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pevnych latek

* Metody méreni pasoveé struktury
* Topologické izolatory
* Nektere experimentalni vysledky



Pasova struktura
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Zavislost kinetické energie elektronu na rychlosti
E=mv?/2
hybnost p=mv  E=p?%2m

vinovy vektor p=hk  E=h2k?/2m



Pasova struktura
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Zcela zaplnény pas izolatory a polovodice.

PolovodiCe maji zakdzany pas relativneé Uzky (do cca 4eV),
moznost teplné excitace elektrond, dopovani



Pasova struktura

Periodic Table of the Elements
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Topologické izolatory

Pasova struktura topologického izolatoru
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Topologické izolatory

Pasova struktura topologického izolatoru

E Povrchové stavy polarizovaného
spinu

Bulk
Conduction

Band
Surface

States

k
Bulk
Valence

Band



Topologické izolatory
Topologie
GaussUv-Bonnetuv teorém

K=(ryr,)2

[ xdA =27 =212 - 2)

g je genus - “pocet der”

9=0

g=1



Topologické izolatory

V pasove strukture

. DUsledek:
Y(r) =e™ u,(r) na rozhrani dvou oblasti
A= (Hk‘_i‘?k|uk:} s ruznym Chernovym Cislem
| musi existovat povrchové
F=VxA Berryho kfivost stavy s jistymi viastnostmi,
které nezavisi na stavu
Integral pres obsazené stavy - Chernovo pOVI‘ChU (defekty apod.)

¢islo n

NC 2016: David J. Thouless, Duncan Haldane a Michael Kosterlitz
“za teoretické objevy topologickych fazi hmoty a topologickych fazovych prechod(”

Rlzné invarianty Z, Z,, atd.
Jina rodina topologickych izolatori (Pb,Sn)Se, (Pb,Sn)Te



Topologické izolatory




Topological insulators

Band structure of topological insulator:
Large spin orbit splitting and time reversal symmetry
— spin polarized surface states with Dirac-cone dispersion

Prototypical materials: narrow band gap semiconductors Bi,Se,, Bi,Te;
Bulk conduction band

Surface states

Bulk valence band

Ferromagnetic ordering brakes time reversal symmetry
- pand gap within surface states, Quantum anomalous Hall effect
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Topologické izolatory

Pasova struktura topologického izolatoru
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(a) The insulating state is characterized by an energy gap separating the occupied and empty
electronic states, which is a consequence of the quantization of the energy of atomic orbitals.
(b) In the quantum Hall effect, the circular motion of electrons in a magnetic field, B, is
interrupted by the sample boundary. At the edge, electrons execute “skipping orbits" as shown,
ultimately leading to perfect conduction in one direction along the edge. (c¢) The edge of the
“quantum spin Hall effect state” or 2D topological insulator contains left-moving and right-
moving modes that have opposite spin and are related by time-reversal symmetry. This edge
can also be viewed as half of a quantum wire, which would have spin-up and spin-down
electrons propagating in both directions. (d) The surface of a 3D topological insulator supports
electronic motion in any direction along the surface, but the direction of the electron’s motion
uniquely determines its spin direction and vice versa. The 2D energy—-momentum relation has a
“Dirac cone” structure similarto that in graphene.



Topologické izolatory

Prvni podobny stav: Kvantovy Halluv jev
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Topologické izolatory

Vlastnosti topologickych izolatoru:

e proud je Umérny magnetizaci

- noveé aplikaCni moznosti
» Absence zpétného rozptylu elektrond

- vysoké pohyblivosti az 10000cmz2/Vs, elektronika s
malym prikonem

« Robustni vi¢i nemagnetickym necistotam
- povrchové stavy jsou dusledkem symetrie



Topologické izolatory
DalSi mozné aplikace:
e kvantoveé pocitace
* spintronické soucastky
Topologicky izolator s feromagnetickym usporadanim:
« Kvantovy anomalni HallGv jev



Topologické izolatory

Canduction band

Surface state Fi

’Magnetic topological insulators

Yoshinori Tokura'="*, Kenji Yasudan® and Atsushi Tsukazakin®




Topologické izolatory
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Fotoemise a Augerlyv jev

Fotoelektrony — prfimo vyrazené fotonem
Augerovy elektrony — sekundarni emise — alternativni proces ke
vzniku charakteristického rtg zareni.
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photoemission vzorek spektrometr



Fotoelektronova spektroskopie

Podminky experimentu:

Energie fotonu: 10 az 2000eV
Laboratorni zdroje:

* He vybojka 21 eV

Mg lampa 1254 eV

* Al lampa 1486 eV

Synchrotron — laditelny zdroj
Vysoké vakuum (tlak max 10° Pa)
Vysoka kvalita a Cistota povrchu vzorku

Optika — jen na odraz — zrcadla, difrakcni mrizky, zadna
okénka!

Hloubka vniku 10° — 10! nm



ARPES - Uhloveé rozliSena

photon source energy analyser

UHV - Ultra High Vacuum
(p <1077 mbar) J




Zakony zachovani
« Kvaziimpulz — zachovava se tecna slozka

hlgfoton,” + hE?,H — th:H

/L’LE??H ~ flgf?H — \/QmE sin ¢
hk, = \V2mE sin 6 cos ¢
h/gy — V2mE sin 0 sin ¢

ﬁgz — V2mE cos 6

* energie

Ebound — hw?ﬂ — Ekin?elektron Z
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Measurement axis




ARPES

Hemisfericky analyzator + CCD

‘
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Entrance slit Electron Paths

20 Detector




Sample preparation

G. Springholz group, JKU Linz

Deposition technique:

M_n slofprea 125 Molecular beam epitaxy
thickness 300 to 500nm

Compound sources:
Bi,Te./ Bi,Se,, additional Te/Se

cell to achieve correct
stoichiometry

Sample series:
Bi,Te, up to 11% of Mn doping
Bi,Se, up to 10% of Mn doping



Topologické izolatory dopované Mn
Strukturni analyza vrstev topologickych izolatort
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Electron microscopy
JKU Linz, Graz

10% Mn Bi,Te, HAADF STEM 6% MnBI,Se,
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Topologicke izolatory dopované Mn
Strukturni analyza vrstev topologickych izolatort
HAADF-STEM (priprava lamel ZONA JKU Linz, TEM Graz)
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Topologické izolatory dopované Mn

Strukturni analyza vrstev topologickych izolatort

fitovano modelem parakrystalu
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XRD structure analysis

Mn doped BisTes Mn doped Bi>Sej
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Symmetric scan with scattering vector perpendicular to
the surface

Higher Mn content leads to disturbed structure

Fitted with a paracrystal model:
Random sequence of Bi X, (quintuple layers — QL) and

Bi,MnX, (septuple layer — SL)



NaL

XRD structure analysis
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Topologické izolatory dopované Mn

Strukturni analyza vrstev topologickych izolatort

fitovano modelem parakrystalu
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X-ray absorption spectroscopy

Experiment at BM23, ESRF Grenoble

Bi2T83: Mn Bi2893: Mn
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Very weak Mn concentration dependence



Strukturni analyza vrstev topologickych izolatort

Topologické izolatory dopované Mn

Mn-doped Bi,Te;
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X-ray absorption spectroscopy

Simulations of various Mn positions
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X-ray absorption spectroscopy

Fitted distances of Mn nearest neighbors

Mn doped Bi,Te,
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Topologické izolatory dopované Mn

Magnetické vlastnosti vrstev topologickych izolatoru
SQUID (JKU Linz)
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Topologické izolatory dopované Mn

Magnetické vlastnosti vrstev topologickych izolatort - CEITEC
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Topologické izolatory dopované Mn

Magnetické vlastnosti vrstev topologickych izolatort - CEITEC
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Electronic structure
ARPES BESSYII, HZB Berlin BiZSeS, 12K
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Electronic structure

ARPES BESSYII, HZB Berlin, Bi,Te; 6% Mn doped samples
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Photoemission intensity (arb. units)

Electronic structure

6% Mn doped Bi,Se; at 1K
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Conclusion

Mn doped topological insulators form natural heterostructure of
alternating QL and SL segments

Mn atoms are mostly positioned in the central position of septuple
layer

Ferromagnetic ordering has been observed with Curie temperature
In range of 6K to 15K for Mn concentration above 3%

Easy magnetization axis Is:
Out-of-plane for bismuth telluride
In-plane for bismuth selenide

Bismuth telluride shows large magnetic band gap of (90+£10) meV
opened bellow Curie temperature

Bismuth selenide does show temperature independent band gap of
=200 meV



Topologické izolatory dopované Mn
Zaver:
urcili jsme strukturu vrstev, usporadani Mn

Feromagnetické pod cca 15K

Smeér snadné magnetizace kolmo k povrchu (telurid), v rovine
(selenid)

Pozorovan gap v pasove strukture indukovany
feromagnetickym prechodem
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