Méreni elektronovych vilastnosti materialu pomoci optické

spektroskope (elipsometrie a magneto-transmise)
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Ustav fyziky kondenzovanych latek

» Spektroskopicka elipsometrie a dielektricka funkce
 Zakladni optické modely: Lorentztuv a Drudedv model
« Studium feromagnetického stavu La, ,Sr;CoO,; pomoci elipsometrie

« Studium excitovanych stava LaCoO, pomoci femtosekundové elipsometrie

» Magneto-opticka spektroskopie Landauovych pfechodu v topologickych
izolatorech Bi,Te,
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Princip elipsometrie
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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



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
roo= _ r. —
P S
Ny cos by + Ny cos 6 Ny cos 01 + Ns cos 65
Snelldlv zakon: Ny sinfy = N sin o
Index lomu okoli: Ny = /e, Index lomu vzorku: j\,'-'Q = \/€q

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

2
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 ¢,



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
* 6, (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.



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 oscilatortl. Typicky dobie
— Wy ; — W —
J

-

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



Drudeova formule Ukazka dielektrické funkce
n-dopovaného kiremiku

. ’ode’zvu volnych nosicu naboje of —_ ellipsomertic data
ziskame pro (DO:O [ e —— Drude model
wof |2
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se v latce propaguje longitudinalni plasmon, [
proto se této frekvenci fika plasmova. N e
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Opticky aktivni excitace mezi THz a ultrafialovym oborem
100 GHz 1000 100 mMeV 1000

T T T T T T T T T T T 11T
10 ps 1ps 100 fs 10 fs 11s

res.
Pinned modes 2D electron gas: EF v v
2D electron gas: plasmons Spin-orbit coupling
Cyclotron modes and Landau Level transitions
Localization peaks in disordered conductors

2D gas

'EIE d Carrier lifetimes in metals and semiconductors
Zeeman splitting yhonons Inter-band transitions
Superconducting gap polarons
TMO (pseudo)gap in cuprates Charge transfer gap
Magnetic resonances Amplitude modes n-n" transitions
) and strong coupling effects lymers olymers
Organics g coupling (poly ) (polymers)
Josephson plasmons Correlation gaps in 1D conductors
Heavy Fermion plasmons bi-polarons
Heavy Hybridization ga:
fermions
| I A R0 ANl L L1I
1 10 100 1000 10000
Wavenumbers, cm’] 7

D. Basov et al., Phys. Mod Rev. 2011



Equilibrium ellipsometry at CEITEC Nano

r
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Woollam IR-VASE, mid infrared range
Woollam VASE, NIR-UV range - S

He closed-cycle cryostat 7-400 K




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)




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)
Q)

o

®

O

* Crurieova teplot T, ~205 K

Hruba data v podobé elipsometrickych uhli obsahuiji jak
odezvu vrtsvy tak susbstratu
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Optické projevy feromagnetického stavu

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

Absolutni opticka  §
vodivost (absoprce) ¢
G1 (0)= 0g)E,(®) ’
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Kandidat pro pfechod ,Spatného spinu® na 1.5 eV
P. Fri$ 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
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P. Fri$ et al, Phys. Rev. B 97, 045137 (2017)



Modelovani spekter pomoci Drudeovy-Lorentzovy formule

8000 ——m—————————— ————7—————7————— 8000
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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 spinu 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




Photo-induced insulator-to-metal transition in LaCoO,

explored by femtosecond pump-probe ellipsometry

IVI U I\I I A. Dubroka, O. Caha, M. Kiaba

S C :[ Institute of Condensed Matter Physics, Faculty of Science

Masaryk University, Kotlarska 2, Brno, Czech Republic
CcCEITEC
(@) NANO

° '»»” M. Zahradnik, S. Espinosa, M. Rebarz,
] _ J. Andreasson
beamlines ELI Beamlines, Fyzikalni Gstav AV CR, v.v.i., Za Radnici

835, 25241 Dolni Bfezany, Czech Republic



Pump-probe femtosecond ellipsometry in ELI beamlines, Dolni

Brezany

% Ti:Sa

SHG/THG

400 nm 267 nm

N

800 nm

&y

FIG. 2. Experimental setup of the femtosecond pump-probe spectroscopic rotating-
compensator ellipsometer. Ch, chopper; A, analyzer; P, wire-grid polarizer; Cg,
rotating compensator; L, lens; S, sample; DL, delay line; BS, beam splitter; SHG/
THG, second/third harmonic generation (optional), SCG, super-continuum genera-
tion; and CCD, charge-coupled device detector. A photograph is shown in Fig. S1.

S. Espinoza et al., APL 115b 052105 (2019)
S. Richter et al., Rev. Sci. Instrum. 92, 033104 (2021)
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] beamlines

Ti:Sapphire laser (Coherent Astrella)
35 fs pulses at 800 nm

1 kHz rep. rate with 6 mJ pulse en.
10 mJ for pump mean

fluency ~ 10 mJ/cm?

Angle of incidence of probe 60 deg
Angle of incidence of pump 55 deg
Rotating compensator design
measurement range: 1.6-3.4 eV



Drude model

o[ Drude model with brude model
broadening hy=0.2 eV
and plasma frequency | >
1500 | hoy, [eVI= 4 s(w)=¢, - .
. o(w+1y)
—.‘E’ 1000 | o qzn
2 g,M
500
60 | ]
0 - 1 : 1 -
0.0 0.5 1.0 0.0 0.5 1.0
E[eV] E[eV]
Optical conductivity o (w) = —iweg(e(w) — 1)

The real part of optical conductivity
is the absorption per unit of frequency 01 (w) (: Wepe2 (w))

T ng?

oo
absorption sum rule: / 01(w)dw = ——— = const.
0 2 €



Optical response of La, ,Sr,CoO,

equilibrium data




Optical response of La, ,Sr,CoO,




Optical response of La, ,Sr,CoO,

equilibrium data
data at O fs




Optical response of La, ,Sr,CoO,

equilibrium data
data at O fs
data at 250 fs




Kramers-Kronig modeling of LaCoOjat 250 fs

equilibrium data ]




Kramers-Kronig modeling of LaCoOjat 250 fs

equilibrium data ]
model of eq. data

« Modeling the equilibrium data with a set of Kramers-Kronig consistent
functions (Tauc-Lorentz+ Gaussian)



Kramers-Kronig modeling of LaCoOjat 250 fs

equilibrium data ]
model of eq. data
data at 250 fs




Kramers-Kronig modeling of LaCoOjat 250 fs

2500 ||||||,/‘ 0 e
c) x=0 /w' gL d)x=0
2000 | _
TE \..—/ =
o
S,
o equilibrium data
model of eq. data 1
data at 250 fs -
broadband model
of data at 250 f
R7/ENE FNERE FTEEEE ENEEE PR AN
0 1 2 3 4 5 6
E [eV]
2 2
Modeling 250 fs data with the same model function + Drude term - wp‘, Oy = a7
w(w+iy) &M

Modeling yields »?;,=3.8£0.1 eV with y fixed to 1 eV
For charge per Co ion N=ri*a®, we obtain NA=0.15 with n7*=m,
The modelling strongly suggest that pump-induced insulator-to-metal transition takes place
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Kramers-Kronig modeling of LaCoOjat 250 fs

of data at 250 f:

0 1 2 3 4 5 6
E [eV]

Y. Tokura et al., PRB R1699 (1998)

—
LaCoQ; | ™

290K

pump induces shift of spectral weight to low frequencies just like the with temperature

Observation of pump-induced insulator-to-metal transition




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 + (SITiO3)s]x 10
withN=3,2,1

Grown by M. Kiaba using

PLD with in-situ RHEED monitoring

Atomically flat SrTiO3

0 um 1 2

1.59 nm

1.40

1.20

1.00

0.80

0.60

0.39

FIG. 5. Typical surface morphology of SrTiO; substrate made
by AFM.

Intensity (a.u.)

RHEED pattern during growth

1u.c. LFO 1 u.c. LFO 1u.c. LFO

)

0,8
5u.c. STO
5u.c. STO 5u.c. STO
0,6
04
02
0,0+
2[‘)0 I 4(‘)0 ' 6[‘)0 I 8(‘)0 ' 10‘00
Time (s)
Atomically flat superlattice
0 um 1 2
o0 [ Y 1.76 nm
1.60
1.40
! v 1.20
1.00
0.80

0.60

0.25

FIG. 4. Typical surface morphology of (LFO,,/STOs)10
made by AFM.



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

superlattices

X-ray diffraction showing supelattice peaks and Thickness of LFO+STO bilayer
Kiessig fringes confirms order of suplattice on
atomic level
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Low-energy muon spin rotation (PSI, Villigen)

Electronic Clock

A
/ « Can determine magnetic
BH oo+ volume fractions of
Muon antiferromagnetic order
Spin-Polarized Detector Positron
Muon Beam Detector

29
Drawing A. Sutter, PSI



Low-energy muon spin rotation (PSI, Villigen)

Data on N=3, (LaFeO;)3+(SrTiO3)5
100% anftiferromagnetic volume fraction
of LaFeO3 with T =160 K

fmag

1.2 1/ L B B L B
I / ] Data on N=2,
iz = LFOSTO (313 /_-/ (LaFe0,)2+(SrTiO,)5
A ropTouss T * an intermeditate 3D-2D

0.2

crossover
* fluctuating AFM order
above 50 K.

Data on N=1,

: $ +— (LaFeO;)1+(SrTiO4)5
A ' 7 « almost fully suppressed
[ A : ]

A i . magnetic order down to 2 K
0 f--mmees 3--%3 ---------------- i i}é%i ------- — * Probably due to increased
A ; 3 . )
spin fluctuation due to
—-0.2 _| [ B L | | [ l [ 1 Mermlﬂ-\/\/anger theorem
0 50 100 150 200 250 300 350
T (K) 30



Magneto-spectroscopy on topological insulator Bi,Te,

optical spectroscopy: A. Dubroka (MU Brno)
M. Orlita (LNCMI Grenoble),
|. Mohelsky (LNCMI Grenoble, BUT Brno)

sample growth: G. Springholz (Uni Linz)

MUN I

&
FoE
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Cyclotron frequency

Classical free electron in magnetic field Electrons in a solid

A
. B
B
) €
B eB
We =~ _eB o h? OA(E)
T e e = o T ok

Cyclotron frequency
A = surface of the orbit

M. = cyclotron mass



| andau levels in two dimmensions

Electron gas in 2D: : tB . relativistic particles with zero mass:
with parabolic dispersion &= 5 linear dispersion

lf‘ ET

0

Er = hwe(L + %) Ep = sgn(L)\/Zewa%LB\

eB L=0,4+142 ...
mec
L.D. Landau, Z. Phys. 64, 629 (1930) l.I. Rabi, Z. Phys. 49, 507 (1928)

L=01,2..., w.=



Landau levels of two band model of Dirac Fermions

3 4(4)
— 3(3) Two band model:
1 2(2)
- 2
11 Ek) = i\/A2 + A vik?
' 0 Landau level spectrum
=11 g2 sz 2 gl |
2 = T T En_i\/v 2ehBn + A?%, where n > 0
o — ~N ~ ™ = ~
H sl| = sl| = = <] _
0 Selectionrule n— n=4 1
o 1(1)
2
n—>n-_|-1 I"I—>ﬂ:|:2 “I"I—>_[’E|:_;E 3(3)
= 4(4)

Magnetlc fleld



Magneto-transmission in high magnetic fields (Grenoble)
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|. Mohelsky etal., Physical Review B 102, 085201 (2020).



Analysis of critical points

of bandstructure of Bi,Te,
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TABLE . The values of the amplitude A, energy Ecp, broadening
¢, and phase ¢ obtained from the fit of the CP model to the data
shown in Fig. 10(c).

Ecp ¢ ¢
Label A (meV) (meV) (deg) Line shape
A 7.8 188 24 -29 2D
B 21eVv12 363 16 23 3D
C geV~1/2 408 11 76 3D
D 6eV-!/? 472 13 300 3D
E 16 eV~1/2 575 15 60 3D

I. Mohelsky etal., Physical Review B 102, 085201 (2020).



Dekuji za pozornost



Historie elipsometrie

~ 1900

|
Paul Karl Ludwig Drude
1863-1906

~ 1938

Prof. Antonin VaSicek
1903-1966




Spektroskopie: Studium interakce mezi latkou a sondou s
urcitou energqii

zdroj fotond,

elektronu, detektor
neutronu, a spektrometr
- atomu
N Sastice
po interakci
S objektem

vinova délka [um]
25 20 15 10

100 T T
9l / t(remen

krystalicky SiO,)]

8o | ﬁ
70}
60 | 1 —skio

50 i (amorfni SiO,)
40}
30}
20f
10}

odrazivost [%]

400 600 800 1000 1200 1400 1600
vinocet [cm™]

studovany objekt




design of far-infrared ellipsometer at CEITEC

alternated Max-Planc design
* three chambers to support top loaded cryostat

* detection arm on a goniometer for reproducible

exchange of angle of incidence

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

=Q‘OLCJ'

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




Testing performance on SrTiO, single crystal

Wavenumber [cm]
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dielectric function of SrTiO3

 obtained dielectric function of SrTiO3
from different angles of incidence

« agreement down to factor about 1:100
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Jak vypada prechod se ,,Spatnym spinem® v La, ,Sr,CoO,

pro dalsi urovné koncentraci stroncia?

» elektronova struktura (Drude a “wrong spin transition”) feromagnetického stavu v
La, Sr,Co0O; v zavislosti na koncentraci dér x. Evoluce z izolujiciho stavu (x=0) do
feromagnetu (x>0)

« dopovani x=0.3
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Rotacni kompenzator (ctvrtvinova desticka) pro FIRovy

elipsometr

« kompenzator (Ctvrtvinova ,desticka“ ) pro FIRovy elipsometr

* umoznuje provadét elipsometrii s ,rotacnim kompenzatorem®, ktera umoznuje méfit
depolarizaci a lépe mefrit A v celém oboru

 pouze jediny dalSi takovy elipsometr na svété (Brookhaven, USA)

Rot Comp
ANA - Analyzer | || Ellipsometer
APT1,2 - Aperture Chamber

BMS - Beam Splitter

BOLO - Bolometer i
FM1,3,4 - Parabolic Mirror |
FM2 - Elliptical Mirror
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GON - Goniometer APT1:=: 1—1' FMe
HG - Mercury Lamp [/ Vi

LAS - Aligment Laser I/

I
PM1,2,3 - Plane Mirror |/ /T APT2
POLA - Polarizer J-L |
PSD - Position Detector PM1 [
RM - Removable Mirror —POLA
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W - Tungsten Lamp !
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...pokud se v experimentu se svétlem pouziji polarizatory, tak se typicky ziskaji
nové informace




Absorpcni hrana v topologickych izolatorech Bi,Se, Te,

E [meV]
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Druhé derivace kritickych bodu modelovany funkci
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A. D. et al, Phys. Rev. B, 96 235202 (2017)



automated variable angle far-infrared ellipsometer

* Fitting of data at AOI = 80° with complex
lorentzians demonstrates Kramers-Kronig @ c

_ e(w)=¢_+ Z :
consistency of our data. %0 02— — iy
* Effect in A below 100 cm-1 is likely an onset 0

of diffraction effects
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Drude model

A classical model of dielectric response of free and mutually non-interacting
charge carriers

2
pl

o(w+1y)

a)

s(w)=¢, - where «, is the plasma frequency @, =

Example on n-doped silicon:
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Optical signatures of ferromagnetic state

La, ;51 3C00;,
T, ~205 K
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