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

Christian-Albrechts-Universitat zu Kiel

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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conductivity, etc. [1].

Magnetism is one of the largest, most fundamental, and technologically most relevant fields of
condensed-matter physics. Traditionally, two basic magnetic phases have been distinguished ferromag-
netism and aniferromagnetism. The spin polarization in the electronic band structure reflecting the
magnetization in ferromagnetic crystals underpins the broad range of time-reversal symmetry-breaking
responses in this extensively explored and exploited type of magnets. By comparison, antiferromagnets
Have vanishing net magnedzaton. Recenty,there have been observations of material in which strong
caking responses and spin-polarization phenomena, typical of ferromagnets, are
accompanied by antiparallel magnetic crystal order with vanishing net magnetization, typical of
antiferromagnets. A classification and description based on spin-symmetry principles offers a resolution
\_ of this apparent contradiction by establishing a third distinct magnetic phase, dubbed altermagnetism. Our Y,
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What is Altermagnetism?
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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.
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What is Altermagnetism?
Christian-Albrechts-Universitat zu Kiel

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

Christian-Albrechts-Universitat zu Kiel

Ferromagnetism
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e Net magnetization (M # 0)
e Spin polarized bands
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Traditional magnetic phases
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Ferromagnetism Anitferromagnetism
N R
N N
N R
N N
e Net magnetization (M # 0) e No net magnetization (M = 0)

e Spin polarized bands e No spin polarization
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The non-relativistic spin-group
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Non-relativistic spin groups use pairs of transformations [R;||R;] where R; only acts in spin

space and R; simultaneously acts only in real space [2].
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The non-relativistic spin-group
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Non-relativistic spin groups use pairs of transformations [R;||R;] where R; only acts in spin

space and R; simultaneously acts only in real space [2].

e Non-relativistic: real and spin space are decoupled = much larger symmetry landscape
than the relativistic magnetic groups

e 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

Ferromagnetism

S-wave

Energy

I
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M#0 k-vector

Figures adapted from [1], fig. 1
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The non-relativistic spin-group

Antiferromagnetism
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The non-relativistic spin-group
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The non-relativistic spin-group
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Spin-group symmetries Magnetic crystal structure Nonrelativistic band structure
. Spin is a good quantum number
[C|E] Collinear P & ) .
and k independent
[G]|T] Coplanar Invariance under inversion of k
[E||H] Sublattice spin-density anisotropy Spin-Fermi-surface anisotropy

Brok d spi litti t
[C2||AH] Compensated roken 7" and spin splitting a
general k

Ferromagnetism: R! = [E||G]
Anitferromagnetism: Rl = [E||G] + [G,]|G]
Altermagnetism: R = [E||H] + [G,||G — H] = [E||H] + [G||AH]

Table from [1], tab. 2
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Simulating Altermagnetism with
the Quantum Fluctuations
Approach




Short Introduction to quantum fluctuations
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e QFA is based on quantum fluctuations:

3G;i(t) = G5 (1) — G5 (t)

e EOM within SPA and Hubbard-Model:

1 Nsamples

o d <o o <o Y .
ih- G5 7 (1) = [M7, 6=7](e) + - [AT"N AGTM]4(t)
samples 4
1 d , o o o o
IhaAGU,(A)(t) — [h(l)’ ,AG ,(A)]U(t) +[Ax .(>\)7 G<);(t)

o, (A . a,(A
ATTV(t) = —ino; 67 V(1)U
W (1) = = Jj — ihs; UG (t)

)
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The (altermagnetic) Hubbard-Model
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PHYSICAL REVIEW LETTERS 132, 263402 (2024)

e The altermagnetic Hubbard-Model
was first introduced to realize

Realizing Altermagnetism in Fermi-Hubbard Models with Ultracold Atoms

** Valentin Leeb®,"” Johannes Knolle®,'”

** and Michael Knap
Al . . | | d MTechnical University of Munich, TUM School of Natural Sciences, Physics Department, 85748 Garching, Germany
*Munich Cener for Quanium Science and Technology (MCOST), Schellingstr. 4, 80799 Miinchen, Germany
termagnetism in ultracold atoms (3] i st o o e 3ot vt
“Blackett Laboratory, Imperial College London, London SW7 2AZ, United Kingdom

Pumnendu Daso, 12

® (Received 23 December 2023; accepted 17 May 2024; published 26 June 2024)

Altermagnetism represents a type of collinear magnetism, that s in some aspects distinet from
femomagnetism and rom comenonal aniferomagnetisn. n conrst 1 the e, suatices of oposi
spin are related by spatial rotations and not only by translations and inversions. As a result, altermagnets

:E: At A At A :E: I N . A e g
— JU ( Cis st + st Cis ) + U n”\ nJJ/ altermagnetic phase can be realized with ultracold fermionic atoms in optical latiices. We propose an

altermagnetic Hubbard model with anisotropic next-nearest neighbor hopping and obtain the Hartree-Fock
phase diagram. The altermagnetic phase separates in a metallic and an insulating phase and is robust over a
large paramet ne. We show that one of the defining characteristies of altermagnetism, the anisotropic
spin transport, can be probed with trap-cxpansion experiments.
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The (altermagnetic) Hubbard-Model
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PHYSICAL REVIEW LETTERS 132, 263402 (2024)
e The altermagnetic Hubbard-Model

was first introduced to realize

Realizing Altermagnetism in Fermi-Hubbard Models with Ultracold Atoms

Purnendu Das®,"** Valentin Leeb®,"? Johannes Knolle®,"*" and Michael Knap®'*
. . Technical University of Munich, TUM School of Natural Sciences, Physics Department, 85748 Garching, Germany
Alterma gnetism in u ltracold atoms [ 3] “Munich Center for Quantun Science and Technology (MCQST), Schellngst. 4, 80799 Minchen, Germany
*Indian Institute of Science, Bangalore 560012, Inc
‘Blackett Laboratory, Imperial College London, London SW7 2AZ, United Kingdom
® (Received 23 December 2023; accepted 17 May 2024; published 26 June 2024)

Altermagnetism represents a r\pr of collinear magnetsm, that is in some aspects distinct from

E Jj(elegs + &les) + U E Aiy fijy B

m. The altermagnetic phase separates in a m

llic and an insulating phase and is robust over a
large parameter regime. We show that one of the defining characteristics of altermagnetism, the anisotropic
spin transport, can be probed with trap-cxpansion experiments.
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The (altermagnetic) Hubbard-Model
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Figure from [3], fig. 1
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The (altermagnetic) Hubbard-Model

ak,T haa hag 0 0 aAk_,T
4B _ B/Tm hga hgg 0 0O by
= 0 0 haa has P
by, 0 0 hga hes/ \bi,

haa = —2t_ cos(k - ay) — 2t cos(k - a») hgs = —2t_ cos(k - ay) — 2t cos(k - ay)
hag = hga = —2t cos(kca) — 2t cos(k, a)

1 1
€r.a(k) = *i(hAA + hgg) £ \/4(hAA — hgg)? + haghga
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The (altermagnetic) Hubbard-Model
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The (altermagnetic) Hubbard-Model
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e Order parameter:

1
om = N Z<niAT — nja; — nigy + nigy)

e Leads to effective interaction

—Udm Z(”kAT — NkBt — Nkay + NkBY)
k

as an additive term in haa and hgg, making them spin dependent.
= Possible solution to problem: Apply a sublattice and spin dependent single-particle potential:
ch, ifieAo=1
fio=9qct, ificB,o=]

) b
0, else
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The (altermagnetic) Hubbard-Model

energy in t

(0,0) (—m/2.7/2) (02 (n/27/2) (0,0)

wave vector in ¢!
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Simulation results
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Conclusion




Summary
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e Altermagnetism is an interesting and active topic in modern research

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

Altermagnetism

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

for the generation of an interacting ground state
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