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Motivation



Application of the Quantum Fluctuations Approach

Task

Find an application for the Quantum Fluctuations Approach (QFA).

A few criteria:

1. Interesting and relevant physical system

2. System should be dynamical, within the regime of the polarization approximation and

profit from large sizes

3. Not too hard to implement
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Why Altermagnetism?

• Since its first description in 2021 by

Šmejkal, Sinova and Jungwirth, more than

500 papers have been published 1

• Number of publications is growing fast

from year to year

⇒ Altermagnetism is a fairly new topic with po-

tential use cases in active research fields like

spintronics, ultrafast photomagnetism, super-

conductivity, etc. [1].

1According to https://www.semanticscholar.org
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What is Altermagnetism?



What is Altermagnetism?

Definition

Altermagnetism is a magnetic phase characterized by a vanishing net magnetization and

spin-splitting of the bands, thus combining the characteristics of ferromagnets and

antiferromagnets.

Contradiction: How can a material be both ferromagnetic and antiferromagnetic?
⇒ Solved by a general symmetry formalism for spin arrangements on crystals, the so called

Spin-groups [1, 2]
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Traditional magnetic phases

Ferromagnetism

• Net magnetization (M ̸= 0)

• Spin polarized bands

Anitferromagnetism

• No net magnetization (M = 0)

• No spin polarization
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The non-relativistic spin-group

Definition

Non-relativistic spin groups use pairs of transformations [Ri ||Rj ] where Ri only acts in spin

space and Rj simultaneously acts only in real space [2].

• Non-relativistic: real and spin space are decoupled ⇒ much larger symmetry landscape

than the relativistic magnetic groups

• Leads to three distinct phases of collinear magnetism:

1. Opposite spin-sublattices are not connected by any symmetry transformations

2. Opposite spin-sublattices are connected by translation or inversion

3. Opposite spin-sublattices are connected by Rotation (proper or improper)
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The non-relativistic spin-group
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Figures adapted from [1], fig. 1
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The non-relativistic spin-group

Spin-group symmetries Magnetic crystal structure Nonrelativistic band structure

[C∞||E ] Collinear
Spin is a good quantum number

and k independent

[C̄2||T ] Coplanar Invariance under inversion of k
[E ||H] Sublattice spin-density anisotropy Spin-Fermi-surface anisotropy

[C2||AH] Compensated
Broken T and spin splitting at

general k
...

Ferromagnetism: RI
s = [E ||G ]

Anitferromagnetism: RII
s = [E ||G ] + [C2||G ]

Altermagnetism: RIII
s = [E ||H] + [C2||G − H] = [E ||H] + [C2||AH]
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Simulating Altermagnetism with

the Quantum Fluctuations

Approach



Short Introduction to quantum fluctuations

• QFA is based on quantum fluctuations:

δĜij(t) = Ĝ<
ij (t)− G<

ij (t)

• EOM within SPA and Hubbard-Model:

iℏ
d

dt
G<,σ
ij (t) = [h(1),σ,G<,σ]ij(t) +

1

Nsamples

Nsamples∑
λ=1

[∆Σσ,(λ),∆Gσ,(λ)]ij(t)

iℏ
d

dt
∆G

σ,(λ)
ij (t) = [h(1),σ,∆Gσ,(λ)]ij(t) + [∆Σσ,(λ),G<,σ]ij(t)

∆Σ
σ,(λ)
ij (t) = −iℏδij∆G

σ̄,(λ)
ij (t)U

h
(1),σ
ij (t) = −Jij − iℏδijUG<,σ̄

ii (t)
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The (altermagnetic) Hubbard-Model

• The altermagnetic Hubbard-Model

was first introduced to realize

Altermagnetism in ultracold atoms [3]

Ĥ = −
∑
i,j

Jij(ĉ
†
is ĉjs + ĉ†js ĉis) + U

∑
i

n̂i↑n̂j↓
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if i , j ∈ A : if i , j ∈ B :

Jij =

{
t− if xj − xi = 1, yj − yi = 1

t+ if xj − xi = 1, yj − yi = −1
Jij =

{
t+ if xj − xi = 1, yj − yi = 1

t− if xj − xi = 1, yj − yi = −1

t± = t ′(1± δ)
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†
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The (altermagnetic) Hubbard-Model
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Figure from [3], fig. 1



The (altermagnetic) Hubbard-Model

• The Tight-Binding Eigenstates and -values are not spin-polarized:

ĤTB =


â†k,↑
b̂†k,↑
â†k,↓
b̂†k,↓


T 

hAA hAB 0 0

hBA hBB 0 0

0 0 hAA hAB
0 0 hBA hBB



âk,↑

b̂k,↑

âk,↓

b̂k,↓



hAA = −2t− cos(k · a1)− 2t+ cos(k · a2) hBB = −2t− cos(k · a2)− 2t+ cos(k · a1)
hAB = hBA = −2t cos(kxa)− 2t cos(kya)

ϵσ,a(k) = −1

2
(hAA + hBB)±

√
1

4
(hAA − hBB)2 + hABhBA
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The (altermagnetic) Hubbard-Model
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The (altermagnetic) Hubbard-Model

• Order parameter:

δm =
1

4N

∑
i

⟨niA↑ − niA↓ − niB↑ + niB↓⟩

• Leads to effective interaction

−Uδm
∑
k

(nkA↑ − nkB↑ − nkA↓ + nkB↓)

as an additive term in hAA and hBB , making them spin dependent.

⇒ Possible solution to problem: Apply a sublattice and spin dependent single-particle potential:

fi,σ =


c↑, if i ∈ A, σ =↑
c↓, if i ∈ B, σ =↓
0, else
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The (altermagnetic) Hubbard-Model
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Simulation results
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Conclusion



Summary

• Altermagnetism is an interesting and active topic in modern research

• Multiple dynamical (and large) systems are needed to describe different characteristics of

Altermagnetism

• The altermagnetic Hubbard-Model allows for an easy implementation with problems only

for the generation of an interacting ground state
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Questions?
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