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Magnetic polarons
Microscopic structure and dynamics 



Overview
• Fermi-Hubbard model → t-J model close to half-filling. Holes 

in AF-background

• Motion of hole gives magnetic 
frustration ⇒ magnetic polaron 

• Self-consistent Born approx. to describe polarons

• Dyson like eqn. for magnetization around hole for strong coupling 

• Polaron dynamics for strong coupling 
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Doped anti-ferromagnets
Fermi-Hubbard model

Canonical model for quantum materials. But very hard to analyse in general
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Anti-ferromagnet at half-filling for U≫t:
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Ŝi · Ŝj
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Patrick A. Lee, Naoto Nagaosa, and Xiao-Gang Wen, 
Rev. Mod. Phys. 78, 17 (2006)

What happens with hole doping?



t-J model
Close to half-filling and U≫t 
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Hole hopping

magnetic 
polaron

Formation of 
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Magnetic order



Probe microscopic structure with atoms in optical lattice
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Magnetic 
correlations 
around hole 

Non-
equilibrium 
dynamics 



Self-consistent Born approximation 
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Ŝ
+
i Ŝ
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h
g(q,k)b̂†�k + g(q+ k,�k)b̂k

i
+

X

k

!kb̂
†
kb̂k

AF spin 
waves 

Holstein-Primakoff 
in presence of holes 

(Slave fermion) Hole hopping ⇒ emmission of spin waves 
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Self-consistent Born Approx. 
(SCBA) for hole Green’s function :

S. Schmitt-Rink et al., PRL 60, 2793 (1988) 
C. L. Kane et al., PRB 39, 6880 (1989)
G. Martinez and P. Horsch, PRB 44, 317 (1991)
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J/t = 0.3

Spectral fn

Magnetic 
polaron
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Zp = |hAF|ĥp| pi|2
Residue

Small for strong 
coupling

Quasi-particle 
dispersion Minima at 

p=(±π/2,±π/2)

Not easily measurable 

in optical lattice 

experiments  
 
 
 



Microscopic structure of magnetic polaron
Magnetic 

dressing cloud We need polaron wave function 
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G. F. Reiter, PRB 49, 1536 (1994)



Magnetisation around hole
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⇠ h p|ĥ†ĥb̂†b̂| pi gives structure

K. Knakkergaard arXiv:2106.14510

Infinite order
Describe strong coupling regime

• Hubbard → t-J model assumes t≫J=4t2/U

• SCBA most accurate for t≫J

A. Ramsak and P. Horsch, PRB 57, 4308 (1998)



Numerical results 
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• Magnetic dressing cloud grows in 
magnitude and extend with t/J


• Magnetisation flipped for strong coupling

• Elongated shape 



Look closer at shape of dressing cloud:
MBZ |px|+|py|=π
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J/t = 0.3

• Time-reversal symmetry ⇒ 
inversion symmetry

• AF translational symmetry ⇒ mirror 
symmetries along diagonals for |px|+|py|=π

Full C4v symmetry of 
AF lattice!



Non-equilibrium dynamics of holes
Formation of the magnetic polaron

Experiments release hole and observes how it evolves: 

Ji et al., PRX 11, 021022 (2021)

Initial fast 
quantum 

walk

Slower long time 
dynamics
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Time-dependent version of SCBA
Initial wave fn
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Subsequent motion creates spin waves

Time-dependent wave fn 
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Create hole at r=0 and see what happens: 
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Catches short 
time behaviour DMRG 18×4

T=∞ QMC 

Quantum walk on 
Bethe latticeQuantum walk

SCBA

(J / t = 0.233)

As well as long 
time dynamics Works better 

for stronger 
coupling
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Ji et al., PRX 11, 021022 (2021)
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Conclusions 
• SCBA to describe polarons

• Include spin waves to infinite order to 
calculate magnetic dressing cloud

• Extend SCBA to non-equil. dynamics
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Figure 1: Magnetic polarons and pairing. We will explore holes (black dots) hopping in an 
antiferromagnetic lattice formed by fermions with spin pointing up (blue balls) or down (red 
balls). The delocalisation of the hole distorts the neighbouring spin order as indicated by the 
dashed ellipses. These distortions give rise to an attractive spin-mediated interaction between 
two holes and may lead to bound states.      

Outlook 
• Non-zero temperature effects (T≈0.5J)

• Higher order correlation functions 

• Hole-hole correlations and pairing?  

J. Koepsell et al., Nature 572, 358 (2019)


