Elektrodynamika v pevnych latkach

Uvod do praktika




* Propagace elektromagnetickeé viny dielektrickym prostredim
— Dielektricka funkce a opticka vodivost
— Fresnelovy amplitudy na rozhrani s izotropnim a anizotropnim materialem
— Kramersovy-Kronigovy relace

« Techniky experimentalniho urCeni optické odezvy
— Propustnost
— Odrazivost
— Ellipsometrie

 Modelovani dielektrické funkce
» Lorentzova a Drudeova formule
« Cauchy, Sellmaier
« Complex Lorenzian
» GaussUlyv a Voigtuv model
» Tauc-Lorentz model
» Critical point model (Rove, Aspnes)
* Herzinger-Johs model of critical points



Co chceme urcit: dielektricka funkce

P(w) vztah k elektrické indukci:
. . . :1
definice:  £(@) =1+ 2 > D(w, k) = epe(w, k) E(w, k)
(P- polarizace, hustota dipélového momentu

Irtldexrlomu jako p’c.>dl'l N(w.k) = (7 )vacuum _ G 5
fazovych rychlosti: (f)m atter index

, «~  absorpce
na optickych k~0,u~1. N(w) = n(w) +ik(w)

frekvencich je .
’ e(w) = €1 (w) + ien(w)



Opticka vodivost

uréeni optické vodivosti  0(w) = —iwep(e(w) — 1)

realna Cast vodivosti - absorpce

elmag. viny na jednotku frekvence: o1(w) (= weper(w))
- . > T ng*
sumacni pravidlo: / 01(w) dw = ——— = const.
0 2 €M

Opticka vodivost je velmi vhodna kvantita jak obecnég, tak zvlasté pro vodicCe, kde v
limité pro nulové frekvence odpovida DC mérné vodivosti.

Ze sumachniho pravidla se da vyjadrit effektivni dmaV [eH
pocCet naboju v objemu V/(typicky elementarni Neg(wp ,0oy) = = 0 [ o1(w)dw
burika odpovidajici absorci mezi urditymi mer J,

frekvencemi (m, je efektivni hmotnost)

L




pruchod elmag. viny rozhranim

SnellGiv zakon:

N1 SiIlHl — N2 sin 92

Fresnelovy koeficienty:

E.s  Njicosfy — Nycosbs

-}'S:

medium N,

Ei. Ny costy + Ny cos Oy
medium N,
Erp N> cosy — Ny cosbs

| Ei,  Njcosfy + Nacost

, E 2N, cos 04
'S p— p— - -
Eis 4\1 COS 91 + ¢\2 COS 92
Ep 2 N7 cos 04
tp = =2 =

Fi,  Njcosfy+ Nycost



reflexe a transmise na vrstve na substratu

okoli (0)  vrstva (1), substrat(2) . je treba sedist viechny reflexe uvnitf vzorku

d * v pfipade tenké vrstvy (koherentni
4P . vy s v s
E superpozice) sCitame el. pole, v opacném
¢1 t ~r ' d - - L4 r
—_ \_ 4 pripadé intenzity zareni

2

pro koherentni interference dostavame:

e e i23 N N i23

ot _ ro1p T T12p © ot _ r'ols T T'12s €
r e - i23 7 s - - 123
1+ ro1pT12p el 1+ ro1sT12s €

i23 , i23

ftot - tOlpt12p € ftot . t[)lstlZs (&

‘'my — . . -;);:_. ] S - . o i i/'
! I+ ro1pT12p el2 1+ 'o1sT12s ei2f

, dy .. dy P 1 e
B = 2%%5\-’1 cos ) = QWTL(E\-*f — NZsin? 6y)Y/?

(viz napf. Azzam Bashara, Ellipsometry and polarized light)



NIR-UV priklad 1: SiO, vrstva na Si

maxima diky interferencim

\ Generated and Experimental
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fitovano modelem izolujici vrstvy (Cauchy model) na Si substratu d=659 + 0.8nm
relativné tlusta vrstva, spektrum obsahuje nekolik interferecnich maxim, velmi dobre

definovany fit, mala chyba tloustky
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Anisotropy

Fresnell coefficients for the case of orthorombic symmetry

T A A2 AT2 1.2 T T . T a, ™ . d

'p

T's

T T} T . 2 : o - . - o - . E N
;?\'g' COS (7]3 + \/:\« ty N ; Sl (7]3'_ N {_I_L?\(E; COS HI + N i \/:\: ir N 1-2 S111 Hi

Where N, ,is the index of refraction of the medium along the x,y, and z axis

« Ways how to determine the orthorhombic dielectric functions ¢,, ¢, ¢,

* Measure polarized reflectivity (transmission) along the x,y,z direction and perform KK
transform or analysis with KK consistent model

* Measure ellipsometry long all three axis. The three dielectric functions are then
entagnled together since ellipsometry measurements are performed at obique angle.
The above equations have to be used and numerically solved.

* In case of out of plane anisotropy and ellipsometry: even at one angle of incidence
(e.g. in case of thin films) the response contains both: in and out of plane response.
Surprisingly, even from one angle and using KK model, the two dielectric functions can
be determined.



Odrazivost polonekone¢ného vzorku

* polonekonecnym vzorkem myslime vzorek tlustSi nez hloubka priniku, nebo
vzorek se zdrsnénou zadni stranou, ktera rozptyluje zareni tak ucinné, ze se
nedostane do detektoru.

* Casto se meéfri pri témer kolmém dopadu (uhel dopadu < 10st.), kde cos(uhel
dopadu)~1 a pak

- N
[ — .
14+ N

(1 —n)? + k?

R_ — y 2 f— p -
| (1 +n)? + k2

« odrazivost citliva pouze na k fadové srovnatelné s n, tedy typicky k>0.01, tedy
silné absorpCni procesy

» méfenim R ztracime informaci o fazi odrazivosti » — / R elgb



Reflexni pristavek pro Bruker 80V, uhel dopadu cca 10°
1

Vzbrek

Rovninna zrcadla

Zakladova deska

Sférické zrecadlo R~100, f=R/2=50mm

» vzorek optickou stranou dolu lezi na clonce

» clonka zajistuje stejnou pozici vzoru a reference

—
]



Kramersovy-Kronigovy relace

Integralni vztahy mezi realnou a —2w Ree(Q) — 1 oDe
imaginarni éasti odezvové funkce. Im e(w /dﬂ —
Pfi znalosti jedné z Casti v celém oboru ’
frekvenci (0-nekonec€no) Ize dopocitat

druhou ¢ast. Pro odvozeni viz Kittel. Q) Tm €(£2)

Predpoklada se pouze kauzalita. —w?
Tyto vztahy Ize také vyjadfit pro r — |,r|ei¢3 7| = VR
logaritmus odrazivosti a jeji
fazi, resp. pro Inr(w)=InyR(w)+iop(w

Z (experimentalné) zmeéreneé o0

. . v . 2( 1 R(Q)) —1 R(«
odrazivosti Ize dopocitat fazi, a z O(w) = _2Y [ aa= ( Qg — 32 )
nich pak komplexni dielektrickou " \
funkci

Odecdteni polu pro snadnou
numerickou integraci

Z (experimentaln€) zmérené odrazivosti Ize dopocitat fazi, a z nich pak komplexni
dielektrickou funkci. Je nutno vSak pouzit extrapolace nad a pod méreny rozsah.
Typicky jsou zalozeny na Drude-Lorenzove modelu. Mohou (a typicky to délaji)
vSak zanést systematické chyby do integralu i v ramci mérfeného rozsahu




pouzivaneé veliCiny a jednotky ve spektroskopii

VeliCiny a jejich jednotky
vinova délka A, jednotka typicky nm pro VIS
energie E: jednotka typicky eV, meV

vinocCet v: poCet elmag. vin na jeden centimetr
jednotka: cm?

frekvence f: Hz, MHz, THz

1240

Eley) =~ Ao
10000
T Xl

Viem—1] ~ 8E[meV]

Ulem—1] ~ 33f[THz]

300 K =~ 25 meV

12



Priklad aplikace Kramersovych Kronigovych relaci na
reflektivitu kfremiku

[ Si krystalicky

——DATA B
—1fit R

Extrapolace do nizSich a vysSich
energii ziskame pomoci fitu
Lorenzovyma oscilatorama
(Cervena)

Fit Lorenztovyma
oscilatorama pro ziskani
extrapolaci

. —

E [eV]

* Drude-Lorentzuv model je KK konzistentni (je odvozeny z pohybovych rovnic).

» Proto fitovani Drude-Lorentzovym modelem je v podstaté aplikace KK relaci.

» P¥ilimitné velkém poctu oscilatoru (na kazdy frekvencni bod jeden oscilator) je to
presna aplikace KK relaci (tzv. variational-dielectric function), viz. A. B. Kuzmenko,

Rev. Sci. Instr. 76, 083108 (2005).



 srovnani optickych konstant (n a k) ziskanych z KK odrazivosti a z elipsometrie
« rozdily jsou zpusobené absenci pfesné informace o odrazivosti na vys$Sich energiich
* presné optické konstanty bez pouziti extrapolaci ziskame z elisometrie
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Princip elipsometrie

SO

vzorek

/i

I

D
\A
— A

polarizatory

* Elipsometrie je de facto interferencni experiment s komponentou elektrického
pole rovhobéznou (p) a kolmou (s) k roviné dopadu.

Mérené veli€iny v elipsometrii:

* Uhel pootocCeni elipsy ¥
« elipticita A

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



Equilibrium ellipsometry at CEITEC Nano

r
- VYSOKE UCENI |\/| U |\| I Jp—— .

TECHNICKE + — @ e
VBRNE SC1 Ry 1N AL

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

He closed-cycle cryostat 7-400 K




zakladni rovnice elipsometrie

. . L etre p ] iA
Definice elipsometrickych uhlu ¥ a A: p—=— = tan Ve
r.

Fresnelovy koeficienty:

Ny cos )y — Ny cos 6 Ny costly — Ny cos s

T — - - re —
P ] NP N NP S T T

Ny cos by + Ny cos 6y Ny cos 01 + Ns cos 65

Snelldlv zakon: Ny sinfy = N5 sinfy
Index lomu okoli: N, = /e, Index lomu vzorku: Ny = | /€,

Inverzi vySe uvedenych rovnic obdrzime v pfipadé polonekonecného izotropniho
vzorku explicitni analyticky vyraz pro dielektrickou funkci (jak jeji realnou tak |
imaginarni cast):

2
L —p(P,A)
L+ p(W,A)

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

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



Brewstertlv uhel a citlivost elipsometrie

rozhrani vzduch — sklo

r .
, ' ' p . iA

~ wfw@ — p=—=tanVe

2 o b ' s

2 05} . 'ﬂx:::::_\ .

S — % " N Elipsometrie méfi pomér mezir, a

s 00 N , e P

5 e T r,, které se nejvic lisi blizko tzv.

I'-.—_\_ 0.5 ; _11_““‘-1_1__‘_ y o

E 1&3\_ Brewsterova uhlu

-1.0 : : : :
0 30 60 90 . 6 AT
| | te p = No
1.OF (b) /7? g

- E SN |rp| P
iz e Jelikoz presné na Brewsterové Uhlu v
28 sl - pfipadé izolatord je W=0, je idealni
=32 Il N méfit na uhld dopadu pod, nebo/a
<& —— ________E \ ’
2% A ] . \ nad nim.

0 SI{] | (1I(J 90
zdroj Fujiwara
» U materialt s vysokym indexem lomu je tfeba jit k velkym uhlum dopadu, napf.
kovové materialy zvlast v infraCervené oblasti (80 az 85 st.), coz zvySuje naroky
na kvalitu (rovhobéznost) svazku.

* Pfi velké divergenci svazku je mozno numericky scitat pfes riizné uhly dopadu
a tak ji korigovat, pfirozené je tfreba se snazit tyto efekty mit malé jak jen to jde.



Zvykame sina%¥ aA

Absolute value of

p=_2
"

— tan U o2

rozhrani vzduch — sklo
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Vlastnosti ¥:

* ¥ je mirou pootocCeni roviny polarizace po:
odrazu. P¥i polarizatoru P=45° je hodnota ¥
pfimo vysledny uhel polarizace od s slozky.

* na Brewsterové uhlu je ¥ =0. V tomto bodé
neni elipsometrie citliva, je lepSi méfit v blizkosti
nad a pod Brewsterovym uhlem.

* objemové izotropni materialy maji ¥ mezi O a
45°,

* ¥ blizko 45° maji materialy s velkou odrazivosti
pod Brewsterovym uhlem, typicky kovy

* hodnoty nad 45° se objevuji na vrstvach
pripadné na anizotropnich objemovych vzorcich

Vlastnosti A:

* na izolujicich materialech je A=0 (nad
Brewsterovym uhlem) nebo 180° (pod
Brewsterovym uhlem)



(a) Rotating-analyzer ellipsometry (PSAR)

S S

il At Sample | L
\ Polarizer . Rotating S—
ChE (P) ) analyzer -
Light source I Detector

(AR)

(b) Rotating-analyzer ellipsometry with compensator (PSCAp)

Compensator (C)
S S
Py’ P o g

Sample

; Polarizer (S) Rotating gy
Light source (P) analyzer  Detector
(AR)

(c) Rotating-compensator ellipsometry (PSCRrA)

Rotating compensator (Cg)

Sample 4 :
y ( Sl) Analyzer “ly
Light source (P) (M) o

Polarizer

zdroj: Fugiwara, Spectroscopic ellipsometry

Elipsometrické konfigurace

* rotacni analyzator (polarizator)

* rotaCni analyzator (polarizator) s
fixnim kompenzatorem

* rota¢ni kompenzator



Princip elipsometrie s rotacnim analyzatorem (PSA)

Jak experimentalné urcit ¥ a A?

Pro urcitou pozici prvniho polarizatoru (zkracené polarizatoru) mérime zavislost
intenzity na pozici A druhého polarizatoru (analyzatoru). Zavislost je harmonicka
funkce s periodou 180 stupniu:

I9P = I57°P(1 4+ accos(2A) + [sin(2A4))
Lze ukazat, ze propagace elektrického pole konfiguraci PSA dava na detektoru
FEa = Fors ({z.;_m P cos A tan Te'® + sin P sin Ji)
Jelikoz pouze inzenzita zafeni je méfena, dostavame
I = |Eal? = Iy[1 — cos(2P) cos(2W) +
+ (cos(2P) — cos(2W)) cos(2A4) + sin(2P) sin(2¢) cos A sin(2A4)]

VyfeSenim rovnosti I1¥*P=], dostavame

I +a B
T Q | tan P cos A = sgnl’

1l —« V1 — a2

Z elipsometrie s rotacnim analyzatorem (polaryzatorem) urCime tan', tedy ¥ v
celém intervalu, ale ,pouze® cosA , tedy A pouze v intervalu 0-180° s tim, Ze v
polohach blizko 0 a 180° je citlivost na A limitné mala.

tan ¥V =




Elipsometr s kompenzatorem (Ctvrt-vinovou destickou)

(b) Rotating-analyzer ellipsometry with compensator (PSCAR)

Compensator (C)

~ pjﬁ-«,——-"“\\w ' 4 "| IF

‘il | Sample . ]

Polarlzer () Romtmg \’

Light source (P) analyzer  Detector
(Ar)

* Fixni kompenzator umoznuje posunout hodnotu A ze slabych mist - 0 nebo 180°. Toto
je uziteCné pfi méfeni izolatort nebo naopak kovu, kde A je blizko 0 nebo 180°.

A kompenzatoru se jednoduse od namérenych dat odecte. Slaba mista se ovSem
pouze presunou do jinych hodnot A.

(¢) Rotating-compensator ellipsometry (PSCRrA)

Rotating compensator (Cg)
S S \
v [ i E“-—‘; J e A
i Polarizer 1518153 © Amlyzer "»._&___y'
Light source (P) (A) Detector

|[dealni metoda méfeni je ovSem v situaci, kdy muzeme naméfit nékolik spekter s
ruznou hodnotou retardace, ktera eliminuje slaba mista uplné. Jedna se o tzv.
elipsometrii s rotaCnim (promennym) kompenzatorem. Touto metodou Ize ziskat hodnotu
A v celém rozsahu 0-360° s vysokou presnosti. Navic je mozno urcit stupen
depolarizace svétla odrazeného od vzorku.



Depolarizace
*Pouze s polarizatorem stupen depolarizace nelze urcit. Napr. uplné depolarizované
svétlo nelze odlisit od kruhové polarizovaného. Ctvrtvinova desticka pfevede kruhové
polarizované svetlo na linearné polarizované. Tuto zménu jiz detekuiji rotujicim
polarizatorem. Depolarizované svétlo po prichodu kompenzatorem bude opét
depolarizované.
 Depolarizace vznika nekoherentnim interferenci vin. Napf. nehomogenni vrstva
generuje depolarizaci, pfipadné odrazy na prilis tlusté vrstvé (substratu). Depolarizaci
|ze v principu zahrnout do modelu pomoci Stokesovych vektorl a tyto jevy kvantifikovat.

(a) Surface scattering (d) Thickness inhomogeneity

i Sample - \

(b) Incidence angle variation | Thin film

Substrate

] (e) Backside reflection

Sample

(¢) Wavelength variation :
y w\

Thin film \ /
)

| Substrate zdroj: Fugiwara, Spectroscopic
ellipsometry

Sample




Mezipasové prechody na SrTiO, (kubicky krystal, opticky izotropni)

data z elipsometru s rotacnim analyzatorem - optické konstanty obdrzené inverzi ¥ a A s
SrTiO,, , d=0.5mm drsna zada

. A pfedpokladem polonekoneéného vzorku

ok E (pseudo optické konstanty)
5| 80 ; . , e
: < | » nezavislost na uhlu demonstruje, ze ruzné
OF s50° E uhly neobsahuji novou informaci
> 15 F v
E 60° ] :
0r - SI’TIQ3
5 ' 70° ' 12 T~ r-r - rrrrrrrrrrrr e
O'||||||' _500 A
. ? : E [eV‘]l > ° ! 10 — 600 / \ (pfimé) mezipasové j
180 ] 700 prechody
160 8 ]
140
120 _ 6] - p
100 E 3 -
i 00 4 ]
< 80 : ] ] 70° (nejblize ’
60 | - . Brewsterové Ghlu) ma i
20 3 E 2] nejmensi Sum h
; P
20 :— =] \\
ot = 0 Aty w : : ;
1 2 7 1 2 3 4 5 6 7




hloubka praniku [um]

propustnost

0.01 E

o © O O =
ON) IN o (o) o
L]

o
o
L]

0.1k

hloubka praniku v

i / oblasti mezipasovych

pfechodd ~20-30 nm

f\hloubka praniku v

zakazaném pasu 1 um?

1 2 3 4
——

7 nekompatibilni s

L] I L] L] L] L] I L] L] L] L]
propustnost oboustranné lesténého vzor

um tloustka

—T_T

= transmisi na 500 um

vzorku.




modelovani drsnosti povrchu

 drsnost (mnohem mensi nez vinova délka) je potfeba vzit v ivahu modelovanim.
Nejjednodussi zpusob je pomoci teorie efektivnhiho prostredi.

&
eff

& Drsnost \ tloustka d

« teorie efektivniho prostredi se pokousi vypocitat (efektivni) dielektrickou funkci
prostredi slozeného ze dvou komponent s dielektrickou funkci €, a ¢,. Jelikoz se

jedna o aproximativni vypocty, existuje nékolik pfistupl. Nejznaméjsi jsou
Bruggemanuv model a Maxwell-Garnetova formule.

* Pro modelovani drsnosti se nejvice hodi Bruggemanova formule

N * N.. poCet komponent,
€ T Ceff nejjednodussi pripad N=2
f}' - 0 " V4 V4
P "€+ 2€ff * f;... objemovy podil komponenty

vice informaci o teoriich efektivniho prostredi: A. Sihvola, electromagnetic mixing fomulas and applications, 1999



Tr 1+ 1 rrrrrrrrr
1 k bez zapoctené
drsnosti (pseudo k)
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« pomoci korekce na drsnost povrchu Ize obdrzet jiz realné hodnoty k v oblasti
zakazaného pasu

* tyto hodnoty Ize velmi zpfesnit, pokud se navic zapocte i propustnost materialu
(citlivost na malé hodnoty k oproti reflexnim metodam)



60 ——m————————————"——— 7T

140 SrTiO, -
120 | ]
100 | .
:
:

oblast zakazaného pasu
< >

20 £ Mezipasovy prechod 3.08 eV —

0111111

1 2 3 4 5 6 7
E [eV]

* v oblasti zakazaného pasu (pod 3 eV) by méla A byt nula nebo 180 st., jelikoz jsou
Fresnelovy koeficienty realné

« A ma hodnoty v této oblasti az 20 stupnu, coz je zplsobeno pravé povrchovou
drsnosti cca 2 nm.

 Toto dava predstavu o citlivosti elipsometrie. Jelikoz A se standardné mérfi s presnosti
na 1 stupen az 0.1 stupné, elipsometrie je v principu citliva na vrstvy tlusté v radu
desetin nanometru.



Models of dielectric function

Cauchy

Sellmaier

Complex Lorenzian
Tauc-Lorentz
Critical point



Modelovani pod-po-bodu vs s KK modelem

« Jak reflexni tak ellipsometricka data Ize modelovat dvéma zpusoby
— ,bod-po-bodu® (point-by-point), kdy kazdy frekvencni bod je zpracovavan nezavisle na
ostatnich a jsou urCeny obé Casti komplexni dielektrické funkce
— Modelovani funkci, ktera je Kramersovsky-Kronigovsky (KK) konzistentni

* Fit bod-po-bodu zjevné umoznuje zobrazit data v co nejpuvodnéjsi podobé&, napfr. v€etné
Sumu apod. A pro tyto ucely se takeé pouziva.
— V pfipadé elipsometrie na isotropnim materialu se z ¥ a A vypocita realna a imag.
Cast diel. funkce. Principialné nemusi byt KK konzistentni
— V pfipadé odrazivosti je nutno pouzit KK relace.

* Modelovani pomoci KK konzistentniho modelu (napf. Lorentzllv, Gausulv, Tauc-Lorentz(v)
— Obdrzena dielektricka funkce je KK konzistentni
— Pouzitim relativné malého mnozstvi ¢lenu (oscilatortl) je mozno udélat vhled do
spektralni zavislosti odezvové funkce, napf. odlisit vodivostni odezvu od
mezipasovych prfechodu, spocist koncentraci z plasmové frekvence apod.

* Ve vyzkumu je ¢asto pouzito obou pfistupu. O toto se také budeme snazit v tomto praktiku...
« V pfipadé elipsometrie je mozno také udélat kompromis, tzn. model bod po bodu, ktery je ale

KK konzistentni (tzv. Variational dielectric function, viz A. Kuzmenko , Rev. Sci. Instr. 76,
083108 (2005).



Lorentzuv oscilator

Newtonova rovnice harmonicky buzeného mechanického oscilatoru:
da(t)

d22:(t)

M=z = —k x(t) — mn T gEge— it
() d
= v ’ Tolw) = :
Reseni 02 — W — iy
k E )
wop=1/—, F= q L0 <
™m m
polarizace je hustota dipélového momentu
- n: koncentrace

P(w) =) ngro;(w)
j
z definice dielektrické funkce:
Plw)
&,E(w)

plasmova frekvence:

2
pl. J

2 2 .

(0]
1+

f'j;-g.i.?j

€077

e(w)=1+

Wpl,j =

prispévek vysokofrekvencnich pfechodu Ize nejhrubégji aproximovat konstantou:
2 - dielektricka fukce nezavislych
\ “hl,j
F(M}:EK"—’_Z, 2 __.I?‘Ej_ oA
5 05 T

Lorentzovych oscilatorl. Typicky dobre
W funguje pro fonony. Drudetv model kovu
dostaneme dosazenim ®,=0
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ukazka: IC Reflektivita LiF

| jednofononova
I absorpce

—— data FIR
—— data MIR
— fit

parametry fononu
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wiki eps1(vis)=1.96
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Drudeova formule

« odezvu volnych nosi€u naboje
ziskame pro w,=0

2

(0
e(w)=¢,——"—
o(w+1y)
g’n
plasmova frekvence o =
pl *
g,M

zavisi na koncentraci nositelt n a
na jejich efektivni hmotnosti m*

& prochazi nulou (pro y ~0) pro

W,

T

)=

proe, =1 je to pfimo «,. Na teto frekvenci

20 |

40 |

se v latce propaguje longitudinalni plasmon,

proto se této frekvenci fika plasmova.

Example on n-doped silicon:

60 |
40 t

20 |

ellipsomertic data
c — Drude model

0 =3642 cm” =>n=2.7x 10" cm”

1 =350 cm’

1000 2000 3000 4000 5000 6000

wavenumber [cm’l]

Nicméné, dielektricka funkce vodice
diverguje pro nulovou frekvenci, je tedy
lepSi pouzit optickou vodivost



Optical response of the Drude model

'Drude model with
2000 |- .
broadening hy=0.2 eV Drude model
and plasma frequency | P
L he[eV]= e(@) =g, ——P2—
100 i i (@)=¢. o(w+iy)
—.g 1000 | - qzn
: g,
500
60 | i
0 - 1 : 1 -
0.0 05 1.0 0.0 05 1.0
EleV] E[eV]
Optical conductivity o (w) = —iweg(e(w) — 1)

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

7 nqz

0. @)
absorption sum rule: / o1(w)dw = ——— = const.
0 2 €T



* v obecnosti jsou prispévky do dielektrické
funkce aditivni, tedy se mizou scitat riizné
oscilatory, Drudeuv pfispévek atp.

Infrared region

Visible/UV region

A e v ke
e n
Atomic polarization
)
, -~ . .
P Electric polarization
..I
l' |
, e
0 ; >
!
Jl’
g
L4
A
Free-carrier
absorption
NN
]
i
1
. B

Angular frequency of light log ®

Fugiwara Spectroscopy ellipsometry princ.



Cauchy and Sellmaier model

* Models of dispersion in the transparent region

,2
- Sellmaier model is given by the Lorentz model with N “pLk
zero broadening - (“"’) — Z 2,2
« Usually one or two oscillators at higher energy then kok -
measurement range work very well
« Cauchy model is the development of the Sellmaier B C
model at long wavelengths for index of refraction: NN =A+—=+— +
« Itis only an approximation, but it is often used in the ' A2 A4

literature because of its simplicity

i o =1
| pl
25L =1 ]
[ =0
20F -
15F -

[ Sellmaier ]
1.0}

osbbmrnnnon—o — .
0.0 0.5 1.0




Lorentzuv oscilator s komplexni plasmovou frekvenci

* v pfipadé interakce oscilatort skrze polohu (typicky pfiklad spfazenych oscilatort z
mechaniky) dostaneme jen sadu neinteragujicich zobecnénych oscilatoru

* v pfipdé interakce oscilatort skrze €len rychlosti obrzime oscilatory s komplexni
plasmovou frekvenci (oscilatorovou silou), viz napf. J. HumliCek, PRB 61, 14554
(2000)

*'21_3' -+ iu.,-‘u.:c.tj

f—(w}:f'x—'_z ap -

HL"E-}._} — :J.:'l - ].t.J.» )

J
« aby dielektricka fuknce byla Kramersové-Kronigovsky konzistentni, je potfeba aby
f(—w) = € (w)

« z tohoto duvodu je o, nasobeno frekvenci
* na vyssich frekvencich nez oy musi e(o) klesat jako 1/w?, aby byla KK konzistentni

také vodivost , . , x .
o(w) = —lweg(e(w) — 1)

 z tohoto duvodu

Z We,j =— 0
i)



nabirani komplexni faze v Lorenzove oscilatoru

0 20 40 60 80 100 120 140 160 180 200 - 0 20 40 60 80 100 120 140 160 180 200

-1 -
wavenumber [cm | wavenumber [cm l]

4 F —— wpl100wcO_elFit
[ —— wpl89wem?20_elFit ]
2 F wpl70wem50_elFit J
[ —— wplOwem100_elFit ]

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

-1 -
wavenumber [cm ] wavenumber [cm l]

* simulace pro v,=100, y=10

* pfi zvétSovani imaginarni €asti plasmové frekvence odpovida michani realné a
imaginarni casti standardniho Lorenztova oscilatoru

» nebezpeci nefyzikalnich vysledku pfi Spatném zachazeni (negativni ¢,)



Gaussuv oscilator

 symetricky vzata gausovka aby

ea(w) = A (e_(%)z _ (= )2) e(-m)=¢*(-m)

- 552(5) * imaginarni Cast je tfreba dopocitat
€1(w) = P d¢ ) .
7 €2 — 2 pomoci Kramersovych —
Kronigovych relaci. Tato funkce je
FWHM = 02v/2 neanalyticka, je tfeba ji poditat
numericky.

« Gaussuv oscilator je mozno chapat jako odezva vibrace nahodného prostfedi, kde
intisicka Lorentzova Sifka je mnohem mensi nez Gaussovska. Pokud jsou Sirky
srovnatelné, je potfeba pouzit Voitlv profil (Gauss-Lorentzuv profil)



zdroj: Woollam intro GaUSSlojV OSCilétOr
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Photon Energy (V)

Figure 1. Comparison of Gaussian and
Lorentz oscillators.

« GaussUyv oscilator je mozno pouzivat zcela fenomenologicky, napf. pro fitovani
mezipasovych pfechodu, které nemaji nic do ¢inéni ani s Lorentzovkama, ani s
Gaussovkama. S Gaussovkama se v tomto pfipade Iépe pracuje, protoze rychleji mizi
dale od rezonance (Lorentzoka ma delSi ,, ocas®)



Voightav oscilator

*\oigtuv profil je dan konvoluci mezi Gaussovskym a Lorentzovskym profilem. Je to
neanalyticka funkce, kterou je potfeba pocitat numericky, viz napf. J. Humlicek JQSRT 27, 437
(1982), a (1972), dohromady 450 citaci

1 «© e
V(o — wp) = = 2= | - - dt.
| ¥D YD
Je mozno vyjadfit jako realnou ¢ast komplexni probability function
- L t 2 et w—
w(z) = u(z, y) + v(z, y) = — | de g=2L_ % _ Y

« Ziskame tim také KK sdruzenou imaginarni cast.
* Umoznuje modelovat napr. fonony v materialech s nahodnymi defekty, kde se
uplatiuje jak Lorentzovské, tak gausovske rosireni
* implementovan v
» Gnuplot
*  numpy



Tauc-Lorentz model

Jellison and Modine , APL, 69, 371 (1996)

AE\C(E — E,)? 1
(E2 — E2)2 + C2E2 E

The imaginary part is obtained by KK relations and can be expressed analytically ©

For £ > E, = (E) =

=2

1 4 C ay |(Ej+E;+aE,) 4 a,., 2E +a
e E)=€q(®)+-— 3 nf —=——> —|——— T —atan =
HL 2wl aEy (EgtE;—akEy) m (K C
..-_zEa+a") AE,C oo i ( v —E2
+ atan - +2 HE“—y7)| 7w+ 2 atan
C i . 7 aC
AE(C E*+Eg ( [E-E|| _AE.C |E—E|(E+E,)
—2— 2——E, | —mr——|,
w? E E—i—Eg 7T54 = \-(Eg—E;.J"JrE;,("

where
aw=(E:—E§)E*+E.C*—Ej(E3+3E}),
Aoan=(E*—E))(Ed+E) +EC2,

aC?

4

{:\"—1: lE:_ ,},:):_}_

a=\4E;—C?,

y=\E;—C?*/2.



Tauc-Lorentz model

Jellison and Modine , APL, 69, 371 (1996)

Most importantly, below the badgap Eg, the

model is strictly zero. This allow to well model
materials with bandgap.

o(E) =

The model was developed for amorphous
materials see the case nf A-Si

AE\C(E — E,)? 1
(E2 — E2)2 + C2E2 E

E, (V)  1.20=%0.01
€, () 1.15+0.06
A (eV) 122+1

Ey (V)  345+001
C (eV) 2.54+0.02

on purely phenomenologic basis can be
used for insulators/semiconductors in
general as a KK consistent model with
zero absorption below bandgap.

Energy (eV)




Critical points of direct transitions

d’&(E)
dEJ

n=-1/2,0,+1/2,+1 for 3D, 2D, 1D, 0D critical point
/... derivative degree

= Ae'’(E — Ecp+iT)™""/

 For A>0, 3D crit. points
Phase ¢=0, 90, 180, 270 deg corresponds to M,,
M,, M3, M, critical point.

 For A>0, 2D crit. points
Phase ¢=0, 90, 180 deg corresponds to
M, (minimum), M, (saddle point), M, (maximum)

* m=+1 0D critical point corresponds discrete
excitations (excitons)

* This is only an approximative formula that
works reasonably only around the critical point-
usually it is applied to second derivative of
dielectric function to suppress the behaviour in
between critical points.

P. Lautenschlager et al, Phys. Rev. B 35 9174 (1987)
J. E. Rove and D. E. Aspnes, PRL 25 979 (1970)

—

W

Dielectric function, ~0

M

1%

v

2D My M, M,
/\\ \V
3 jiog go R
A+ PAF
D ke, i

E. Schmidt ef a/, Optické vlastnosti pevnych latek, 1986 ﬁ -



Critical points of direct transitions

Table 6.1. Van Hove singularities in one, two, and three dimensions and the corresponding
density of states D;. C stands for an energy-independent constant

Three dimensions M, 0 (E — Ey)'2
M, C — (Ey — E)” C
M> C C— (E— Ey)2
M; (Ey — E)'? 0

Two dimensions M 0 C
M'l - ll’l(Eo - E) - ll’l(E - Eo)
M; C 0

One dimension M, 0 (E — Ey)~ 12
Ml (EO _ E)—l!Z 0

Yu, Cardona, Fundamentals of semiconductors



M, critical point

(XZ (1012 m—2)

1.0

0.8T

0.61

0.4r

For hw < E,, a(hiw) =0.

1 v ]

InAs
room temperature

04

0.5
Energy (eV)

0.6

For ho > Eg, a(ho) o (hw — Eg)?

InAs has very small binding energy of excitons, MO should be not much

affected by excitonic effects
Square root behavior observed.

Fox, Optical properties of solids



Critical points of direct transitions in GaAs

20
€2
10

1000}

P. Lautenschlager et al, Phys. Rev. B 35 9174 (1987)

I”I

{ Eo

GuAs 22 K

f —dzz-:lfdwz
[x00004] @ Lo ) T dfeddw?
Lyl .-:I Ii | . J__u 1 | ] 1 1
151 3515 15217 19 28 30 32 34 44 50 54
E (eV)

TABLE 1. Values of the parameters E(0), a and 8 obtained by fitting the critical-point energies versus temperature to the equa-

tions E(T)=E(0)—aT?/(T+pB), and values of Ez, ag, and © obtained by fitting with the equation
E(T)=Ep—ap[1+2/(e®"—1)]. The numbers in parentheses indicate error margins.
E(0) a B Ejp ag ® Line
(eV) (107* eVK™!) (K) (eV) (meV) (K) shape
E, 1.517(8) 5.5(1.3) 225(174) 1.571(23) 57(29) 240(102) Excitonic
Eo+ 4y 1.851(5) 3.5(4) 225(fixed) 1.907(9) 58(7) 40(fixed) Excitonic
E, 3.041(3) 7.2(2) 205(31) 3.125(9) 91(11) 274(30) Excitonic
(—300 K)
2D (300—760 K)
E; 4.509(8) 4.0(7) 241(177) 4.563(21) 59(26) 323(119) 2D
E, 5.133(21) 6.6(4) 43(66) 5.161(33) 38(33) 114(95) 2D




Hetzinger-Johs model for critical points

Psemi-MQ0

Johs, Herzinger etal, Thin Solid Films 313, (1998) 137]142
Herzinger, Johs et al, APL, J. Appl. Phys. 83, 3323 (1998)
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Hertzinger-Johs model for critical points

Johs, Herzinger etal, Thin Solid Films 313, (1998) 137]142
Herzinger, Johs et al, APL, J. Appl. Phys. 83, 3323 (1998)

1 1 1
'€«—— WL=10 —i— WR=0.75 -

|
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Left Control s Amp Left Control i
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. /s . RN
Point \\\ [I/; \ Point- \ // \‘ EA
. 1
A \F[\ Right Control Al=08-+F------= / \ Right Control

/ . i ? .
(Fﬁ*x Point ) ! ) : Point
A \ i R
¢/ S 1
/ . \ AL=0.5 4= ===~ -

B / T A A N N AR=05
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/ m ! | --- AR=03

: ! R S S AR=0.1
\ Ec / | | : 1 |
Left End Right End LeftEnd > Ec l&——— Right End
Point . Point PL=0.5 eV PR=0.5 Point
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Figure 8-31. Two views of Psemi-Tr1 oscillator. Left: Genosc dielectric function display
showing the polynomial spline functions FI, FII, FIII & FIV, as well as the endpoints and
control-points. Right: Psemi-Tri shape for several combinations of AL & AR.

* Phenomenologic way how to model critical points in absolute dielectric function
» The information about dimensionality is lost
* Implemented in Woollam WVASE software



Hetzinger-Johs model for critical points

Johs, Herzinger etal, Thin Solid Films 313, (1998) 137]142
Herzinger, Johs et al, APL, J. Appl. Phys. 83, 3323 (1998)

f r|' b
~ [
InP (82 OHIY) |' \ Psemi-Tri : |'I ‘h
/ — [
;—\ Psem; M2 'ﬂ\ HI #r-t,ll\ ..IJI-. IIIIII
R . YA/ / !
Psemi-Tri JJ|' \_ \\ \\ I/ Psem -M3 f " y; |
Psemi-M1 ‘ﬁ 'r‘\ InP (81 & 82) ."IF T H"a_
Psemi-M0 "\ // / 1 ~ / ~
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Figure 8-38. Top: Genosc Oscillator list for Psemu oscillator fit to InP.mat. Bottom:
Details of Genosc dielectric function display for same fit. Left: &, only. Right: &; & &,...

Phenomenologic way how to model critical points in absolute dielectric function:
neede to analyze thin films, anisotroic effects etc

* The information about dimensionality is lost
* Implemented in Woollam WVASE software



Spin-orbit splitting

Table 6.2. The valence band spin—orbit splitting at zone center (A4j) and in the (111)
directions (A1) and their ratio in several tetrahedrally coordinated semiconductors (list
compiled from [6.19]). GaN values were calculated with the LCAO-LDA method in
[6.26]. The experimental value of Ay for GaN is 17 = 1 meV [6.26]

Semiconductor

Si 0.044
Ge 0.296
GaN 0.019
GaAs 0.341
InP 0.108
InAs 0.38
InSb 0.803
ZnSe 0.432
CdTe 0.949

0.03
0.187
0.032
0.220
0.133
0.267
0.495
0.27
0.62

1.47
1.58
0.59
1.55
0.81
1.42
1.62
1.59
1.53

20

10

Recomended literature:
Yu, Cardona, Fundamentals of semiconductors
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Excitonic effects in simplest approximation of Bohr atom

Fox, optical properties of solids

Rx
En=Eg — e Rx = (M/mOErz)RH
An=1 o1,
o u  Mme  my

Rydberg constat of He: R,= 13.6 eV

e (h0-E)"

>
T Photon energy

E,

Fig. 4.2 Band edge absorption spectrum for
a direct gap semiconductor with excitonic
effects included. The dashed line shows the
expected absorption when the excitonic ef-
fects are ignored.



Excitons in narrow bandgap semiconductors — Wannier

excitons (small binding energy,

large diameter)

Rx = (ju/mpe?) Ry

R~ 13.6 eV

g is~10

Effective mass ~ 0.1 m
~=0.001 Ry

Fox, optical properties of solids

Table 4.1 Calculated Rydberg constant
and Bohr radius of the free excitons
in several direct gap III-V and II-VI
compound semiconductors.

Eg: band gap,

Rx: exciton Rydberg constant from
eqn 4.1,

ayx: exciton Bohr radius from eqn 4.2.

The bracketed figures for InSb indicate
that there has been no experimental
confirmation of the values.

Crystal Eg Rx ax
(eV) (meV) (nm)
GaN 3.5 23 3.1
ZnSe 2.8 20 4.5
CdS 2.6 28 2.7
ZnTe 24 13 5.5
CdSe 1.8 15 5.4
CdTe 1.6 12 6.7
GaAs 1.5 4.2 13
InP 1.4 4.8 12
GaSb 0.8 2.0 23
InSb 0.2 0.4) (100)

o (106 m™)

‘ I I ex01lton l excnion I '
1.2+ dl 005 -
1.0} 3 .

M .M g 2 ]
0.8F g H N : .
S = A o
06 © S ] J
294 K, 185K 90K 21K
04} J
,’I GaAs
02F /S~ o (o - 1.425)12
O L I' 1 1 1 2 1 i 1 i 1 " 1
142 144 146 148 150 1.52 1.54 1.56
Photon energy (eV)
| L L L L L L)
1.2 n=1 n=2
GaAs n=3
1.0F 12K L/
08
0.6 /[\
04 E,
0.2 ——J
O . 1 i 1 1 1 L 1 1 1 I 1 2 1 " 1 2
1.514 1.516 1.518 1.520
Photon energy (eV)




Excitons in large bandgap insulators — Frenkel excitons

(large binding energy, small diameter)

Table 4.3 Properties of Frenkel
excitons in selected alkali halide
crystals:

Eg: band gap,

Eq: energy of the n = 1 exciton
line,

Ey binding energy of the n = 1
exciton.

All energies are given in eV. After

[3].

g
-
T

NaCl 300 K

-

g
o

exciton

v

Crystal Eq Eq Ey

Absorption coefficient (108 m™)

KI 6.3 59 04 1.0
KBr 7.4 6.7 0.7
KCl 8.7 7.8 0.9
KF 10.8 99 09
0 ]
Nal 59 56 03

NaBr 7.1 6.7 04
NaCl 8.8 79 09

NaF 115 107 08 Energy (eV)
CsF 98 93 05
RbF 103 95 08
LiF 137 128 1.9

Fox, optical properties of solids




Inverzni (regresni) problém

» méfime vysledek (odezvu), ne pfimo vlastnosti materialu

« vlastnosti materialu (optické konstanty, anizotropie, tloustky, nehomogenity...) jsou
Casto spjaty s odezvou nelinearnimi a transcendentnimi rovnicemi, které nelze
analyticky invertovat

* feseni je nutno hledat numericky, minimalizaci rozdilu predpovédi modelu a
méfenych dat, typicky se jedna o sumu kvadratd odchylek:

Z (lpe}{p(/\} T 11"13001‘()\))2 4 (—\exp()\J T Ateor(/\))g
fillfexp(/\)g ‘Siexp()\JQ
\

(- o+ feorrd (A) + Teorr B(A))
A0
vazeni pomoci chyb, které elipsometrické
meéreni pfimo naméeri!

* Pro numerickou minimalizaci sumy ¢tvercl se nejCastéji pouziva Marquardt-
Levenberguv (ML) algoritmus implementovany v celé fadé programovych
baliki (napf. numpy)



Example: ferromagnetic response of La,,Sr,3;C00,

J. B. Goodenough J. Phys. Chem. Solids 6, 287 (1958)

Q

* Co
Oo*
@Lchur Srh

Fig. 1. Ideal perovskite-type structure for the system
La; - ,Sr,CoQ,.

» double exchange vs. superexchange
discussed as a mechanism of
ferromagnetism

* superexchange suggested

Wu et al, PRB 174408 (2003)
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« Ferromagnetic for x>0.18 with 7, up to

250K and magnetic moment ~1.6 pg/Co

* For x=0 band insulator paramagnet with

transition to a metallic state above ~ 500

K, strain induced ferromagnetism
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Absolute
conductivity:

Relative
conductivity
vs. /=7 K:
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Optical conductivity of La,,Sr,3C00,
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Spectral weight analysis
effective number of charge carriers

o1(w,T)— o1(w,7 K).

—
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Spectral weight is
conserved within 5 eV

Spectral weight transfer
scales with magnetic
moment M? — suggesting
leading role of double
exchange



Kinetic energy saving

Lowering of the intraband kinetic energy corresponding to
the ferromagnetic transition is calculated using

K = —3h*Neg/azmo

For N,+~0.02 we get AK=30 meV, which is larger than Az 7.~ 17 meV
=>

saving of the kinetic energy (double exchange) is large enough to
stabilize the ferromagnetic state
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Spectral analysis with the Drude-Lorentz model
P. Fris et al.,, PRB 97, 045137 (2018)
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Drude-Lorentz model: €¢(w) =1 — E ./ — E ——
w(w +1yp. ;) a)o p — W° — 1oy i

» Narrow Drude term (broadening 30 meV - 240 cm™) strongly changes with temperature
« the broad Drude term (broadening ~1 €V) is essentially temperature independent



Equilibrium ellipsometry at CEITEC Nano

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

He closed-cycle cryostat 7-400 K




Examples from UFKL research




Electronic structure of topologic insulators

Energy

Conduction band
N\ 7

ia f

x\x ;JS'urface states

Fermi level A

f/ AN

s
Valence band

* insulators with a larger spin-orbit
splitting than energy band gap

* spin polarized conducting surface states
» topological protection = no scattering on
nonmagnetic impurities

* possibility for application in spintronics

binding energy (eV)

o
w

©
»

o
o

Momentum

(wiki)
ARPES on Bi,Se,

conduction band

01 0.0 0.1
k, (A7)

surface states - linear dispersion
(Dirac cone)

(top of ?) the valence band

M. Bianchi et al, Sem.Sci.Tech. (2012)



Topoligic insulators Bi,(Te, Se,,); and growth of thin films

Bi,Te; « anisotropic layered material
= ' PO * elementary cell formed by
inW gap 3 Quintuple layers (QL):
-1Te-TeDL  Te1-Bi-Te2-Bi-Tef
« known for high thermoelectric constant

Thin films:

- grown by MBE on BaF,, lattice matched for Bi,Te,
* Bi, Tes, Bi,Se; and alloys Bi,(Te,Se_,);

-inW 9aP . thickness 200-600 nm
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overview of thin film model

model:
surface roughness (EMA-Bruggeman), typically 5-10 nm
isotropic layer of Drude + Lorentz + Tauc-Lorentz + gaussians
BaF, substrate modeled with Lorentz + sellmaier
cleaved crystal- corrected for incoherent reflections from backside

- no (strong) signatures of anisotropy
- retrieved optical constants predominantly corresponds to the in-plane
response

EU" Eﬂ"

é{w}zl— Pl —I—Z SR —I—Zl’jj{w}.

w(w+1y)



overview of raw data and model spectra

Far-infrared reflectivity o EEVE
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retrieved point-by point response of Bi,(Te, Se,,); alloys
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response of Bi,Se,
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» strong 2D critical point at 312 meV
» a weaker 3D critical point at 450 meV



Low temperature absorption edge of Bi,Te,
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conductivity:

Relative
conductivity
vs. /=7 K:
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Spectral weight analysis
effective number of charge carriers

o1(w,T)— o1(w,7 K).
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Spectral analysis with the Drude-Lorentz model
P. Fris et al.,, PRB 97, 045137 (2018)
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« Narrow Drude term (broadening 30 meV - 240 cm') strongly changes with temperature
« the broad Drude term (broadening ~1 €V) is essentially temperature independent



Electrodynamics of correlated electron materials

« see D. Basov etal., Rev. Mod. Phys. 83, (2011)

m LaFePO ® VO, (rutile metal)

O BaFe,As, O V,0, (metal)
La,CuO, k-(BEDT-TTF),Cu[N(CN),]Br
La, Sr CuO, (x=0.1) k-(BEDT-TTF),Cu(SCN),

La, Sr CuO, (x=0.15) @ Sr,RuO,
La, Sr CuO, (x=0.2) O SrRuQ,

* Nd,CuO, CrO,
+ Nd, Ce CuO, (x=0.1) 4 Cr
X Nd, Ce CuO, (x=0.15) 3% MgB,
@ NiO * Ag ¥ Cu
c Correlated Metals Conventional
- Metals
S © O o
@ X + X @ ) Yo
= HHH —n 3% *
S o,
0.0 0.2 0.4 0.6 0.8 1.0
/ K
exp band
FIG. 1 (color online). The ratio of the experimental Kinetic energy

and the kinetic energy from band theory K“p/Kh.dnd for various
classes of correlated metals and also for conventional metals. The
data points are offset in the vertical direction for clarity. From
Qazilbash, Hamlin er al., 2009.

Kinetic energy of conducting
electrons can be expresse from
intergral over Drude tail

2h*ag [“F
K, =— 20 /0 o1(w)dw =

e

= —h2Neﬁ=/agmo

2 7 LF )
N ~ 2myg) ;
eff(p W) = 5 op(w)dw.
Te o

In isotropic materials it is:

K = —3h*Nog/aimg



1/t(w)
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Electrodynamics of correlated electron materials

see D. Basov etal., Rev. Mod. Phys. 83, (2011)

weak electron-boson strong
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Optical Conductivity [ Q 'em™]

Electrodynamics of correlated electron materials

I La.;.;;;Srﬂ,nsMn{);
(To=283 K)

Photon Energy [eV]

4 6

Takenaka PRB (1999)
Insulator-mettal transition in
ferromagentic Lag g5Sr; 17MNO3



Electrodynamics of high Tc superconductors

see D. Basov etal., Rev. Mod. Phys. 77 (2005)

G, (10°Qcm’)

o, (1 0°Q'em™)

3

10

100
Frequency (cm™)

FIG. 8. Frequency dependence of the (a) real and (b) imagi-
nary parts of the conductivity at 4.5 and 7 K compared to the
predictions of the BCS weak-coupling limit using the formulas
of Mattis and Bardeen with a finite scattering time 7=3
X107 s. Also shown is the normal-state behavior at T=9 K
fitted by the Drude model. The far-infrared data (stars) show
no temperature dependence below 10 K. In this spectral range,
the imaginary part of the conductivity oy(w) has large error
bars. The inset shows the temperature dependence of the pen-
etration depth A7) compared with the predicted behavior.
From Pronin ef al., 1998.

Pronin etal 1998



Electrodynamics of high Tc superconductors

2400

By STIPTEY o

__ 1600
E
5
&
° &0

FIG. 10. In-plane (E Lc¢) optical conductivity o(w) obtained
from a Kramers-Kronig analysis of the reflectivity data for
various compositions of YBa,Cu;0¢.,. Adapted from Cooper,
Reznik, et al., 1993.



response of copper oxide superconductors

1
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YBa2CU3O7_d

FIG. 14. CuO; plane conductivity o,(w) for various tempera-
tures in both the normal and superconducting states of Y-123.
Panel (a): nearly optimally doped crystal with 7,.=93 K from
top to bottom, 7=120,100,90 (dashed), 70, and 20 K; panel
(b): underdoped crystal with T.=82 K at 7=150, 120, 90, 80
(dashed), 70, and 20 K: panel (c): underdoped crystal with T,
=56 K at T7=200, 150, 120, 100, 80, 60 (dashed), 50, and
20 K. Note the persistence of the 500-cm™! threshold above T.

ave dashed curves). From Rotter et al.. 1991.
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Pseudo gap in underdoped sample



Out of plane response of copper oxide superconductors
Munzar et al, Solid. Stat. Commun., 112 (1999)
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So called phonon-anomalies due to electrodynamic coupling between charge and phonons
due to local field effects



