Elektronové a magnetickeé vilastnosti magnetickych

materialu a supermfrizek
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Ustav fyziky kondenzovanych latek

» Spektroskopicka elipsometrie a dielektricka funkce

*Studium feromagnetického stavu La, ,Sr;CoO,; pomoci elipsometrie

» Studium dimenzionalniho prfechodu v antiferomagnetickych supermfizkach
LaFeO,/SrTiO; pomoci spinoveé rotace muonu
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* Elipsometrie je de facto interferenCni experiment s komponentou elektrického
pole rovhobéznou (p) a kolmou (s) k roviné dopadu.

Mérené veliciny v elipsometrii:

* Uhel pootocCeni elipsy ¥
« elipticita A

— n,k nebo g, ¢,
bez dalSich predpokladu



Absorpce- realna cast optické vodivosti

Opticka vodivost se vztahuje k dielektrické funkci jako  o(w) =—lwe, (g(a)) —1)

Je to komplexni funkce: o(w)=oc,(w)+ioc,(w)

* Realna Cast vodivosti o, (m)= g e,(®), je umerna absorpci
elektromagnetické energie
* 61 (0=0) = opc

2

mq
2&,M

= constant

o0
* 5, je vazana sumacnim pravidlem jal(a))da) =
0

- Integral z o, (o) pres Siroky frekvencni interval je proporcni
naboji ktery zareni absorbuje.



Opticky aktivni excitace mezi THz a ultrafialovym oborem
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D. Basov et al., Phys. Mod Rev. 2011



Equilibrium ellipsometry at CEITEC Nano
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Woollam IR-VASE, mid infrared range
Woollam VASE, NIR-UV range - S

He closed-cycle cryostat 7-400 K




Opticka odezva feromagnetickych kobaltatu

-hruba data na 30nm vrstvach

* tenké vrstvy (30 nm) feromagnetickémo La, ,Sr, ;C00,
vypéstované na substratu LSAT pomoci pulsni laserové

A ,/
. >3 depozice (Alineason Materials Technology)
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* Crurieova teplot T, ~205 K

Hruba data v podobé elipsometrickych uhli obsahuiji jak
odezvu vrtsvy tak susbstratu

—— 300K V-VASE —— 300K V-VASE |

——300K IR-VASE | 150 1 —— 300K IR-VASE _
—— 300K FIR ——300KFIR

- - - 7K V-VASE B

- - - 7K IR-VASE 120 "N\ 0=75°

---7KFIR

=
60+ -
. i --- 7K V-VASE
- -~ 7K IR-VASE
30¢ --- 7KFIR
.b)
0.01 0.1 1 0.01 0.1 1

Photon Energy [eV] Photon Energy [eV]



Optické projevy feromagnetického stavu

La, ,Sry 3C00,,
T.~205K

Absolutni opticka  §
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Kandidat pro pfechod ,Spatného spinu® na 1.5 eV
P. FriS et al, Phys. Rev. B 97, 045137 (2017)



Optické projevy feromagnetického stavu

La, ,Sry3C00,, T,

~205 K

* spektralni vahy (integral z c,) Drudeho piku a pasu na 1.5 eV sleduji vyvoj

magnetizace

0.20

0.18 1

LE
eff

41.30

1.28

1+0.02 Exx\,x/’.;_ N'E >
_ - D/ A eff] % rIn

0.16 =<2 X

411.26

N

0.14 —
0

100 200 300

T[K]

—Owr 0 T 11.0
N d) |

i N\ {0.8

_ \E\ los

——AN_ % -0.4
_{_ANHE \ ]

_ 2eff :\ 40.2
M .

NN I [ S o W'
0 100 200 300

T'[K]

P. FriS et al, Phys. Rev. B 97, 045137 (2017)



Modelovani spekter pomoci Drudeovy-Lorentzovy formule
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Drudeovy-Lorentzovy formule

Vodivostni odezvu je nutné modelovat tfemi Drudeho Cleny —
typicky znak interagujicich vodivostnich elektront a/nebo
pritomnosti nékolika vodivostnich pasu



Prechody elektront mezi ionty kobaltu

Feromagneticky stav 3dCo €, |

|
orbitals ) ) ) ) ) )
by l‘ — i i,

 dvojna vymenna interakce vedouci k feromagnetismu
» delokalizace elektronu je hnaci silou feromagnetického usporadani
 vede k vodivym vlastnostem

Co* Co*

) ) I |
3dCo S, |

| ] ] eg
orbitals t t l_ 1 t __l_ —l— —l— t,

 pfechod mezi kobalty s antiparalelnim usporadanim spina se
nazyva prechod se ,Spatnym spinem” (,wrong-spin-transition®)

» tento prechod porusuje Hundova pravidla, je na ného tedy potreba
urCitou energii (~ 1.5 eV).

Paramagneticky stav




Pulsni laserova depozice (PLD)

* PLD vybavené spickovou soucasnou technologii
« tlak 5x10-19 mbar

* kontrola rustu s RHEED

* in situ ozonova atmosféra

* ultra homogenni rust se skenovanim laserového svazku

« prfipojené na UHV klastr s analytickymi metodami (XPS, ARPES,
LEEM, LEED, STM



3D to 2D crossover in antiferromagnetic LaFeO,/SrTiO3

superlattices

+ LaFeO; — G-type antiferromagnet with T,=740 K
* SrTiO; — nonmagnetic insulator (semiconductor)

* sSubstrate - SrTiO,

Series of superlattices:

[(LaFeOy)y + (SITiOz)s]x 10
withN=3,2,1

Grown by M. Kiaba using

PLD with in-situ RHEED monitoring

Atomically flat SrTiO3
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FIG. 5. Typical surface morphology of SrTiO; substrate made
by AFM.
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FIG. 4. Typical surface morphology of (LFO,,/STOs)10
made by AFM.



3D to 2D crossover in antiferromagnetic LaFeO,/SrTiO3

superlattices
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3D to 2D crossover in antiferromagnetic LaFeO,/SrTiO3

superlattices

Structural analysis
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: : . Graph show total thickness of superlattice
X-ray diffraction of [_I_aFeOm+SrT|05]1o calculated and measured by X-ray reflectivity
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Transition electron microscope images of [(LaFeO,), /(SrTiO3):]4,
superlattice

Fe layer

' La layer

Cover layer—

Superlattice —
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Muon spin rotation spectroscopy - MSR

Electronic Clock

Muon
Detector

Spin-Polarized
Muon Beam

Positron
Detector

A. Amato, Physics with Muons: From Atomic
Physics to Solid State Physics, Script University of Zurich,2019

— Muon has spin %2 and decay half-life of about

2.2 S

— At decay, positron is emitted preferentially to

muon spin direction

— Itis local magnetic probe - sense field at the

stopping side
— Can detect small magnetic field — from

nucleus

— Result is time dependence of asymmetry on

time

— Asymmetry is difference between detectors

(front-back, top-bottom)

MUNI
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Weak Transverse Field

» An external magnetic field is applied to the

sample perpendicular to the muon spin.

* In a purely para-/diamagnetic system the

muon spin will just precess around B,

* In a magnetic system (ferro-, antiferro-,
ferrimagnetic), the muon will precess

around the superimposed field

 Typicali it is used to detect phase transition

of static magnetic order
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Weak Transverse Field

Magnetic volume fraction 0.10

=
CIEJo.oo VYT S .‘|H: A
— fmag(T) Is the volume fraction of magnetic < 0.05 - v ' w V ! v VR
phase oroh! V A i
— A, is asymmetry (amplitude) at high 0 1 2 3 4 5 6 7 8

temperature in paramagnetic state Time (ps)

Asymmetry from wTF measurement from

— A (T) is asymmetry (amplitude) at any _
superlattice m = 3

given lower temperature

MUNI
5C 1



f mag

Weak Transverse Field

— - F =3 I ffsetat 175 K
TN_35K TN:175K or m = 3 we see clear offset a
\ 7 « For m = 2 we see clear offset at 35 K
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Longitudinal Field

Arrangement same as in Zero field
measurement

Applied magnetic field in direction of
muon beam

Longitudinal field can unequivocally
differentiate between static magnetism
and dynamic fields
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muon beam
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ackward
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orward
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Istan@itdnantsigith gaussian distribution
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Longitudinal Field

Dynamic moments

If local fields are fluctuating and cause the
muon spin —flip and cause the muon-spin
depolarization even in the longitudinal field

Longitudinal field can unequivocally

differentiate between static magnetism

and dynamic fields
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Equation for Longitudinal field measurement :

ALF(tJ Bext) = (1 _ C)Ps(éggq(a Bext) + Cpggg(t, Bext)



Correspond to fluctuating Fe ions spins
with fields with fields about 100-300 mT

Longitudinal field measurement form =1

Dynamic part

2 3 4 5 6 7 8
Time (us)

and frequency in range of 150 GHz

App(t, Bext) = (1 — C)Ps

Static part

Time (us)

Correspond to static nuclear moments
with magnetic field about 0.32 mT at the
muon site

(t, Bext) + ch;fg(t, Bext)



Summary

We grow high quality superlattices from LaFeO,/SrTiO,

LaFeO, superlattices with m = 3 and 2 are antiferromagnetic with Neel temperature of

175 K and 35 K respectively

LaFeO; in superlattice with only one monolayer does not show transition down to the 5 K

Longitudinal field measurement unequivocally show that Fe ions spins are fluctuating

down to the 5 K and behave according Mermin-Wagner theorem



Dekuji za pozornost



zakladni rovnice elipsometrie

. . e e p ] iA
Definice elipsometrickych uhlu ¥ a A: p—=— = tan Ve
r
Fresnelovy koeficienty:
Ny cos @1 — Ny cos 05 Ny cos by — Ny cos b5
poo= E o —
P S
Ny cos by + Ny cos 6 Ny cos 01 + Ns cos 65
Snelldlv zakon: Ny sinfy = N sin o
Index lomu okoli: N, = /e, Index lomu vzorku: Ny = | /€,

Inverzi vySe uvedenych rovnic obdrzime v pfipade polonekonecného izotropniho
vzorku explicitni analyticky vyraz pro dielektrickou funkci (jak jeji realnou tak i
imaginarni ¢ast):

5
L —p(P,A)
L+ p(W,A)

es(U.A) = e,sin* 0y | 1 + tan?6,

shrnuto: ze dvou mérenych veli€in ¥ a A urCime dvé veliCiny ¢, a ¢,



Lorentzuv oscilator

Newtonova rovnice harmonicky buzeného mechanického oscilatoru:
d2x(t) da(t)

m ch‘é -~ = —kx(t) — mn T + qEge vt
® d
v , Lo\W) = .
Reseni: wh — w? — iwy
k E °
Wwo = ) P = q_o )
m m
polarizace je hustota dipoloveho momentu
P(w) = Z ngrg j(w) n: koncentrace
J ®

z definice dielektrické funkce:

g(w) =1+ Plw) =1+y ——Fd 0n;
&E(w) @y — 0" —lwy; Wpl,j =

plasmova frekvence:

€077

prispévek vysokofrekvencnich pfechodu Ize nejhrubéji aproximovat konstantou:

2 - dielektricka fukce nezavislych
e(w) = € + Z — “’p“; : Lorentzovych oscilator(i. Typicky dobfe
— Wy ; — W —
J

-

Wi funguje pro fonony. Drudetv model kovu
dostaneme dosazenim w,=0



Drudeova formule Ukazka dielektrické funkce

n-dopovaneho kfemiku

. ’ode’zvu volnych nosicu naboje of —_ ellipsomertic data
ziskame pro (DO:O [ e —— Drude model
wof |2
2
0]
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= \/7 G 200 |
2 g
. vr p . o ellipsomertic data
proe, =1 je to pfimo w,. Na této frekvenci 100l —— Drude model
se v latce propaguje longitudinalni plasmon, [
proto se této frekvenci fika plasmova. N e
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Elipsometr pro vzdalenou infracervenou oblast v CEITECu

* jen asi 4 pfistroje podobného typu na sveté

* kryostat s uzavienym cyklem helia 7-400 K

* rozhrani s ultra-nizkymi vibracemi pro odsstranéni vlivu vibraci
» motorizovany goniometr s rozliSenim 0.01 °

« automatizované méreni ~15 teplot za 24 hodin

* detektor - 4.2K (a nové 1.6 K) bolometr

ANA - Analyzer
APT1,2 - Aperture
BMS - Beam Splitter
BOLO - Bolometer

FM1,3,4 - Parabolic Mirror

FM2 - Elliptical Mirror
GLB - Glow Bar

GON - Goniometer

HG - Mercury Lamp
LAS - Aligment Laser
PM1,2,3 - Plane Mirror
POLA - Polarizer

PSD - Position Detector
RM - Removable Mirror
SMP - Sample Holder

||| Ellipsometer
||| Chamber

W - Tungsten Lamp

BOLO
i i =

P. Fri§ a A. Dubroka, Appl. Surf. Science 421, 430 (2017)




