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Outline

* Magnetic systems, Landau theory

* Frustration

* Research problem: Frustration + Quantum Mechanics, exact results
* Examination of particular models

* Incompletness of the Landau Theory (boundaries affect local order)

* Conclusions



FERROMAGNETS

* spins like to point in the
SAME direction

* Order parameter: <Sj>
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Phases and phase transitions
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 Order parameter
vanishes above the
critical temperature
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Phases and phase transitions
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 Order parameter
vanishes above the
critical temperature

Order Parameter
(e ]
n

0 T.
Phase transitions: femperature
e C(Classical: Changing the temperature.
* Quantum: Changing a parameter of the Hamiltonian at zero

temperature.



Landau Theory

e Phase transitions — Spontaneous Symmetry Breaking
* Exceptions: BKT transition, ....

* Order parameter — Zero in one phase, non-zero in the other.
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Landau Theory

e Phase transitions — Spontaneous Symmetry Breaking
* Exceptions: BKT transition, ....

* Order parameter — Zero in one phase, non-zero in the other.

* Universality:

Critical properties depend only on global features of the system - symmetries of
the order parameter and space dimensionality.

* |n antiferromagnets critical behavior depends on the shape of the lattice
(related to Frustration)

* Local order does not depend on the boundaries.



Frustration

* interactions in conflict
a b

Picture taken from [Moessner,Ramirez 2006]



Interest

Applications Fundamental Side
Materials with new properties * Phases of matter
 Quantum technologies e Spinices, spin liquids

* Ability of such condensed matter
systems to mimic different systems
(e.g. Artificial light)



Interest

Applications Fundamental Side
Materials with new properties * Phases of matter
 Quantum technologies e Spinices, spin liquids

* Ability of such condensed matter
systems to mimic different systems
(e.g. Artificial light)

Frustration + Quantum Mechanics, Exact
results?
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Frustration + Quantum Mechanics

Quantum XY chain — xAFM, yFM
H = ZUJ OJ+1 )\ZUJ OJ‘H - A€(0,1)

Order Parameter — (staggered) magnetization
A PERIODIC BOUNDARY

CONDITIONS < O.;l; > - — 7

N =odd

Zy symmetry: 0 — —07

 Combination of analytical and numerical
methods



How to diagonalize the model? = Z%%H )\ZU o1, A€(0,1)

Mapping spins to fermions — Jordan-Wigner Transformation, Fourier transform, Bogoliubov rotation

Zy symmetry: of — —07 [[{7 HZ] — (0 17 =

H— 1—|—2H I+ 1—|—2H | 1—2Hz - 1=



How to diagonalize the model? = Z% 041 — )\Z% 0i1 s A€ (0,1)

Mapping spins to fermions — Jordan-Wigner Transformation, Fourier transform, Bogoliubov rotation

N
Zy symmetry: of — —07 [[{7 HZ] — (0 17 = -H1 0
3:
_14ITR 1401017 | 1—TI1, 77— 1—
H =g+l 4 1oL g
+ AT A 1
H* = 3 &(q) (ajaq — 3)
gel'=
e(q) = ‘€i2q_)\ q+0,7 . '~ ={27k/N:k=1...,N}
c(0) = —e(m)=1-X, It ={2r(k+3)/N:k=1,..,N}

Construction of the ground states...

New method of computing the magnetization



Results  w-xom. Az%ﬂ, c 0,1)

Without frustration (System size N=Even):

* Gapped
* Magnetization antiferromagnetic

(0) = (~1)7(1 =A%) /4




Without frustration (System size N=Even):

Gapped

Magnetization antiferromagnetic

i(1 — )\2)1/4

Results
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With frustration (N=0dd):

Gapless
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system size
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Results

Without frustration (System size N=Even):

* Gapped

* Magnetization antiferromagnetic

(03) = (-1 (1

Magnetization Magnitude

0.01¢

N
H:Zafa )\ZO'JO'J+1, €(0,1)
j=1

With frustration (N=0dd):

Gapless
Magnetization decreases to zero with the
system size
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Results — w-Xa. z c 0,1)

Without frustration (System size N=Even): With frustration (N=0dd):
) Gapped. . _ _ * Gapless
* Magnetization antiferromagnetic « Magnetization decreases to zero with the

A @

Wlth the Landau theory! )

Magnetizati

o

o
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0.01¢

) = (—1)(1— 221

system size
* Magnetization ferromagnetic

Not in agreement

—— N=0dd

Mesoscopic
Ferromagnetic
Order

20 40 60 80 100
System Size N



XY chain — xAFM, yAFM

H = ZUJO-J+1+)\ZO-JJJ+17 (0?1)

PERIODIC BOUNDARY
CONDITTONS

N =odd Magnetization <()'a.j

J>GS_




XY chain — xAFM, yAFM

H = ZUJUJJrl_'_)\ZOJJJH ’

Q
PERIODIC BOUNDARY

CONDITIONS
N =odd Magnetization <0‘$> —
J 7 GS
Without frustration: N — 16 1 (o

* Gapped A
» Standard Antiferromagnetic order
* Two-fold ground state degeneracy

< (0,1)



With Frustration: Breaking of Translational Symmetry

Gapless spectrum, Four-fold ground state degeneracy
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Two results combined

H = Z J-I-l )\ZJJ JJ-H

GS DEGENERACY=2

| <o >]|1. 0¢
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Two results combined

H = Z 3-|—1 )‘ZOJ UJ+1 = ZUJ JJ+1 T )\ZGJ GJ+1

NEW QUANTUM PHASE P
TRANSITION! oo fLEL]

A L O max; < >05
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Conclusions b

* Frustration with Quantum Mechanics leads to new types of order

* Mesoscopic Ferromagnetic order, Breaking of translational symmetry, new Quantum Phase
Transition

* Different behavior of systems of even and odd size, however large
they are.

* Boundary conditions influence local order, however large system is.
* Incompletness of the Landau theory.

Reference: V. Mari¢, S. M. Giampaolo, D. Kui¢, and F. Franchini. “The Frustration of being Odd: How
Boundary Conditions can destroy Local Order”. arXiv:1908.10876, 2019.

Reference: V. Mari¢, S. M. Giampaolo, D. Kuié, and F. Franchini. In preparation.
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EVEN'AND 0DD SIZE

BOUNDARY,
CONDITIONS
INFLUENCE LOCAL ORDER

* Thank you for your attention!



