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We study kinetic magnetism for the Fermi-Hubbard model in triangular lattices. We focus on the regime of
strong interactions, U � t , and filling factors around one electron per site. For temperatures well above the
hopping strength t , the Curie-Weiss form of the magnetic susceptibility suggests two complementary forms of
kinetic magnetism. In the case of hole doping, antiferromagnetic polarons originate from kinetic frustration
of individual holes, whereas for electron doping, Nagaoka-type ferromagnetic correlations are induced by
propagating doublons. These results provide a possible theoretical explanation of recent experimental results
in moiré transition metaldichalcogenide materials and cold atom systems. To understand many-body states
arising from antiferromagentic polarons at low temperatures, we study hole-doped systems in finite magnetic
fields. At low dopings and intermediate magnetic fields, we find a magnetic polaron phase, separated from
the fully polarized state by a metamagnetic transition. With decreasing magnetic field, the system shows a
tendency to phase separate with hole-rich regions forming antiferromagnetic spin bags. We demonstrate that
direct observations of magnetic polarons in triangular lattices can be achieved in experiments with ultracold
atoms, which allow measurements of three point hole-spin-spin correlations.

DOI: 10.1103/PhysRevResearch.5.L022048

Introduction. Achieving electric control of magnetism is
a long-standing goal in condensed-matter physics. Such sys-
tems will not only provide new insights into magnetism of
itinerant electron systems, but also hold the promise of real-
izing new types of devices that combine long-term robustness
of magnetic memory with the fast electric control [1,2]. One
of the most studied examples of electrically controlled mag-
netism comes from magnetic semiconductors [3–13]. In this
class of materials, conduction-band electrons control inter-
action between the localized spins and makes it possible
to modify the ferromagnetic Curie transition temperature by
applying a gate voltage [13,14]. Interplay of charge-carrier
dynamics and magnetism is also crucial for understanding
the rich phase diagram of colossal magnetoresistance man-
ganite materials [15–18]. In this Letter, we discuss a different
mechanism for electrical control of magnetism in which by
changing charge-carrier concentration, one can tune between
the antiferromagnetic and ferromagnetic interactions.

Our Letter builds upon earlier studies by Nagaoka [19] and
Thouless [20], and Haerter and Shastry [21] of magnetism in
Fermi-Hubbard-type models in the limit of large interaction
strength U . Nagaoka’s theorem states that on a square lat-
tice the ground state of an almost half-filled Fermi-Hubbard
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model with a single hole is a ferromagnetic state. Haerter and
Shastry extended these arguments to triangular lattices and
demonstrated that, for the same conditions, the ground state
exhibits antiferromagnetic correlations. The key argument of
our Letter is based on considering a Fermi-Hubbard model on
triangular lattices in the regime when single-particle tunneling
t is much smaller than the local interaction U , the band is
close to half-filling, i.e., one electron per site (ν = 1), and
temperature is much higher than the superexchange energy
J = 4t2/U but comparable to the single-particle tunneling t .
Although naively, one expects to find no magnetic interactions
in this regime at ν = 1, we demonstrate that doping the sys-
tem away from ν = 1 introduces antiferro- and ferromagnetic
interactions for hole and electron dopings, respectively. Our
results are in good agreement with the observed magnetism in
fermionic cold atom systems with a triangular optical lattice
[22] and are consistent with the reported spin susceptibil-
ity measurements in transition-metal dichalcogenide (TMDC)
moiré materials for T � 4 K [23]. In both cases, a transition
between ferro- and antiferromagnetic interactions has been
observed close to the filling factor ν = 1 [22,23]. Moreover,
a recent experiment with a TMDC moiré material has also
observed the emergence of ferromagnetic correlations when
the system is doped above half-filling [24]. Additionally, re-
cent experiments and theoretical calculations have reported
large values of on-site interaction U/t ∼ 20 [23,25] which
motivates us to focus on the U/t � 1 regime. Our work is
also related to the recent observation of ferromagnetism in the
Wigner crystal states of electrons at temperatures exceeding
the expected superexchange interactions [26,27].
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Previous works have extensively studied the magnetic
properties of the Fermi-Hubbard model in the triangular lat-
tice at zero temperature. At ν = 1, a disordered chiral spin
liquid is expected at intermediate values of interaction U/t ∼
10 whereas a 120◦ spiral antiferromagnetic order appears for
strong interactions U/t � 12 [28–46]. Moreover, the ground-
state properties have recently been analyzed when the system
is doped away from ν = 1 [47]. However, we do not fo-
cus on the magnetic ground-state properties but on the finite
temperatures ones, see also Refs. [37,48]. In the context of
cold atoms in optical lattices, magnetic correlations induced
by propagation of fermions at high temperatures has been
previously suggested for the square lattice [49].

Our Letter highlights the importance of magnetic polarons
in correlated Mott insulators [50–61]. Most of the previous
studies of magnetic polarons in the Fermi-Hubbard model
focused on the square lattice. They are believed to play a cru-
cial role in unusual properties of high-Tc cuprates, including
both the pseudogap regime and the d-wave superconductiv-
ity. Magnetic polarons on triangular lattices have also been
a subject of theoretical studies [62–65]. It is expected that
they also play an important role in defining properties of
moiré materials. Their relevance for moiré materials has been
suggested previously in Refs. [64,66–68].

Emergence of magnetic interactions from kinetic frustration
in triangular lattices. To show the appearance of magnetic
interactions from kinetic frustration at finite temperature, we
will consider spin- 1

2 fermions described by a single-band
Fermi-Hubbard model,

H = − t
∑

〈i, j〉,σ
(c†

i,σ c j,σ + H.c.) + U
∑

i

ni,↑ni,↓

− h

2

∑

i

(ni,↑ − ni,↓), (1)

where U is the on-site repulsion, t is the hopping strength,
and h is an external magnetic field. We define the filling of the
system ν = 1 + ε, and we study the magnetic phases at finite
temperature whereas changing the doping of the system from
a hole-doped regime (ε < 0) to a doublon-doped one (ε > 0).

In the strongly interacting regime U/t → ∞ for ν = 1, the
magnetic properties of the system are accurately described by
a model of decoupled spins that can be polarized by a mag-
netic field on the order of temperature. However, if the system
is doped away from ν = 1, the movement of charge carriers
can induce different forms of magnetism. In a nonbipartite ge-
ometry, the propagation of a single fermionic hole is frustrated
in a polarized background [21,63,64,69]. This can be seen
from a high-T expansion in the strongly interacting regime.
Let us consider a spin-polarized background with a single hole
propagating through it. By fixing the initial and final points of
the propagation, we have two sets of paths characterized by
order n of the high-T expansion in βt . Since the fermionic
hole has an effective negative hopping [21,63,64,69], we see
that odd paths contribute with an opposite sign than even
paths. This gives a destructive interference pattern in the hole
propagation. This concept is known as kinetic frustration since
the hole cannot get the full kinetic energy associated with
the geometry [21,69]. However, if the background is not fully
spin polarized, then the destructive interference is suppressed

FIG. 1. Triangular lattice geometries analyzed in this paper:
(a) 2d lattice (Monte Carlo), (b) zigzag ladder, and (c) four- and
six-legged triangular cylinders (tensor network calculations). For
the filling factor ν = 1 and at temperatures much larger than the
superexchange interaction kBT > J , we find a system of essentially
decoupled spins. However, when a single hole (doublon) is intro-
duced on top of the spin incoherent Mott insulator, antiferromagnetic
(ferromagnetic) correlations appear surrounding it, see panel (a).

when different hole trajectories result in distinguishable spin
configurations. Thus, kinetic energy of a hole can be low-
ered by inducing antiferromagnetic spin correlations around
it. This effect is commonly referred to as antiferromagnetic
correlations releasing kinetic frustration for a single hole. It
underlies the effective antiferromagnetic interactions in hole-
doped Mott insulators in triangular lattices. This effect is
closely related to formation of a hole-magnon-bound state in
the case of spin-polarized Mott insulators in triangular lattices
discussed previously in Refs. [63,64]. When we consider the
electron-doped regime (ν > 1), the propagation of doublons
in the case of spin-polarized background is not frustrated
since they effectively have a positive hopping. Furthermore,
different doublon trajectories interfere constructively, in the
case of ferromagnetic background but not in the antiferro-
magnetic environment. In the latter case, different trajectories
lead to distinguishable spin configurations. This induces an
effective ferromagnetic interaction at (ν > 1) [49,70]. Note
that this transition between antiferromagnetic and ferromag-
netic interactions by changing the doping at ν = 1 can only
occur in a nonbipartite geometry. In a bipartite, one there
cannot be a destructive interference pattern since all paths
contribute with the same sign in the high-T expansion. The
appearance of kinetic magnetism has strong consequences
in the magnetic properties of the system at finite tempera-
ture. When the typical temperatures are much higher than
the superexchange interaction J = 4t2/U , we expect a para-
magnetic phase at ν = 1. However, if the temperature is on
the order of the hopping strength kBT ∼ t , we still expect
to see the tendency to Haerter-Shastry antiferromagnetism in
the hole-doped regime (ν < 1) and Nagaoka ferromagnetism
in the electron-doped one (ν > 1). In order to unravel the
effects of kinetic magnetism at zero and finite temperature, we
will employ unbiased tensor network and high-temperature
expansion quantum Monte Carlo simulations, see Fig. 1. In
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(a)

(b)

FIG. 2. Panel (a): Magnetic susceptibility per site as a function
of temperature for three different dopings ν = 1 + ε corresponding
to a system with exactly one electron per site (ε = 0), a hole-doped
system (ε < 0), and a doublon-doped one (ε > 0) in a zigzag ladder
20 × 2. The dashed lines correspond to fits using the Curie-Weiss
law. Panel (b): Curie-Weiss temperature θCW as a function of doping
ν = 1 + ε at h = 0 for a 20 × 2 zigzag ladder (empty circles) and
a 10 × 4 triangular cylinder (filled symbols) at different values of
the on-site interaction U/t . Simulations with the tJ model (circles,
squares, and stars) are performed by projecting out doublons (holes)
for ν > 1 (ν < 1). On the other hand, triangles correspond to simula-
tions of the full Fermi-Hubbard model. The dashed line indicates the
linear dependence of the Curie-Weiss temperature with doping close
to one electron per site for U/t → ∞.

tensor networks simulations, we use purification to represent
the finite temperature density matrix as a matrix product state
in a doubled Hilbert space with bond dimension χ = 512. We
start by constructing an infinite temperature state in the canon-
ical ensemble fixing the total number of particles but not the
magnetization [71], and then we progressively cool down the
system by applying an infinitesimal (δβ = 0.05) Boltzmann
factor using the WI (WII ) technique in Fig. 2 (Fig. 4) [72]. In
a path-integral picture, our Monte Carlo method samples the
imaginary time paths of a hole or a doublon in a ν = 1 system
with spin imbalance. The spin degrees of freedom are inte-
grated out analytically, and only the paths are sampled. This
leads to a low sampling noise for the spin correlations [49],
which allows us to achieve temperatures down to kB T ∼ 0.2t
and system sizes up to several thousand sites. For details, see
the Supplemental Material [73].

Magnetic susceptibility at finite temperature. The tendency
towards magnetic order can be inferred from the magnetic
susceptibility χs of the system. Upon doping, we see an
enhancement (suppression) of magnetic susceptibility above
(below) ν = 1 at low temperatures, see Fig. 2 panel (a). This
indicates the appearance of antiferromagnetic (ferromagnetic)
correlations in the hole (electron) doped regime as expected.
On the other hand, we observe a suppression of magnetic
susceptibility above and below ν = 1 at high temperatures.
This can be understood as holes and doublons are spinless
particles that effectively reduce the possible total spin of the
system, thus, reducing the magnetic susceptibility.

In order to quantify the different contributions to the
magnetic susceptibility, we fit the Curie-Weiss law χst/Ns =

C
T −θCW

to our data at intermediate temperatures (5 � kBT/t �
1), where C is the Curie constant and θCW is the Curie-
Weiss temperature. The Curie-Weiss temperature denotes the
tendency towards ferromagnetism (θCW > 0) or antiferromag-
netism (θCW < 0). However at high temperatures, the constant
C dominates the dependence of the magnetic susceptibility
with temperature. The Curie constant can be easily deter-
mined by taking into account the contribution of each spin
to the spin susceptibility, C = S(S + 1)(1 − |ε|)/3. Thus, it
decreases upon doping since the number of spins is reduced.
On the other hand, the Curie-Weiss temperature changes sign
at ν = 1 confirming the transition from antiferromagnetic to
ferromagnetic interactions in the system, see Fig. 2 panel (b).
We observe a linear tendency of the Curie-Weiss temperature
with ε close to ν = 1, θCW/t ∼ 0.75ε, which confirms the
appearance of kinetic magnetism.

To establish closer connections with experiments, we study
the effects of a finite but large on-site interaction on the Curie-
Weiss temperature. We choose the value U/t = 20 since it
is relevant for both TMDC heterostructures and cold atom
systems. The finite on-site interaction enhances the antifer-
romagnetic interactions, increasing the absolute value of the
Curie-Weiss temperature on the hole-doped side, see Fig. 2(b).
Moreover, ferromagnetic correlations are suppressed, and
we observe that the transition from antiferro- to ferromag-
netic correlations is shifted to finite electron doping νc > 1.
This is in accordance with the experimental observation in
Refs. [22,23]. We also perform a comparison between the
Curie-Weiss temperature extracted from the tJ model and the
full Fermi-Hubbard model. The full Fermi-Hubbard model
compared to the tJ shows stronger antiferromagnetic (ferro-
magnetic) correlations in the hole- (electron-) doped side and
weaker antiferromagnetic correlations at ν = 1, see Fig. 2(b).

Nonlinear response to magnetic field. To elucidate the ki-
netically induced many-body phases appearing in the U/t →
∞ limit, we study the nonlinear response to an external mag-
netic field at zero temperature, see the Supplemental Material
[73] for a finite temperature study. We define the degree of
polarization (DOP) of the system as two times the magneti-
zation per single fermion in the system DOP = 2m/(1 − |ε|).
As shown in Fig. 3, the system resists fully polarizing upon
hole doping even at zero temperature. We observe a large
saturation magnetic field of the order of the hopping strength.
At low dopings (1 > ν � 0.9), the system has a sudden drop
of polarization at a critical magnetic field determined by the
binding energy of the hole-magnon bound state hc/t ∼ 0.5t .
This effect resembles the one expected in metamagnetic mate-
rials. At this point, the system has a first-order phase transition
from a fully polarized phase to a magnetic polaron gas. In this
phase, each hole is attached with a spin flip (magnon) forming
a hole-magnon bound state. Due to this effect the polarization
in the magnetic polaron gas is linked to the hole density
by P0 = (1 − 3|ε|)/(1 − |ε|). Therefore, this phase is char-
acterized by a fixed polarization and a gap to single-particle
excitations. As the hole density increases, the polarization
plateau and the jump of polarization start to disappear due
to the overlap of the magnetic polarons, see curves with ν <

0.89. At these densities, we cannot rely on the simple picture
of a weakly interacting gas of magnetic polarons. Instead of
a sharp transition from a fully polarized state to a magnetic
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FIG. 3. Degree of polarization (DOP) of an infinite triangular
cylinder of Ly = 6 as a function of the external magnetic-field h
at different filling factors ν at J/t = 0 and at zero temperature.
Filled (empty) symbols correspond to the case V/t = 0 (V/t = 6).
The dashed line indicates the polarization plateau expected for the
magnetic polaron gas at ν = 17/18, 5/6.

polaron gas, we observe a smooth crossover in a wide range
of magnetic field. In this region of magnetic field, we expect a
phase coexistence between magnetic polarons and bare holes.
This phase coexistence is accompanied by a sudden change in
slope in the degree of polarization as a function of magnetic
field.

At small magnetic fields, the system linearly polarizes with
the magnetic field, see Fig. 3. In this regime, we observe phase
separation into two domains with different hole densities. One
domain has zero doping and is fully spin polarized, the other
domain is “hole rich” and exhibits antiferromagnetic corre-
lations. Appearance of phase separation indicates effective
attractive interaction between magnetic polarons. Although
in the “plain-vanilla” Fermi-Hubbard model we find global
phase separation, we expect that introducing additional inter-
actions, such as long-range interactions, can result in other
interesting phases, including the paired state and stripe order.
The former may be relevant to superconductivity in moiré
systems. We point out the unusual feature of the effective
interaction between magnetic polarons: it depends on the
magnetic field. By increasing magnetic field, there is a com-
petition between the effective antiferromagnetic interactions
and the Zeeman energy gain. This reduces the size of the spin
bag down to a single spin flip at a critical magnetic field. At
this point we have a transition to a magnetic polaron gas. We
observe that this critical magnetic field coincides with the field
at which multiple holes are confined inside a single bag. Thus,
indicating a transition from effective attractive to repulsive
interactions between magnetic polarons.

Finally, we study the effects of including a density-density
nearest-neighbor repulsive interaction with strength V in
Hamiltonian (1). In Fig. 3, we show how the nonlinear mag-
netic response changes when such interaction is included.
Kinetic antiferromagnetism is robust with respect to this in-
teraction at small hole dopings and the polarization curve is
not altered. However, at rational fillings, such as ν = 2/3, we
observe a fast polarization of the system with magnetic field
when a nonlocal interaction is included. This effect can be
explained by the formation of a Mott-Wigner state in which
the holes become immobile, leading to a strong suppression
of kinetic magnetism.

FIG. 4. Panel (a): Charge-spin-spin correlation function in a full
two-dimensional triangular 20 × 20 lattice obtained via Monte Carlo
simulations at three different temperatures. The black circle denotes
the hole position, and the links show the strength of the spin-spin
correlations with color. Panel (b): Charge-spin-spin correlator as a
function of temperature for a six-legged triangular cylinder with
Lx = 6 with a single hole (blue dots) and with a single doublon
(orange squares). Px

i denotes a projector, which fixes the charge
position at site i. The filled (open) symbols correspond to the tensor
network (Monte Carlo) results. Continuous lines show the high-T
expansion. We also show a schematic of the antiferro- and ferromag-
netic correlations surrounding the hole and the doublon, respectively.

Implications for cold atoms experiments. Our results are
not only relevant for TMDC heterostructures, but they also
have strong implications for ultracold atomic systems in tri-
angular optical lattices [22,74,75]. Specifically, spin-charge
correlations could be accessed in systems with a quantum gas
microscope [75–85]. These experimental systems can be used
to measure higher-order correlation functions. In Fig. 4, we
present the plaquette charge-spin-spin correlation function in
the hole-doped regime (ν < 1) and the electron-doped one
(ν > 1) as a function of temperature. In the hole- (electron-)
doped regime antiferromagnetic (ferromagnetic) correlations
appear in the system as it is cooled down. Similar corre-
lations have been observed in the hole-doped regime [86].
In the Supplemental Material [73], we also provide an an-
alytical high-temperature expansion for the charge-spin-spin
correlation function, which compares well with the numerical
calculations for temperatures kBT � t , see Fig. 4. Thus, we
conclude that site-resolved correlations could be used as a
fingerprint of kinetic magnetism.

Outlook. Our Letter shows how effective magnetic interac-
tions arise due to the motion of charge carriers in a frustrated
geometry at finite and zero temperatures. In the strongly in-
teracting regime U/t → ∞, the superexchange interaction is
suppressed. However, effective magnetic interactions due to
the motion of charge carriers are relevant when the system
is doped away from ν = 1. Due to kinetic frustration, these
effective magnetic interactions change sign close to ν = 1.
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Thus, a magnetic transition from an antiferromagnet to a
ferromagnet is expected when moving from a hole-doped to
an electron-doped regime. We also point out the relationship
of these effective magnetic interactions with the formation of
magnetic polarons. We observe the formation of a magnetic
polaron gas at temperatures below the hopping strength.

When this Letter was being finalized, we learned about
papers [67,68] that addressed related questions.

Acknowledgments. We acknowledge useful discussions
with W. Bakr, A. Bohrdt, M. Greiner, F. Grusdt, E.-
A. Kim, K. Sengstock, G. Refael, and I. Esterlis. We
thank M. Greiner’s group for sharing their experimental
results with us prior to publication. I.M. acknowledges
support from Grant No. PID2020-114626GB-I00 from
the MICIN/AEI/10.13039/501100011033 and Secretaria
d’Universitats i Recerca del Departament d’Empresa i

Coneixement de la Generalitat de Catalunya, cofunded by
the European Union Regional Development Fund within
the ERDF Operational Program of Catalunya (Project No.
QuantumCat, Ref. 001-P-001644). I.M. acknowledges the
Theoretical Physics Institute at ETH for hospitality, where
part of this work was completed. M.K.-N. acknowledges
support by the EU Horizon 2020 program through the ERC
Advanced Grant QUENOCOBA No. 742102 and from the
DFG (German Research Foundation) under Germany’s Ex-
cellence Strategy-EXC-2111-390814868. E.D. acknowledges
support by the SNSF Project No. 200021_212899 and the
ARO Grant No. W911NF-20-1-0163. The work of L.C.,
T.S. and A.I. was supported by the Swiss National Sci-
ence Foundation (SNSF) under Grant No. 200021-204076.
Tensor Network computations have been performed using
TeNPy [87].

[1] D. D. Awschalom and M. E. Flatté, Challenges for semiconduc-
tor spintronics, Nat. Phys. 3, 153 (2007).

[2] S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton,
S. von Molnár, M. L. Roukes, A. Y. Chtchelkanova, and D. M.
Treger, Spintronics: A spin-based electronics vision for the
future, Science 294, 1488 (2001).

[3] H. Ohno, D. Chiba, F. Matsukura, T. Omiya, E. Abe, T. Dietl, Y.
Ohno, and K. Ohtani, Electric-field control of ferromagnetism,
Nature (London) 408, 944 (2000).

[4] A. Chattopadhyay, S. Das Sarma, and A. J. Millis, Transition
Temperature of Ferromagnetic Semiconductors: A Dynamical
Mean Field Study, Phys. Rev. Lett. 87, 227202 (2001).

[5] A. Kaminski and S. Das Sarma, Polaron Percolation in Diluted
Magnetic Semiconductors, Phys. Rev. Lett. 88, 247202 (2002).

[6] H. Boukari, P. Kossacki, M. Bertolini, D. Ferrand, J. Cibert,
S. Tatarenko, A. Wasiela, J. A. Gaj, and T. Dietl, Light and
Electric Field Control of Ferromagnetism in Magnetic Quantum
Structures, Phys. Rev. Lett. 88, 207204 (2002).

[7] T. Jungwirth, J. Sinova, J. Mašek, J. Kučera, and A. H.
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