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Motivation fermionic PEPS Algorithm Results Summary

Motivation

I Hubbard Model on the Honeycomb Lattice is a model for Graphene
I Phase Transition from Semi-Metallic to Mott-Insulator → fast transistors [Han et al. 2014]

H = −κ
∑
〈x ,y〉,s

c†x ,scy ,s + U
2
∑

x
q2

x + µ
∑
x ,s

(
c†x ,scx ,s −

1
2

)

I At µ = 0: good results with HMC [Johann Ostmeyer, Tue, 6am], [Ostmeyer et al. 2021]
I µ 6= 0: sign problem
I Tensor Network methods do not suffer from the sign problem
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Motivation fermionic PEPS Algorithm Results Summary

Projected Entangled Pair States (PEPS) [Orús 2014; Verstraete & Cirac 2004]

|ψ〉 =
∑

s1...sN

As1,s2,...,sN︸ ︷︷ ︸
4Ncoefficients

|s1〉 ⊗ |s2〉 ⊗ · · · ⊗ |sN〉

≈
∑

s1...sN

D∑
α1...αN =1

A1
s1;α1

A2
s2;α1,α2

· · ·AN
sN ;αN−1

|s1〉 ⊗ |s2〉 ⊗ · · · ⊗ |sN〉
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Motivation fermionic PEPS Algorithm Results Summary

fermionic PEPS [Corboz et al. 2010]

c†i c†k = −c†k c†i

I define parity on all links
I tensors have even parity
I line crossing → swap gates

S

=

I parity link → choose
overall parity

even︷ ︸︸ ︷ odd︷ ︸︸ ︷

S =



1 . . . 1
...

. . .
...

1 . . . 1
1 . . . 1
...

. . .
...

1 . . . 1

1 . . . 1
...

. . .
...

1 . . . 1
−1 . . . −1
...

. . .
...

−1 . . . −1



 even odd
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Motivation fermionic PEPS Algorithm Results Summary

imaginary time evolution of PEPS

I Fix bond dimension D

I Initialize PEPS randomly
I Trotter-decomposed

imaginary time evolution
I Local updates
I Contract network to

calculate expectation values

exp(−τHi )
truncate

∗ ∗

D

∗D ∗

χ χ

χχχ

χ

ô
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ô

Manuel Schneider The Hubbard Model with fermionic Tensor Networks [arXiv:2106.13583] July 30, 2021 5 / 10



Motivation fermionic PEPS Algorithm Results Summary

imaginary time evolution of PEPS

I Fix bond dimension D
I Initialize PEPS randomly
I Trotter-decomposed

imaginary time evolution

I Local updates
I Contract network to

calculate expectation values

exp(−τHi )
truncate

∗ ∗

D

∗D ∗

χ χ

χχχ

χ

ô
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Motivation fermionic PEPS Algorithm Results Summary

boundary MPS effect

D = 12, L = 12× 6 hexagonal,
κ = 1,U = 2, µ = 0.1,B = 0.01
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Motivation fermionic PEPS Algorithm Results Summary

Simulations with chemical potential

3× 4 hex. lattice, U = 2
even parity
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Simulations with chemical potential

even parity
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Energy gap, 3× 4 hex. lattice, U = 2
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Motivation fermionic PEPS Algorithm Results Summary

Simulations with chemical potential

30× 15 hex. lattice, µ = 0.5
U = 0
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Motivation fermionic PEPS Algorithm Results Summary

Summary

arXiv:2106.13583 [physics.comp-ph]
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Outlook:
I explore phase diagram
I study exciting new physics at µ 6= 0
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