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The polariton laboratory

Kasia Lekenta

Mateusz Król Rafał Mirek

attocube CFM
1.5-320K, 0.0-9.0T
700-1000nm
420nm, 532nm, 633nm…

Dr Barbara Piętka
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The polariton laboratory

MBE growth:
Rafał Rudniewski,
Dr Wojciech Pacuski,
Jean-Guy Rousset

Magneto-optical properties
Rafał Mirek
Katarzyna Lekenta
Mateusz Król
Dr Barbara Piętka

Appl. Phys. Lett. 107, 201109 (2015)



Laboratory of SQUID magnetometry
Andrzej Twardowski
Andrzej Majhofer
Anita Gardias
Jarosław Rybusiński
Maciej Marchwiany (Monte Carlo)

2016-05-29 5

0.0-7.0T, 1.5-800.0K, photomagnetism



Mathematics and the Nature

Dialog z przyrodą musi być prowadzony w języku 
matematyki, w przeciwnym razie przyroda nie 
odpowiada na nasze pytania.

prof. Michał Heller

The conversation with the Nature 
must be carried out in the language 
of mathematics, otherwise nature 
does not answer our questions.

prof. Michał Heller
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Particles



Elements
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Elementary Particles

LHC
CERN
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Elementary Particles
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Particles - quarks



Elementary Particles
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Elementary Particles
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Kinetic Energy
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𝐸 Ԧ𝑝 =
𝑚𝑣2

2
=

Ԧ𝑝2

2𝑚
𝐸 Ԧ𝑝 = 𝑚2𝑐4 + 𝑝2𝑐2

𝑚 ≠ 0



Kinetic Energy 𝐸 Ԧ𝑝 , Ԧ𝑝 = ℏ𝑘
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𝐸 Ԧ𝑝 =
𝑚𝑣2

2
=

Ԧ𝑝2

2𝑚
𝐸 Ԧ𝑝 = 𝑚2𝑐4 + 𝑝2𝑐2 𝐸 Ԧ𝑝 = 𝑐 Ԧ𝑝

𝑚 = 0

𝑘

𝐸

𝑚 ≠ 0

𝑐

−𝑐

𝑣

𝑘
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Many-body interaction
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Many-body interaction

atoms..

chemical bonds…

symmetry, structure…

defects, impurities…

junctions, processing, 2D, 1D, 0D…

external fields 𝐸, 𝐵, light ℎ𝜈, stress, heat…
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W. R. Fahrner (Editor) Nanotechnology and Nanoelectronics

The electronic band structure



Basis of solid state

Born-Oppenheimer approximation

Max Born

(1882-1970)

Jacob R. Oppenheimer

(1904-1967)
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Bloch’s theorem
When potential is periodic

where Bloch function:

then solutions of Schrödinger equation 

Bravais vectors

are in the form of:

5/29/2016 20

Periodic potential

𝑉 Ԧ𝑟 = 𝑉 Ԧ𝑟 + 𝑅

𝑝2

2𝑚
+ 𝑉 Ԧ𝑟 𝜑𝑛,𝑘 Ԧ𝑟 = 𝐸𝑛,𝑘𝜑𝑛,𝑘 Ԧ𝑟

𝜑𝑛,𝑘 Ԧ𝑟 = 𝑒𝑖𝑘 Ԧ𝑟𝑢𝑛,𝑘 Ԧ𝑟

𝑢𝑛,𝑘 Ԧ𝑟 = 𝑢𝑛,𝑘 Ԧ𝑟 + 𝑅 = 𝑢𝑛,𝑘+ Ԧ𝐺 Ԧ𝑟

EnvelopePlane wave



Effective mass approximation

2016-05-29 21

Crystal = periodic potential

ax

𝐸 Ԧ𝑝 =
Ԧ𝑝2

2𝑚
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The electronic band structure

𝜑𝑛,𝑘 Ԧ𝑟 = 𝑒𝑖𝑘 Ԧ𝑟𝑢𝑛,𝑘 Ԧ𝑟

EnvelopePlane wave



2016-05-29 23

Landolt-Boernstein

Expanding 𝐸𝑛 𝑘 = 𝐸𝑛 −
ℏ2𝑘2

2𝑚
near extremum, e.g. 𝑘 = 0:

bands

The electronic band structure



Effective mass approximation
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𝐸𝑛 𝑘 = 𝐸𝑛 0 +෍

𝑖=1

3

෍

𝑗=1

3
1

𝑚𝑖𝑗
∗

ℏ2𝑘𝑖𝑘𝑗

2
+ ⋯

We replace MANY BODY INTERACTION by the effective mass tensor:

1

𝑚𝑖𝑗
∗ =

𝛿𝑖𝑗

𝑚
+
2ℏ2

𝑚2
෍

𝑙≠𝑛

𝑢𝑛,0׬
𝜕
𝜕𝑥𝑖

𝑢𝑙,0 𝑑
3𝑟 ⋅ ׬ 𝑢𝑛,0

𝜕
𝜕𝑥𝑗

𝑢𝑙,0 𝑑
3𝑟

𝐸𝑛 0 − 𝐸𝑙 0

𝐸𝑛 𝑘 ≈ 𝐸𝑛 0 +
ℏ2

2

𝑘1
2

𝑚1
∗ +

𝑘2
2

𝑚2
∗ +

𝑘3
2

𝑚3
∗

S.
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𝑚∗ = 0.01 − 1000 𝑚0



Effective mass approximation
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𝐸 𝑘 =
ℏ2𝑘2

2𝑚∗

𝐸 𝑘 = ℏ ǁ𝑐 𝑘

𝑚∗ > 0 𝑚∗ = 0

𝑘 𝑘

𝐸 𝐸

𝐸 Ԧ𝑝 =
𝑚𝑣2

2
=

Ԧ𝑝2

2𝑚
=
ℏ2𝑘2

2𝑚∗



Effective mass approximation
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𝐸 𝑘 =
ℏ2𝑘2

2𝑚∗ 𝐸 𝑘 = ℏ ǁ𝑐 𝑘

𝑚∗ < 0 𝑚∗ = 0 (i 𝑚∗ < 0)

𝑘 𝑘

𝐸 𝐸



The energy En(k) around extremum for the uniaxial crystal (np. GaN): 

For a cubic crystal:
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𝐸𝑛 𝑘 = 𝐸𝑛 0 +
ℏ2

2

𝑘1
2 + 𝑘2

2

𝑚⊥
∗ +

𝑘3
2

𝑚∥
∗

𝐸𝑛 𝑘 = 𝐸𝑛 0 ±
ℏ2𝑘2

2𝑚∗

k·p perturbation theory – effective mass
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k·p perturbation theory – effective mass

Na, K, Co, Al – elektrony

Zn, Cu, Au - ???

Pasmo prawie całkowicie zapełnione 
elektronami.
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Effective mass approximation
Many body system:

cb

vb

cb

vb

cb

vb

Ground state Excited state Excited state

electron in cb

hole in vb
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Effective mass approximation
Many body system:

Ground state Excited state Excited state

We „created” quasi-particles, which are non-interacting (at least „not too strong”) („free
electrons”, „effective mass”) – the same for phonons, polarons, plasmons, excitons, trions, bi-
excitons

cb

vb

cb

vb

cb

vb

electron in cb

hole in vb
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Quasi-particles creator (you!) 



2016-05-29 32

Quasi-particles (standard model)
cb

vb

electron in cb

hole in vb

Photon 𝐸 = ℎ𝜈

𝐸 =
ℏ2𝑘2

2𝑚∗

Phonon 𝐸 = ℏ𝜔

Magnon 𝐸 = ℏ𝜔

𝐸 = ǁ𝑐𝑘

Fermions Bosons

𝑚∗ ≠ 0

𝑚∗ = 0



Elementary Particles
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Elementary Particles
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Composed particles
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FIRST: 
Coulomb potential in 3D in the semiconductor of dielectric constant 𝜀𝑟, effective mass 𝑚∗:
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Composed particles
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Composed particles
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FIRST: 
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Composed particles
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FIRST: 
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Composed particles
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Composed particles
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Composed particles
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FIRST: 
Coulomb potential in 3D in the semiconductor of dielectric constant 𝜀𝑟, effective mass 𝑚∗:
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Composed particles
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2016-05-29 43

FIRST: 
Coulomb potential in 3D in the semiconductor of dielectric constant 𝜀𝑟, effective mass 𝑚∗:

𝒆

electron

0.0-1000𝒎𝟎

-1

½ 𝒉𝒉

heavy hole

0.1-1000𝒎𝟎

1

3/2 𝒍𝒉

light hole

0.0-1𝒎𝟎

1

1/2 
𝛾

photon

0
0

1 EXCITON

EXCITON

𝒆

electron

0.0-1000𝒎𝟎

-1

½ 

𝒉𝒉

heavy hole

0.1-1000𝒎𝟎

1

3/2 

Charged 
EXCITON
𝑿−

Charged 
EXCITON
𝑿+

Bi 
EXCITON

Bi 
EXCITON

Bi 
EXCITON

etc…

Charged 
EXCITON
𝑿−

Charged 
EXCITON
𝑿+



Composed particles
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Quantum well

J. Szczytko et al.



Composed particles
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Potencjał harmoniczny 2D
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Zależność od mocy pobudzania widm 
fotoluminescencji otrzymanych w temperaturze 
bliskiej temperatury ciekłego helu (ok. 5 K) dla 
licznego (wielomilionowego) zbioru kropek 
kwantowych InAs/GaAs.

CB

VB
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P
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THE ARTICLE
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Experiment Calculations

„H”

„He”

„Li”

„Be”

„B”

„C”



Composed particles
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Composed fermions
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Composed ??? (anyons)

https://www.linkedin.com/pulse/20140617170859-56463076-topological-quantum-computer-decodes-the-stock-market-behavior



Composed bosons

2016-05-29 51

𝒆

electron

0.0-1000𝒎𝟎

-1

½ 𝒉𝒉

heavy hole

0.1-1000𝒎𝟎

1

3/2 𝒍𝒉

light hole

0.0-1𝒎𝟎

1

1/2 
𝛾

photon

0
0

1 

𝒆

electron

0.0-1000𝒎𝟎

-1

½ 
𝒆

electron

0.0-1000𝒎𝟎

-1

½ 

phonon

ℏ𝜔
0
0

1 phonon

ℏ𝜔
0
0

1 

phonon

ℏ𝜔
0
0

1 

𝒉𝒉

heavy hole

0.1-1000𝒎𝟎

1

3/2 𝒉𝒉

heavy hole

0.1-1000𝒎𝟎

1

3/2 



Composed bosons
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Composed bosons
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Dressed states



Composed bosons
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GROUND STATE POLARITON PHOTOLUMINESCENCE

E1s-hh

Ephoton
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polariton

lower

polariton

Exciton polaritons

K. Lekenta, B. Piętka
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Exciton polaritons
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J. Kacprzak, Nature 2006



Exciton polaritons
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J. K. Lagoudakis EPFL



Exciton polaritons
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J. K. Lagoudakis EPFL



Exciton polaritons
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B. Pietka



Exciton polaritons
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W. Pacuski, R. Mirek et al.
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Doubly dressed states



Composed bosons
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https://www.hzdr.de/db/Cms?pOid=23930&pNid=471
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THz beam from FELBE

NIR pulses Ti:Sapphire

spectrometer
CCD camera

Double dressed bosons
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Double dressed bosons
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Double dressed bosons
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B=0.0T

E1s-hh

Eph

upper

polariton

lower 

polariton



Double dressed bosons
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Theory
M. Matuszewski, 
N. Bobrovska
(IF PAN)

Experiment
B. Piętka
J. Szczytko
(WF UW)
D. Stephan
M. Teich et al.
(HZDR)



Composed particles
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3D
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• magnetic monopole
• spinon, orbiton, holon
• skyrmion
• majorama fermions
• …
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Instead of conlcusions:

Create your own quasi-particle!



Dziekuję za uwagę
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The ordering of spins

The crystal:



PARA

The magnetization M in the absence of B M = 0

The ordering of spins

෡𝐻 = 𝑔𝜇𝐵𝐵 ⋅ Ԧ𝑆



ANTYFERRO

The magnetization M in the absence of B M > 0

The ordering of spins

෡𝐻 = 𝑔𝜇𝐵𝐵 ⋅ Ԧ𝑆 +෍

𝑖𝑗

𝐽𝑖𝑗 Ԧ𝑆𝑖 ⋅ Ԧ𝑆𝑗



ANTIFERRO

The magnetization M in the absence of B M = 0

෡𝐻 = 𝑔𝜇𝐵𝐵 ⋅ Ԧ𝑆 +෍

𝑖𝑗

𝐽𝑖𝑗 Ԧ𝑆𝑖 ⋅ Ԧ𝑆𝑗

The ordering of spins



ANTYFERRI

The magnetization M in the absence of B M > 0

The ordering of spins

෡𝐻 = 𝑔𝜇𝐵𝐵 ⋅ Ԧ𝑆 +෍

𝑖𝑗

𝐽𝑖𝑗 Ԧ𝑆𝑖 ⋅ Ԧ𝑆𝑗



Cząstki elementarne
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3D

2D
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Spinon, holon, orbiton

http://www.pi1.physik.uni-stuttgart.de/LFP/LFPForschung_d.php

1D chain ground state

excitation



2016-05-29 82

Spinon, holon, orbiton

http://www.pi1.physik.uni-stuttgart.de/LFP/LFPForschung_d.php

1D chain ground state

excitation
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Spinon, holon, orbiton

http://www.pi1.physik.uni-stuttgart.de/LFP/LFPForschung_d.php

1D chain ground state

excitation
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Spinon, holon, orbiton

http://www.pi1.physik.uni-stuttgart.de/LFP/LFPForschung_d.php

1D chain ground state

excitation
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Spinon, holon, orbiton

http://www.pi1.physik.uni-stuttgart.de/LFP/LFPForschung_d.php

1D chain ground state

excitation
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Spinon, holon, orbiton

http://www.pi1.physik.uni-stuttgart.de/LFP/LFPForschung_d.php

1D chain ground state

excitation
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Spinon, holon, orbiton
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Spinon, holon, orbiton

http://www-als.lbl.gov/index.php/research-areas/materialscondensed-matter/234-first-direct-observation-of-spinons-and-
holons.html

Two discrete peaks in the ARPES data form the signature of a spin–charge separation event. The 
raw data (black dots) are fitted with gaussian peaks for the holon (blue) and the spinon (red) 
with an integrated background (dashed line). The solid black line is the sum of the two gaussian
peaks and the background. The inset compares the data with the calculated spectral function, 
and the shaded green area indicates the extra intensity predicted by theory. The red bar shows 
that the spinon peak is wider than the holon peak.



2016-05-29 89

Spinon, holon, orbiton, triplon

Ross H. McKenzie, Nature Physics | VOL 3 | NOVEMBER 2007 | 756

Triplon!
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Spinon, holon, orbiton

Nature 485, 82 (2012)
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Spinon, holon, orbiton

Nature 485, 82 (2012)
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Spinon, holon, orbiton

Nature 485, 82 (2012)

resonant inelastic X-ray scattering (RIXS)

The hallmark of one-dimensional physics is a breaking
up of the elementary electron into its separate 
degrees of freedom. The separation of the electron 
into independent quasiparticles that carry either spin 
(spinons) or charge (holons) was first observed fifteen 
years ago. Here we report observation of the 
separation of the orbital degree of freedom (orbiton) 
using resonant inelastic X-ray scattering on the one-
dimensional Mott insulator Sr2CuO3. We resolve an 
orbiton separating itself from spinons and 
propagating through the lattice as a distinct 
quasiparticle with a substantial dispersion in energy 
over momentum […]
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Magnetic monopoles in spin ice 

Schematic representation of frustration in water ice and spin ice. a, In water ice, each hydrogen 
ion is close to one or the other of its two oxygen neighbours, and each oxygen must have two 
hydrogen ions closer to it than to its neighbouring oxygen ions. b, In spin ice, the spins point 
either directly toward or away from the centres of the tetrahedra, and each tetrahedron is 
constrained to have two spins pointing in and two pointing out.

J. Snyder et al. Nature 413 (2001)

six-fold degeneracy of protonic states six-fold degeneracy of spins

“two spins in, two spins out”
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Magnetic monopoles in spin ice 
Spin-ice systems, such as Dy2Ti2O7 and Ho2Ti2O7, can be described by a corner-sharing network 
of tetrahedra forming a pyrochlore lattice of localized magnetic moments.

𝐻 = 𝐽 𝑚2෍

𝑖,𝑗

Ԧ𝑆𝑖 ⋅ Ԧ𝑆𝑗 + 𝐷𝑚2෍

𝑖,𝑗

Ԧ𝑆𝑖 ⋅ Ԧ𝑆𝑗

Ԧ𝑟𝑖𝑗
3 −

3 Ԧ𝑆𝑖 ⋅ Ԧ𝑟𝑖𝑗 Ԧ𝑆𝑗 ⋅ Ԧ𝑟𝑖𝑗

Ԧ𝑟𝑖𝑗
5

𝑚 = 10𝜇𝐵 (rare-earth ions), Ԧ𝑟𝑖𝑗 is the distance between spins 𝑖 and 𝑗 and Ԧ𝑆𝑖 is a spin of unit 

length. The coupling constants are on the 1 K energy scale. These energy scales are 100 times 
smaller than the crystal field terms that confine the spins along the axis joining the centres of 
two adjoining tetrahedra. As a result, on the 1 K energy scale, the moments behave as Ising
spins along this axis.

Exchange Dipole
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Magnetic monopoles in spin ice 

The pyrochlore and diamond lattices. 
The magnetic moments in spin ice 
reside on the sites of the pyrochlore
lattice, which consists of 
cornersharing tetrahedra. These are at 
the same time the midpoints of the 
bonds of the diamond lattice (black) 
formed by the centres of the 
tetrahedra. The ratio of the lattice 
constant of the diamond and 

pyrochlore lattices is 𝑎𝑑/𝑎 = 3/2
The Ising axes are the local [111] 
directions, which point along the 
respective diamond lattice bonds.
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Magnetic monopoles in spin ice 

A single spin flip produces defects on two neighboring tetrahedra. (C) The defects can move 
apart. They interact like oppositely charged magnetic monopoles connected by a trail of flipped 
spins (a Dirac string). The pink arrows indicate spins, the blue spheres indicate monopoles, and 
the red spheres indicate antimonopoles.
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Magnetic monopoles in spin ice 
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Magnetic monopoles in spin ice 

D. J. P. Morris et al. SCIENCE VOL 326, 411 (2009)

Paramagnetic phase

Spin ice phase

The measured heat capacity per mole of Dy2Ti2O7 at zero 
field (open squares) is compared with a Debye-Hückel
theory for the monopoles (blue line) and the best fit to a 
single-tetrahedron (Bethe lattice) approximation (red line).
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Magnetic monopoles in spin ice 
Dirac string

http://physicsworld.com/cws/article/news/2009/sep/03/magnetic-monopoles-spotted-in-spin-ices
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Magnetic monopoles in spin ice 

Dirac string



FERRO

The magnetization M in the absence of B M = 0

෡𝐻 = 𝑔𝜇𝐵𝐵 ⋅ Ԧ𝑆 +෍

𝑖𝑗

𝐽𝑖𝑗 Ԧ𝑆𝑖 ⋅ Ԧ𝑆𝑗

Skyrmions



CHIRAL MAGNETS

෡𝐻 = 𝑔𝜇𝐵𝐵 ⋅ Ԧ𝑆 +෍

𝑖𝑗

𝐽𝑖𝑗 Ԧ𝑆𝑖 ⋅ Ԧ𝑆𝑗 +෍

𝑖𝑗

𝐷𝑖𝑗 Ԧ𝑆𝑖 × Ԧ𝑆𝑗

Skyrmions
Dzyaloshinsky-Moriya term
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Skyrmions

Nature 442, 797 (2006)
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Skyrmions

Nature 442, 797 (2006)
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Skyrmion lattices and helimagnetism

http://www.tcm.phy.cam.ac.uk/~nrc25/projects/skyrmions.html
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Skyrmions

Nature 465, 901 (2010)

Topological spin textures in the 
helical magnet Fe0.5Co0.5Si.
a, b, Helical (a) and skyrmion (b) 
structures predicted by Monte 
Carlo simulation. c, Schematic of 
the spin configuration in a 
skyrmion. d–f, The experimentally 
observed real-space images of the 
spin texture, represented by the 
lateral magnetization distribution 
as obtained by transport-of-
intensity equation (TIE) analysis of 
the Lorentz TEM data: helical 
structure at zero magnetic field (d), 
the skyrmion crystal (SkX) structure 
for a weak magnetic field (50 mT) 
applied normal to the thin plate (e) 
and a magnified view of e (f). 
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Skyrmions
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Skyrmions
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Skyrmions

neutron-scattering measurements for a neutron 
beam parallel to the applied magnetic field
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Skyrmion lattices and helimagnetism

http://www.nature.com/nature/journal/v465/n7300/fig_tab/465880a_F1.html Nature 465, 880–881 (17 June 2010)
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Skyrmions

high-resolution Lorentz TEM
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Skyrmions

260 K!
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Skyrmion lattices and helimagnetism

(a,b) The in-plane magnetization textures of the 
helical structure (B=0) and of the skyrmion
crystal (B=150 mT), as deduced from the 
transport-of-intensity equation analysis of the 
under-focus and over-focus Lorentz TEM images 
on a 30-nm-thick FeGe plate. Scale bar, 70 nm. 
Colours and white arrows are signs of the 
magnitude and orientation of in-plane 
magnetizations, whereas the dark colour
depicts the upward (downward) spins in the 
periphery (core) of the skyrmions. (c) Schematic 
diagram and cross-sectional view of a 
microdevice with a trapezoidal FeGe plate that 
is composed of a 100 nm-thick thinner terrace 
for electron-beam transmission and another 
trapezoidal thicker part for supporting the 
thinner part. (d) The under-focus Lorentz TEM 
image for the skyrmion crystal taken at 250 K 
and 150 mT for the present device. Scale bar 
(d), 100 nm.

Skyrmion flow near room temperature in an ultralow current density
X.Z. Yu, N. Kanazawa, et al., Nature Communications 3, 988 (2012)
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Skyrmions

Typical magnetic force microscopy data at the 
surface of Fe1−xCoxSi (x = 0.5)



2016-05-29 115

Skyrmions

Monte Carlo simulation for a system first field cooled at B=0.16J (B||[110]) down to T = 0.6 J.
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Skyrmions
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Instead of conlcusions:

Create your own quasi-particle!
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Class



Coulomb potential in 3D
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FIRST: 
Coulomb potential in 3D in the semiconductor of dielectric constant 𝜀𝑟, effective mass 𝑚∗:

𝑅𝑦 =
𝑒2

4𝜋𝜀0

2
𝑚

2ℏ2
=

ℏ2

2𝑚𝑎𝐵
2 =

1

2

𝑒2

4𝜋𝜀0𝑎𝐵
= 13.6 eV

𝑎𝐵 =
4𝜋𝜀0ℏ

2

𝑚0𝑒
2 = 0.5 Å

𝑉 𝑟 = −
𝑒2

4𝜋𝜀𝑟𝜀0

1

𝑟

𝐸𝑛 = −
𝑚∗

𝑚0

1

𝜀𝑟
2 𝑅𝑦

1

𝑛2
= −𝑅𝑦∗

1

𝑛2

𝑎𝐵
∗ =

4𝜋𝜀𝑟𝜀0ℏ
2

𝑚0𝑒
2

𝑚0

𝑚∗ = 𝑎𝐵𝜀𝑟
𝑚0

𝑚∗

𝐸𝑛 = −𝑅𝑦
1

𝑛2

For Hydrogen 𝑅𝑦 = 13.6 eV and 𝑎𝐵 = 0.053 nm

For GaAs semiconductor 𝑅𝑦∗ ≈ 5 meV and 𝑎𝐵
∗ ≈ 10 nm



Coulomb potential in 2D
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In 2D:

𝑅𝑦∗ =
𝑒2

4𝜋𝜀𝑟𝜀0

2
𝑚∗

2ℏ2
=
1

2

𝑒2

4𝜋𝜀0𝜀𝑟𝑎𝐵
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𝑚0
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𝜀𝑟
2

𝐸𝑛
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𝑛 −
1
2

2

𝑎𝐵
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𝑚0
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𝐸𝑛
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1

𝜀𝑟
2 𝑅𝑦

1

𝑛2
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1

𝑛2
In 3D:

𝐸1
2𝐷 < 𝐸1

3𝐷 thus 𝐸1
2𝐷 > 𝐸1

3𝐷
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J. Szczytko, et al. Phys. Rev. Lett. 93, 137401 (2004)

Exciton in 2D


