC), Ludwig-Maximilians-University Munich,
Theresienstrasse 37, D-80333 Munich, Germany

2Munich Center for Quantum Science and Technology, Schellingstrasse 4, D-80799 Munich, Germany
3Institut für Theoretische Physik, Universität Regensburg, D-93035 Regensburg, Germany

(Received 14 April 2025; revised 24 September 2025; accepted 7 October 2025; published 14 November 2025)

The physics of strongly correlated fermions described by Hubbard or t-J models in the underdoped regime—
relevant for high-temperature superconductivity in cuprate compounds—remains a subject of ongoing debate. In
particular, the nature of charge carriers in this regime is poorly understood, in part due to the unusual properties of
their spectral function. In this Letter, we present unbiased numerical results for the one-hole spectral function in
a t-J model at finite temperatures. Our study provides valuable insights into the underlying physics of magnetic
(or spin-) polaron formation in a doped antiferromagnet (AFM). For example, we find how the suppression
of spectral weight outside the magnetic Brillouin zone—a precursor of Fermi arc formation–disappears with
increasing temperature, revealing nearly-deconfined spinon excitations of the undoped AFM. The pristine setting
we consider can be directly explored using quantum simulators. Our calculations demonstrate that coherent
quasiparticle peaks associated with magnetic polarons can be observed up to temperatures T > J above the
spin-exchange J , routinely obtained in such experiments. This paves the way for future studies of the fate of
magnetic polarons in the pseudogap phase.

DOI: 10.1103/4588-hpc2

I. INTRODUCTION

The disappearance of antiferromagnetism underlies a va-
riety of exotic phenomena of strongly correlated electrons,
including heavy-fermion superconductivity related to Kondo
couplings [1], or pseudogap formation in hole-doped cuprate
compounds [2,3]. A natural starting point for understanding
the underlying physics is to work in the strong-coupling limit,
where Hubbard interactions U � t dominate over tunneling
t , and consider the elementary charge carriers of the doped
AFM Mott insulator. These magnetic, or spin-, polarons [4–7]
correspond to the quasiparticles formed upon removing a sin-
gle fermion from the Mott insulator and creating a mobile
vacancy, the doped hole. They have been observed experimen-
tally in solids [8,9] and in neutral atom quantum simulators
[10–12].

Angle-resolved photoemission spectroscopy [13] (ARPES)
studies on hole-doped cuprates provide evidence that the
physics of magnetic polarons, whose ground states are well
understood deep in the AFM phase [6,7,14–22], is related
to the physics of Fermi arcs in the pseudogap regime.
Specifically, laser-ARPES studies on few-layer copper-oxide
compounds suggest that the small Fermi pockets around the
nodal point (π/2, π/2) associated with magnetic polarons
continuously evolves into Fermi arcs with decreasing spectral
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weight outside the magnetic Brillouin zone (BZ) as doping is
increased from 1% to around 5% [23]. This is consistent with
theoretical calculations based on linear spin-wave theory [24]
and cellular dynamical mean-field theory [25], and motivates
further studies of the distribution of spectral weight of mag-
netic polarons.

In this Letter, we present results from unbiased numeri-
cal simulations of the one-hole spectral function in the t-J
model at variable temperatures, based on matrix product states
(MPS) [26–28]. First we reveal stable magnetic polaron fea-
tures in the spectrum up to temperatures T > J well above
the spin-exchange J , see Fig. 1. This is remarkable, given the
quick demise of AFM correlations beyond nearest neighbor
sites at these high temperatures. Second, when temperature is
increased we report on the appearance of low-energy spectral
weight outside the magnetic BZ, where the signal is strongly
suppressed at low temperatures in a precursor of Fermi-arc
formation. We explain these features in terms of thermally
excited, nearly-deconfined spinons [29] in the parent AFM.

The spectral properties of magnetic polarons in the t-J
model have been investigated in great detail at T = 0 [30–33].
Initial work was based on the linear-spin wave approxi-
mation [6,7], and combined with the self-consistent Born
approximation (SCBA) to predict the shape of the one-hole
spectrum [16,18,34–36]. While the SCBA has been validated
on the level of the linear spin-wave Hamiltonian [37], un-
biased numerical studies of the one-hole spectrum in the
more fundamental t-J model, including exact diagonalization
[38,39], diagrammatic Monte Carlo [40,41] and MPS [42],
have revealed discrepancies at higher energies. These have
been traced back to interactions among spin-waves [22,43],
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FIG. 1. Single-hole ARPES spectrum at the nodal point k =
(π/2, π/2), computed for various temperatures T indicated on the
right. We consider a t-J model at t/J = 3, on a four-leg cylinder
accessible to our time-dependent MPS simulations that we combine
with purification schemes to obtain finite-T spectra. At low energies,
around ω � −6 J , a well-defined quasiparticle peak associated with
magnetic polaron formation is visible up to fairly high temperatures
(T � 1.4 J).

which lead to the disappearance of string-excitations of mag-
netic polarons [4,35,44–47] beyond the first vibrational peak
[41,42]. The finite-temperature one-hole spectrum remains
much less studied, with the notable exception of a linear-spin
wave analysis [48].

One of the most intriguing features of the T = 0 one-hole
spectrum, not captured by SCBA, is a strong suppression of
spectral weight outside the magnetic BZ up to energies on
the order of t above the ground state when t > J [40,42].
This phenomenon has been argued [42] to be related to the
formation of Fermi-arcs, through features in the spectrum as-
sociated with nearly-deconfined spinons. Our analysis of finite
temperature spectra in this Letter provides direct evidence for
this picture.

While the temperatures studied in this manuscript may
appear high from the perspective of low-temperature con-
densed matter physics, the regime T = 0.25–2 J is directly
relevant for several reasons. First, such temperatures are rou-
tinely accessed in quantum simulation platforms, including
ultracold atoms in optical lattices and Rydberg atom arrays,
which serve as tunable models of doped Mott insulators. Even
in solid-state systems like the cuprates, angle-resolved pho-
toemission spectroscopy (ARPES) is typically performed at
finite temperature, with T ≈ 0.25 J corresponding to room
temperature. Second, our finding that spin polaron features
remain well defined up to T ∼ 2 J highlights their robustness
beyond the zero-temperature limit, suggesting that magnetic
polarons are relevant for the finite-temperature behavior of
strongly correlated systems.

II. MODEL AND METHOD

Throughout this work we consider zero or one hole in the
t-J Hamiltonian,

Ĥ = −t
∑
〈i,j〉,σ

P̂ (ĉ†
i,σ ĉj,σ + H.c.)P̂ + J

∑
〈i,j〉

(
Ŝi · Ŝj − n̂in̂j

4

)
,

(1)

where P̂ projects onto states with at most one fermion ĉj,σ

per site, i.e., n̂j = ∑
σ ĉ†

j,σ ĉj,σ � 1, and Ŝj is the spin operator
at site j. This model has been proposed to describe high-Tc

cuprate superconductors [49], captures key properties of their
phase diagrams [50] and can be obtained, up to a correlated
hole-hopping term ∝ J = 4t2/U , as the low-energy limit of
the Hubbard model.

In addition to their (approximate) realizations in solids,
pristine implementations of t-J [12,51–53] and Fermi-
Hubbard models [54–56] with tunable model parameters have
been achieved in neutral atom quantum simulators, as well
as in digital platforms [57,58]. In all of these experimental
settings, the momentum-resolved spectral function that we
study in this Letter can be measured, using ARPES in solids or
neutral-atom incarnations of the latter in quantum simulators
[52,59–64].

We calculate the one-hole spectral function, S(k, ω) =
−	A(k, ω)/π , from the Fourier transformation,

A(k, ω) =
∫ ∞

−∞
dτ e−iωτ

∑
j

e−ikjC0,j(τ ), (2)

of a space and time-dependent correlation function Ci,j(τ ).
The latter can be directly computed using MPS as the time-
evolution of an initial thermal state of the AFM with a single
hole created at site i (we set h̄ = 1),

Ci,j(τ ) = −i
∑

σ

〈
ψ

puri
equil

∣∣eiĤτ ĉ†
j,σ e−iĤτ ĉi,σ

∣∣ψpuri
equil

〉
. (3)

Here |ψpuri
equil〉 is the finite temperature purified state of the

undoped AFM in equilibrium.
Our simulations start by calculating |ψpuri

equil〉 on a cylinder
with length Lx = 18 and width Ly = 4. We use the density
matrix renormalization group [65,66] in the language of MPS
[67], adapted to finite temperatures via a purification scheme
[68–70] and enhanced by the use of disentanglers [26]. We
simulate the time-evolution in Eq. (3) by combining two
MPS-based algorithms [27]: To capture the initial spreading
of entanglement across the MPS we begin with a single step
of the more expensive, global Krylov scheme [71–73]. Then
we switch to the local, but less expensive time-dependent-
variational-principle algorithm [74,75]. This procedure is
improved by the use of a backwards-time-evolution scheme
[76–78], which allows to reach longer times without fur-
ther approximations. In addition, we make use of controlled
bond expansion [28,79], which effectively performs two-site
optimization at one-site cost. Symmetries in tensor network
computations were exploited using the QSpace tensor library
[80–82]. Finally, in order to extend the time window that
we can use for the integration in Eq. (2), we employ linear
prediction [83] and multiply the correlation function C0,j(t )
with a Gaussian envelope [84].

While density matrix renormalization group (DMRG)
methods are most efficient in one dimension, recent al-
gorithmic developments have significantly extended their
applicability to quasi-two-dimensional systems. In particular,
modern tensor network techniques such as the controlled bond
expansion (CBE) allow for reliable simulations of challenging
quasi-two-dimensional systems. These advances enable us to
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FIG. 2. Finite temperature ARPES spectra, computed for t/J = 3 on a four-leg cylinder. We use the convention ω > 0 for positive energy
excitations. Note that this is opposite to the convention commonly adopted in ARPES, where ω < 0 corresponds to occupied states. (a) We
show the single-hole spectrum at T = 0.99 J along the S-shaped cut through the BZ shown in the inset. At low energies the characteristic
spectral signatures of magnetic polarons remain visible. (b) We show the evolution of the spectrum as temperature T/J is increased, along a
cut from (0, π ) to (π, π ). Around (π, π ), a pronounced spectral gap for ω � 0 is visible at the lowest temperatures which gradually fills up
as T is increased. The predicted low-energy thermal spinon lines (dashed and dotted lines) for this four-leg cylinder are also indicated, along
with the approximate magnetic polaron dispersion (solid lines), as discussed in the main text.

access intrinsic spectral features of the two-dimensional t-J
model with state-of-the-art accuracy.

An additional challenge arises from ensuring sufficient
thermalization during real-time evolution at finite tempera-
ture. Since entanglement grows rapidly and the Hilbert space
is truncated, there is a risk that incomplete thermalization
could artificially enhance coherent features. To mitigate this,
we perform convergence checks with respect to several pa-
rameters including the bond dimension, see Supplemental
Material [85], ensuring that the extracted spectral features are
robust and physically meaningful.

A. Quasiparticle properties at finite T

We begin the discussion of our results by focusing on the
quasiparticle peak associated with the formation of a magnetic
polaron. Figure 1 shows spectral cuts S(k, ω) for differ-
ent temperatures at the nodal point, k = (π/2, π/2), where
the minimum of the magnetic polaron dispersion is located.
We consider the case t/J = 3, but obtain similar results for
t/J = 1 and 5, see Supplemental Material [85]. For the lowest
temperatures, T = 0.25 J , we observe a sharp quasiparticle
peak around ω ≈ −6 J whose width is Fourier-limited by the
finite time of our accessible time-dependent MPS calculations
of Eq. (3).

With increasing temperature, up to T � 2 J , the magnetic
polaron peak remains clearly visible. In this regime its en-
ergy shifts to lower frequency, reaching ω ≈ −7 J at T ≈ 2 J .
Moreover the peak broadens and its width is temperature-
instead of Fourier-limited. This behavior is typical for pola-
ronic models, independent of the details of the model [86].
At temperatures above T � 2 J , the coherent quasiparticle
feature disappears, making way for a low-energy shoulder
which finally also dissolves above T � 5 J . At that point,
the entire spectrum becomes featureless and broad. The as-
sociated energy scale is consistent with the magnetic polaron
bandwidth of W ≈ 2 J [16,19,20]. Similar behavior is found
at other momenta within the magnetic BZ, see Fig. 2(a).

For the lowest temperatures the first string excitation
peak of the polaron [40–42,46], at �ω ≈ 3.5 J above the
ground state, is also clearly visible in Fig. 1. Like the main

quasiparticle peak, this feature broadens and shifts to lower
frequencies before it vanishes at temperatures T ≈ J , some-
what before the magnetic polaron ground state disappears.
Closer to the center of the BZ around k = (0, 0), this first
string excitation remains visible up to slightly higher temper-
atures, see Fig. 2(a).

The robustness of the magnetic polaron features that we
find upon increasing temperature to between J and 2 J is
remarkable, given that the undoped parent AFM in two
dimensions has no long-range order at any T > 0. The
AFM correlation length diverges exponentially with 1/T and
reaches a few lattice sites only below T � 0.6 J [87]. On
the other hand, the nearest-neighbor spin-spin correlations of
the parent AFM become sizable already around T � J . This
suggests that the presence of local spin correlations is essential
for seeing spectral signatures of magnetic polarons, rather
than long-range AFM order.

B. Low-energy spectral weight

Next we discuss the evolution of low-energy spectral
weight around k = (π, π ) outside the magnetic BZ as tem-
perature is increased. Our numerical results are shown in
Fig. 2(b), focusing on a cut from (0, π ) to (π, π ), where
the redistribution of low-energy spectral weight is most pro-
nounced. In agreement with calculations at T = 0 [42], at low
temperatures T � J we observe a nearly complete suppres-
sion of spectral weight below ω � 0 at k = (π, π ). Since the
undoped parent AFM ground state breaks the translational
symmetry, single-hole eigenstates at k = (π, π ) exist at the
same eigenenergies as at k = (0, 0), where spectral weight
is observed down to ωmin ≈ −t . That is, all magnetic po-
laron states at k = (π, π ) with energies below O(t ) above
the ground state have negligible spectral weight. We confirm
this picture by our calculations of the one-hole spectrum at
t/J = 5, see Supplemental Material [85], where an even larger
spectral gap ≈10 J is found at k = (π, π ) at low temperature.

This behavior can be interpreted [42] as a precursor of
Fermi-arc formation observed in hole-doped cuprates in the
pseudogap regime, where a sharp drop of spectral weight
across the edge of the magnetic BZ is found [23,88]. A similar
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feature is well known to arise in the one-hole spectrum of a
one-dimensional (1D) spin-chain [89], where it is explained
by a combination of spin-charge separation and the descrip-
tion of the one-dimensional Heisenberg AFM as a spinon
Fermi sea [90–92]. However, exact numerical studies in 1D
systems found that this feature disappears upon increasing
temperature [63], which can be traced back to thermal excita-
tions of spinon states above the spinon Fermi surface [63,93].
Now we report on a similar effect in two-dimensional systems.

Upon increasing temperature beyond T � 0.7 J , in
Fig. 2(b) we indeed observe the gradual reemergence of low-
energy spectral weight at k = (π, π ). On the one hand, the
magnetic polaron branch featuring a dispersion maximum at
k = (π, π ) [solid lines in Fig. 2(b)] gains spectral weight
and remains visible as a well-defined peak beyond T � 1.4 J ,
before thermal broadening dominates above T > 2 J . On the
other hand, additional weight appears below the magnetic
polaron branch, down to frequencies well below the lowest
spectral feature at T = 0 [42] located at k = (π/2, π/2). This
indicates that the underlying microscopic processes extract
energy from thermal excitations on top of the undoped initial
state. At T � J the lowest-energy spectral feature we find
across the entire BZ is located at k = (π, π ), which motivates
us to study this momentum point more closely.

While our analysis focuses on the (0, π )–(π, π ) direc-
tion, we have also examined other momentum cuts, such
as (π, 0)–(π, π ), which display qualitatively similar trends.
This suggests that the observed redistribution of low-energy
spectral weight across the magnetic Brillouin zone is a robust
feature, even though a full momentum-resolved analysis is
limited by resolution and computational cost.

Interestingly, the reappearance of spectral weight near
(π, π ) at elevated temperatures resembles features reported
in lightly doped systems [94,95], suggesting a connection be-
tween thermal and doping-induced excitations. This similarity
may reflect the mixing of particle and hole contributions at
finite temperature, as expected from the Lehmann represen-
tation, where thermally excited spin backgrounds can enable
processes analogous to those in doped systems. Such parallels
highlight the broader relevance of our findings across different
regimes of strongly correlated matter.

The additional spectral weight appearing around
k = (π, π ) as temperature is increased has a notable
sub-structure. First, at T = 0.71 J in Fig. 2(b), we observe
one additional low-energy branch emerging O(J ) below the
magnetic polaron (following the dashed line). Later, beyond
T � 0.99 J in Fig. 2(b), a further pronounced maximum
emerges between the two previous lines around k = (π, π ),
which remains visible up to high temperatures T > 4 J .
The same phenomenology, with two additional branches
emerging at two different temperatures, is found in our
simulations at t/J = 5, see Supplemental Material [85].
In particular, a comparison of the additional branches at
t/J = 3 and 5 shows that their energy scales as ∝ J , almost
completely independent of t/J in the regime where t > J , see
Supplemental Material [85] for details.

We expect that the existence of such well-defined peaks
in the spectrum, appearing at elevated temperatures, is
likely related to the small circumference, Ly = 4, of the
cylinder to which our simulations are constrained due to

technical limitations. This view is supported by our following
theoretical interpretation, and suggests that a less structured
spectral feature with a width of several J can be expected
below a well-defined magnetic polaron branch in an extended
two-dimensional system.

C. Nearly-deconfined spinons

To explain the low-energy spectral features emerg-
ing around k = (π, π ) at intermediate temperatures,
0.5 J � T � 2J , we model the undoped parent AFM as
a resonating valence-bond (RVB) state perturbed by a
staggered magnetic field representing the nonzero Néel
order parameter of the AFM ground state [29,96]. To this
end, spin operators are represented by fermionic spinons
f̂j,α in the following way, Ŝμ

j = 1
2

∑
α,β=↑,↓ f̂ †

j,ασ
μ

α,β f̂j,β ,
where σμ denotes Pauli matrices (μ = x, y, z) and subject
to the constraint

∑
α f̂ †

j,α f̂j,α = 1. A mean-field Hamiltonian
for spinons yielding accurate ground state energies (below
1% error) after Gutzwiller projection [29,96,97] includes a
staggered magnetic flux ±
 and a staggered magnetic field
Bst breaking the SU(2) symmetry. It leads to a two-band
spinon dispersion ω±

s (k) for k in the magnetic BZ, with
bandwidth O(J ), of which the lower band ω−

s (k) < 0 is filled
and the upper band ω+

s (k) = −ω−
s (k) is empty.

The antiferromagnetic pinning field Bst ≈ 0.44 J intro-
duced in the RVB mean-field ansatz is a variational parameter
used to model short-range AFM correlations. While it explic-
itly breaks SU(2) symmetry at the mean-field level, it does not
artificially cause the suppression of spectral weight at (π, π ).
Similar suppression is found even for Bst = 0 [42] and only
disappears for significantly larger pinning strengths. As tem-
perature increases, the effective Bst decreases and vanishes in
the high-temperature regime [98], consistent with the absence
of long-range magnetic order.

While spinons are confined in the parent AFM, appearing
as spin-one pairs (magnons) in the dynamical structure factor,
their nearly-deconfined nature has been argued to manifest in
high-energy spin-excitations indirectly revealing the structure
of weakly interacting spinons [29]. In addition, it has been
shown that individual doped holes ĉσ ∼ f̂σ ĥ† can be described
as bound states of confined chargons ĥ and spinons [20].
Since chargons are light (mass ∝ 1/t) and spinons heavy
(mass ∝ 1/J), the dispersion relation of the resulting magnetic
polaron is essentially determined by −ω−

s (k) = ω+
s (k) up to

an overall normalization [19]. Inspection of the spinon disper-
sion ω±

s (k), see Supplemental Material [85], reveals that this
picture correctly reproduces the shape of the magnetic polaron
dispersion ωmp(k) [20], as confirmed by our fit to the polaron
branch in Fig. 2(b). This picture moreover explains the drop of
spectral weight outside the magnetic BZ at low temperatures,
see Fig. 3(a), since the spinon Fermi sea essentially extends to
the edge of the magnetic BZ [42].

It should be noted that our mean-field approach is based on
a slave-fermion decomposition with a fixed mean-field gauge
choice, in which the spinon momentum coincides with the
physical electron momentum. While the parton construction
introduces an internal gauge redundancy, gauge fluctuations
are neglected at the mean-field level. In this regime, the spinon
largely determines the low-energy structure of the magnetic
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FIG. 3. Illustration of spinon states contributing to the single-
hole ARPES spectrum. Initial states (top row) connected to final
states (bottom row) by ĉσ = f̂σ ĥ† are shown. (a) At T = 0 a spinon
from the lower band is removed and a spinon-chargon ( f̂ ĥ†) bound
state constituting the magnetic polaron is formed. (b) At T > 0,
thermal fluctuations lead to spinons in the upper band which can be
deexcited by the ARPES beam. (c) Combining scenario (b) with an
additional scattering of the spinon-hole f̂ off the chargon ĥ† leads to
additional spectral features.

polaron, while the chargon contributes a broad background.
This justifies using the spinon dispersion ω−

s (k) as a proxy
for the dispersion relation of the magnetic polaron.

Also note that although the holon is light and moves
rapidly for t � J , the low-energy part of the spectral func-
tion is governed by the spinon due to its larger effective
mass. In the magnetic polaron picture, the spinon-holon
bound state inherits its dispersion primarily from the heavier
spinon component, leading to ωmp(k) ≈ ω−

s (k). While the
holon perturbs the spin background, this dressing process
does not destroy spinon coherence but instead renormalizes
it, giving rise to a well-defined quasiparticle with internal
spinon structure. The use of a mean-field RVB background
remains justified in this regime due to the persistence of
antiferromagnetic correlations and the coherence of spinon
dynamics.

If a thermally excited spinon f̂ †
k in the upper band, cor-

responding to k outside the magnetic BZ [42], exists in the
initial state and is deexcited by the ARPES beam, the re-
maining f̂k′ hole-type spinon excitation in the lower band
can form a magnetic polaron bound state at momentum k′
with the chargon. This process is illustrated in Fig. 3(b)
and corresponds to momentum and energy transfers k and
ω = −ω+

s (k) + ωmp(k′). It readily explains why the lowest-
energy spectral weight in Fig. 2 appears at k = (π, π ), where
−ω+

s (k) = ω−
s (k) becomes minimal, and for energies O(J )

below ω0
mp = minq(ωmp(q)). A second type of process al-

lowed for T > 0 starts from the same thermally excited spinon
f̂ †
k in the upper band, which is deexcited by the ARPES beam.

In this case it is assumed that the corresponding hole-type
spinon excitation f̂k′ in the lower band simultaneously scatters
from k′ to a final momentum k′ + �k. This is illustrated in
Fig. 3(c) and implies momentum and energy transfers k + �k
and ω = −ω+

s (k) + ωmp(k′ + �k).
The single-hole ARPES spectrum is obtained as a convolu-

tion of the initial spinon and the final magnetic polaron states,
combining all processes above and implying a broad spectral
feature around k = (π, π ) at finite temperature. However, ad-
ditional maxima in the spectrum can emerge when taking into
account the increased density of states of magnetic polarons

at the edge of the magnetic BZ. This effect is particularly
pronounced on the four-leg cylinder we study, where low-
energy magnetic polarons with a high, quasi-one-dimensional
density of states along kx exist only at the inequivalent mo-
menta (π, 0), (π/2, π/2), (0, π ), at similar energy ω0

mp.
Allowing only these final magnetic polaron momenta in
the processes described in Fig. 3 yields three pronounced
peaks observed around k = (π, π ) in Fig. 2(b): the mag-
netic polaron at T = 0 (solid line) and the thermal spinon
without (dashed) and with (dotted) scattering. The precise
fit parameters we used in Fig. 2(b) are provided in the
Supplemental Material [85]. The expected features are in
good qualitative agreement with our numerically obtained
spectra.

III. DISCUSSION AND OUTLOOK

The t-J model studied in this work, and the closely related
Hubbard model, have been realized using ultracold atoms
in optical lattices [53–56,99] as well as in Rydberg tweezer
arrays [12], allowing for measurements of the single-hole
ARPES spectrum [63,64,100]. The robustness of the quasi-
particle peak we find in our spectra, up to T ≈ 2 J , i.e., well
above the temperatures reached in state-of-the-art experiments
[101], indicates that spectroscopic studies of magnetic po-
larons are well within reach.

A central result of our work is the prediction that low-
energy spectral weight—notably absent at low temperatures—
reappears outside the magnetic BZ as T increases. We explain
this phenomenon by nearly-deconfined spinon excitations
in the undoped Heisenberg AFM, which may also underlie
Fermi-arc formation. We propose to test this hypothesis fur-
ther by performing measurements at finite doping, or using
pump-probe variants of ARPES [93]. By establishing how
spectral weight reappears outside the magnetic BZ we hope
to reveal the mechanism leading to its suppression at low T in
the first place.

Although the temperature range T = 0.25–2 J explored in
this work extends well above the low-temperature limit often
associated with doped Mott insulators, it is directly relevant
for both experimental and theoretical reasons. On the exper-
imental side, similar temperatures are routinely achieved in
quantum simulation platforms such as ultracold atoms and
Rydberg arrays, where the dynamics of doped Mott systems
can be probed with microscopic control. In addition, ARPES
experiments on cuprate materials are typically conducted at fi-
nite temperatures corresponding to this scale. The persistence
of polaron features up to T ∼ 2 J thus points to their robust-
ness, suggesting that such quasiparticles remain meaningful
even when thermal fluctuations are substantial.

A natural next step is to extend our approach to com-
pute spectral functions on top of a finite-doped, finite-
temperature background. While conceptually straightforward,
this presents significant numerical challenges due to increased
entanglement and particle-number constraints. We leave this
promising direction for future work.

Further possible extensions of our work include the study
of Hubbard-Mott excitons [102,103], rotational one-hole ex-
citations [47,104] or two-hole ARPES spectra [105,106] at
finite temperatures. All these approaches will lead to a better
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microscopic understanding of the emergent charge carriers of
doped AFM Mott insulators in the strongly correlated regime,
believed to constitute key ingredients of high-Tc superconduc-
tivity in cuprate compounds.

An interesting direction for future work is to explore how
phase shifts associated with hole doping—such as those ob-
served in the 1D Hubbard model [107] and proposed to
generalize to (±π/2,±π/2) in 2D [108]—might influence
the spectral function. Our current mean-field framework does
not explicitly incorporate such phase shifts, but the reemer-
gence of spectral weight near (π, π ) at finite temperature may
reflect related underlying physics. Making this connection
more precise could offer further insight into the momentum
structure of magnetic polarons.

While Schwinger bosons provide a natural description of
long-range antiferromagnetic order through spinon condensa-
tion, they are less suited for capturing the finite-temperature
dynamics considered here. In particular, a bosonic spinon
mean-field treatment tends to produce strong spectral weight
at (0,0) or (π, π ), inconsistent with numerical results [42].
By contrast, the fermionic spinon framework used in our
study effectively models short-range AFM correlations and
reproduces key spectral features such as the suppression of
weight at (π, π ). Going beyond mean-field theory, bosonic
and fermionic approaches may become equivalent, but such
treatments remain prohibitively difficult.

Complementary real-time and real-space dynamics of a
single mobile hole in the two-dimensional t-J model at finite

temperature are explored in a follow-up paper [109]. That
work analyzes the hole’s spreading behavior and associated
spin correlations, providing insight into dynamical processes
relevant for cold-atom experiments. Together, these studies
offer a comprehensive picture of both spectral and dynamical
properties of doped Mott insulators at finite temperature.

ACKNOWLEDGMENTS

The authors thank Sebastian Paeckel and Pit Bermes for
helpful discussions. This work was funded in part by the
Deutsche Forschungsgemeinschaft under Germany’s Excel-
lence Strategy EXC-2111 (Project No. 390814868). It is part
of the Munich Quantum Valley, supported by the Bavar-
ian state government with funds from the Hightech Agenda
Bayern Plus. F.G. acknowledges funding from the European
Research Council (ERC) under the European Union’s Horizon
2020 Research and Innovation Program (Grant Agreement
No. 948141) — ERC Starting Grant SimUcQuam.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available upon publication because it is not techni-
cally feasible and/or the cost of preparing, depositing, and
hosting the data would be prohibitive within the terms of this
research project. The data are available from the authors upon
reasonable request.

[1] G. R. Stewart, Heavy-fermion systems, Rev. Mod. Phys. 56,
755 (1984).

[2] P. A. Lee, N. Nagaosa, and X.-G. Wen, Doping a Mott
insulator: Physics of high-temperature superconductivity, Rev.
Mod. Phys. 78, 17 (2006).

[3] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida, and J.
Zaanen, From quantum matter to high-temperature supercon-
ductivity in copper oxides, Nature (London) 518, 179 (2015).

[4] L. Bulaevskii, E. Nagaev, and D. Khomskii, A new type of
auto-localized state of a conduction electron in an antiferro-
magnetic semiconductor, JETP, 836, 27 (1968).

[5] S. A. Trugman, Interaction of holes in a Hubbard antiferro-
magnet and high-temperature superconductivity, Phys. Rev. B
37, 1597 (1988).

[6] C. L. Kane, P. A. Lee, and N. Read, Motion of a single hole in
a quantum antiferromagnet, Phys. Rev. B 39, 6880 (1989).

[7] S. Sachdev, Hole motion in a quantum Néel state, Phys. Rev.
B 39, 12232 (1989).

[8] F. Ronning, K. M. Shen, N. P. Armitage, A. Damascelli,
D. H. Lu, Z.-X. Shen, L. L. Miller, and C. Kim, Anomalous
high-energy dispersion in angle-resolved photoemission spec-
tra from the insulating cuprate Ca2CuO2Cl2, Phys. Rev. B 71,
094518 (2005).

[9] J. Graf, G.-H. Gweon, K. McElroy, S. Y. Zhou, C. Jozwiak,
E. Rotenberg, A. Bill, T. Sasagawa, H. Eisaki, S. Uchida, H.
Takagi, D.-H. Lee, and A. Lanzara, Universal high energy
anomaly in the angle-resolved photoemission spectra of high
temperature superconductors: Possible evidence of spinon and
holon branches, Phys. Rev. Lett. 98, 067004 (2007).

[10] J. Koepsell, J. Vijayan, P. Sompet, F. Grusdt, T. A. Hilker,
E. Demler, G. Salomon, I. Bloch, and C. Gross, Imaging
magnetic polarons in the doped Fermi-Hubbard model, Nature
(London) 572, 358 (2019).

[11] G. Ji, M. Xu, L. H. Kendrick, C. S. Chiu, J. C. Brüggenjürgen,
D. Greif, A. Bohrdt, F. Grusdt, E. Demler, M. Lebrat, and M.
Greiner, Coupling a mobile hole to an antiferromagnetic spin
background: Transient dynamics of a magnetic polaron, Phys.
Rev. X 11, 021022 (2021).

[12] M. Qiao, G. Emperauger, C. Chen, L. Homeier, S. Hollerith,
G. Bornet, R. Martin, B. Gély, L. Klein, D. Barredo, S. Geier,
N.-C. Chiu, F. Grusdt, A.Bohrdt, T. Lahaye, and A. Browaeys,
Realization of a doped quantum antiferromagnet in a Rydberg
tweezer array, Nature (London) 644, 889 (2025).

[13] A. Damascelli, Z. Hussain, and Z.-X. Shen, Angle-resolved
photoemission studies of the cuprate superconductors, Rev.
Mod. Phys. 75, 473 (2003).

[14] S. A. Trugman, Spectral function of a hole in a Hubbard
antiferromagnet, Phys. Rev. B 41, 892 (1990).

[15] V. Elser, D. A. Huse, B. I. Shraiman, and E. D. Siggia, Ground
state of a mobile vacancy in a quantum antiferromagnet:
Small-cluster study, Phys. Rev. B 41, 6715 (1990).

[16] G. Martinez and P. Horsch, Spin polarons in the t-J model,
Phys. Rev. B 44, 317 (1991).

[17] M. Boninsegni and E. Manousakis, Quasihole excitation
in a quantum antiferromagnet: Variational Monte Carlo
calculation, Phys. Rev. B 43, 10353 (1991).

[18] Z. Liu and E. Manousakis, Spectral function of a hole in the
t-J model, Phys. Rev. B 44, 2414 (1991).

205117-6

https://doi.org/10.1103/RevModPhys.56.755
https://doi.org/10.1103/RevModPhys.78.17
https://doi.org/10.1038/nature14165
https://doi.org/10.1103/PhysRevB.37.1597
https://doi.org/10.1103/PhysRevB.39.6880
https://doi.org/10.1103/PhysRevB.39.12232
https://doi.org/10.1103/PhysRevB.71.094518
https://doi.org/10.1103/PhysRevLett.98.067004
https://doi.org/10.1038/s41586-019-1463-1
https://doi.org/10.1103/PhysRevX.11.021022
https://doi.org/10.1038/s41586-025-09377-1
https://doi.org/10.1103/RevModPhys.75.473
https://doi.org/10.1103/PhysRevB.41.892
https://doi.org/10.1103/PhysRevB.41.6715
https://doi.org/10.1103/PhysRevB.44.317
https://doi.org/10.1103/PhysRevB.43.10353
https://doi.org/10.1103/PhysRevB.44.2414


MAGNETIC POLARONS AT FINITE TEMPERATURE: … PHYSICAL REVIEW B 112, 205117 (2025)

[19] P. Beran, D. Poilblanc, and R. Laughlin, Evidence for compos-
ite nature of quasiparticles in the 2D t-J model, Nucl. Phys. B
473, 707 (1996).

[20] F. Grusdt, A. Bohrdt, and E. Demler, Microscopic spinon-
chargon theory of magnetic polarons in the t–J model, Phys.
Rev. B 99, 224422 (2019).

[21] K. K. Nielsen, M. A. Bastarrachea-Magnani, T. Pohl, and
G. M. Bruun, Spatial structure of magnetic polarons in
strongly interacting antiferromagnets, Phys. Rev. B 104,
155136 (2021).

[22] P. Bermes, A. Bohrdt, and F. Grusdt, Magnetic polarons be-
yond linear spin-wave theory: Mesons dressed by magnons,
Phys. Rev. B 109, 205104 (2024).

[23] K. Kurokawa, S. Isono, Y. Kohama, S. Kunisada, S. Sakai, R.
Sekine, M. Okubo, M. D. Watson, T. K. Kim, C. Cacho, S.
Shin, T. Tohyama, K. Tokiwa, and T. Kondo, Unveiling phase
diagram of the lightly doped high-Tc cuprate superconductors
with disorder removed, Nat. Commun. 14, 4064 (2023).

[24] W. Chen, O. P. Sushkov, and T. Tohyama, Angle-resolved
photoemission spectral function in lightly doped and antiferro-
magnetically ordered YBa2Cu3O6+y, Phys. Rev. B 84, 195125
(2011).

[25] B. Bacq-Labreuil, C. Fawaz, Y. Okazaki, Y. Obata, H.
Cercellier, P. Le Fèvre, F. Bertran, D. Santos-Cottin,
H. Yamamoto, I. Yamada, M. Azuma, K. Horiba, H.
Kumigashira, M. d’Astuto, S. Biermann, and B. Lenz, Univer-
sal waterfall feature in cuprate superconductors: Evidence of
a momentum-driven crossover, Phys. Rev. Lett. 134, 016502
(2025).

[26] J. M. Hauschild, Quantum many-body systems far out
of equilibrium—simulations with tensor networks, Ph.D.
thesis, Technische Universität München, 2019.

[27] S. Paeckel, T. Köhler, A. Swoboda, S. R. Manmana, U.
Schollwöck, and C. Hubig, Time-evolution methods for
matrix-product states, Ann. Phys. 411, 167998 (2019).

[28] J.-W. Li, A. Gleis, and J. von Delft, Time-dependent vari-
ational principle with controlled bond expansion for matrix
product states, Phys. Rev. Lett. 133, 026401 (2024).

[29] B. Dalla Piazza, M. Mourigal, N. B. Christensen, G. J.
Nilsen, P. Tregenna-Piggott, T. G. Perring, M. Enderle, D. F.
McMorrow, D. A. Ivanov, and H. M. Ronnow, Fractional
excitations in the square-lattice quantum antiferromagnet, Nat.
Phys. 11, 62 (2015).

[30] E. Dagotto, A. Moreo, R. Joynt, S. Bacci, and E. Gagliano,
Dynamics of one hole in the t-J model, Phys. Rev. B 41, 2585
(1990).

[31] K. Hallberg, A. G. Rojo, and C. A. Balseiro, One-hole spectral
densities in the polarized t-J model, Phys. Rev. B 43, 8005
(1991).

[32] Z. Liu and E. Manousakis, Loop-expansion study of the single-
hole spectral function in the t-J model, Phys. Rev. B 51, 3156
(1995).

[33] Z. B. Su, Y. M. Li, W. Y. Lai, and L. Yu, Self-consistent
renormalized hole motion in a quantum antiferromagnet, Phys.
Rev. Lett. 63, 1318 (1989).

[34] S. Schmitt-Rink, C. M. Varma, and A. E. Ruckenstein, Spec-
tral function of holes in a quantum antiferromagnet, Phys. Rev.
Lett. 60, 2793 (1988).

[35] Z. Liu and E. Manousakis, Dynamical properties of a hole in a
Heisenberg antiferromagnet, Phys. Rev. B 45, 2425 (1992).

[36] K. K. Nielsen, T. Pohl, and G. M. Bruun, Nonequilibrium hole
dynamics in antiferromagnets: Damped strings and polarons,
Phys. Rev. Lett. 129, 246601 (2022).

[37] N. G. Diamantis and E. Manousakis, Dynamics of string-like
states of a hole in a quantum antiferromagnet: a diagram-
matic Monte Carlo simulation, New J. Phys. 23, 123005
(2021).

[38] P. W. Leung and R. J. Gooding, Dynamical properties of the
single-hole t-J model on a 32-site square lattice, Phys. Rev. B
52, R15711(R) (1995).

[39] P. W. Leung and R. J. Gooding, Erratum: Dynamical properties
of the single-hole t − J model on a 32-site square lattice, Phys.
Rev. B 54, 711(E) (1996).

[40] M. Brunner, F. F. Assaad, and A. Muramatsu, Single-hole
dynamics in the t − J model on a square lattice, Phys. Rev.
B 62, 15480 (2000).

[41] A. S. Mishchenko, N. V. Prokof’ev, and B. V. Svistunov,
Single-hole spectral function and spin-charge separation in the
t − J model, Phys. Rev. B 64, 033101 (2001).

[42] A. Bohrdt, E. Demler, F. Pollmann, M. Knap, and F. Grusdt,
Parton theory of ARPES spectra in anti-ferromagnetic Mott
insulators, Phys. Rev. B 102, 035139 (2020).

[43] P. Wrzosek and K. Wohlfeld, Hole in the two-dimensional
Ising antiferromagnet: Origin of the incoherent spectrum,
Phys. Rev. B 103, 035113 (2021).

[44] B. I. Shraiman and E. D. Siggia, Mobile vacancies in a quan-
tum Heisenberg antiferromagnet, Phys. Rev. Lett. 61, 467
(1988).

[45] E. Dagotto, R. Joynt, A. Moreo, S. Bacci, and E. Gagliano,
Strongly correlated electronic systems with one hole: Dynam-
ical properties, Phys. Rev. B 41, 9049 (1990).

[46] E. Manousakis, String excitations of a hole in a quantum
antiferromagnet and photoelectron spectroscopy, Phys. Rev. B
75, 035106 (2007).

[47] F. Grusdt, M. Kánasz-Nagy, A. Bohrdt, C. S. Chiu, G. Ji, M.
Greiner, D. Greif, and E. Demler, Parton theory of magnetic
polarons: Mesonic resonances and signatures in dynamics,
Phys. Rev. X 8, 011046 (2018).

[48] S. Kar and E. Manousakis, Finite-temperature spectral func-
tion of a hole in a quantum antiferromagnet and the role of
phonons, Phys. Rev. B 78, 064508 (2008).

[49] F. C. Zhang and T. M. Rice, Effective Hamiltonian for
the superconducting Cu oxides, Phys. Rev. B 37, 3759
(1988).

[50] S. Jiang, D. J. Scalapino, and S. R. White, Ground-state phase
diagram of the t-t’-J model, Proc. Natl. Acad. Sci. USA 118,
e2109978118 (2021).

[51] A. V. Gorshkov, S. R. Manmana, G. Chen, J. Ye, E. Demler,
M. D. Lukin, and A. M. Rey, Tunable superfluidity and quan-
tum magnetism with ultracold polar molecules, Phys. Rev.
Lett. 107, 115301 (2011).

[52] L. Homeier, T. J. Harris, T. Blatz, S. Geier, S. Hollerith,
U. Schollwöck, F. Grusdt, and A. Bohrdt, Antiferromagnetic
bosonic t − J models and their quantum simulation in tweezer
arrays, Phys. Rev. Lett. 132, 230401 (2024).

[53] A. N. Carroll, H. Hirzler, C. Miller, D. Wellnitz, S. R.
Muleady, J. Lin, K. P. Zamarski, R. R. W. Wang, J. L. Bohn,
A. M. Rey, and J. Ye, Observation of generalized t-J spin
dynamics with tunable dipolar interactions, Science 388, 381
(2025).

205117-7

https://doi.org/10.1016/0550-3213(96)00196-4
https://doi.org/10.1103/PhysRevB.99.224422
https://doi.org/10.1103/PhysRevB.104.155136
https://doi.org/10.1103/PhysRevB.109.205104
https://doi.org/10.1038/s41467-023-39457-7
https://doi.org/10.1103/PhysRevB.84.195125
https://doi.org/10.1103/PhysRevLett.134.016502
https://doi.org/10.1016/j.aop.2019.167998
https://doi.org/10.1103/PhysRevLett.133.026401
https://doi.org/10.1038/nphys3172
https://doi.org/10.1103/PhysRevB.41.2585
https://doi.org/10.1103/PhysRevB.43.8005
https://doi.org/10.1103/PhysRevB.51.3156
https://doi.org/10.1103/PhysRevLett.63.1318
https://doi.org/10.1103/PhysRevLett.60.2793
https://doi.org/10.1103/PhysRevB.45.2425
https://doi.org/10.1103/PhysRevLett.129.246601
https://doi.org/10.1088/1367-2630/ac39b5
https://doi.org/10.1103/PhysRevB.52.R15711
https://doi.org/10.1103/PhysRevB.54.711
https://doi.org/10.1103/PhysRevB.62.15480
https://doi.org/10.1103/PhysRevB.64.033101
https://doi.org/10.1103/PhysRevB.102.035139
https://doi.org/10.1103/PhysRevB.103.035113
https://doi.org/10.1103/PhysRevLett.61.467
https://doi.org/10.1103/PhysRevB.41.9049
https://doi.org/10.1103/PhysRevB.75.035106
https://doi.org/10.1103/PhysRevX.8.011046
https://doi.org/10.1103/PhysRevB.78.064508
https://doi.org/10.1103/PhysRevB.37.3759
https://doi.org/10.1073/pnas.2109978118
https://doi.org/10.1103/PhysRevLett.107.115301
https://doi.org/10.1103/PhysRevLett.132.230401
https://doi.org/10.1126/science.adq0911


TONI GUTHARDT et al. PHYSICAL REVIEW B 112, 205117 (2025)

[54] T. Esslinger, Fermi-Hubbard physics with atoms in an op-
tical lattice, Annu. Rev. Condens. Matter Phys. 1, 129
(2010).

[55] L. Tarruell and L. Sanchez-Palencia, Quantum simulation of
the Hubbard model with ultracold fermions in optical lattices,
C. R. Phys. 19, 365 (2018).

[56] A. Bohrdt, L. Homeier, C. Reinmoser, E. Demler, and F.
Grusdt, Exploration of doped quantum magnets with ultracold
atoms, Ann. Phys. 435, 168651 (2021), Special issue on Philip
W. Anderson.

[57] R. Barends, L. Lamata, J. Kelly, L. García-Álvarez, A. G.
Fowler, A. Megrant, E. Jeffrey, T. C. White, D. Sank, J. Y.
Mutus, B. Campbell, Y. Chen, Z. Chen, B. Chiaro, A.
Dunsworth, I.-C. Hoi, C. Neill, P. J. J. O’Malley, C. Quintana,
P. Roushan et al., Digital quantum simulation of fermionic
models with a superconducting circuit, Nat. Commun. 6, 7654
(2015).

[58] S. J. Evered, M. Kalinowski, A. A. Geim, T. Manovitz, D.
Bluvstein, S. H. Li, N. Maskara, H. Zhou, S. Ebadi, M. Xu,
J. Campo, M. Cain, S. Ostermann, S. F. Yelin, S. Sachdev,
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