Chapter 11.
Optical Processes and Excitons

elw, k) : electromagnetic fieldol] o gk 912

o] A2 electronic band structure®] vl-$ senstive &}c}.

e=¢ +ig"’
Directly accessible function : R(w) , n(w) , k(w)

extinction coefficient
refractive index

reflectance

Optical reflectance

%’% =rw)=p(w)exp[iw)]  reflective coefficientsr &g},

_ ntik—1
o)== ibr1

definition n(w) and k(w) are related

Velw =nlw)+iklw)

=Mw)

E (inc)=E , exp[i( kx— wd]
E [(trans) < expliln+ ik)kx— wi]

= exp[ —ﬁc] exp i nkx— wb)]

Reflectance R
R = E" (vefDE(refl) | E* (inc) E(inc)
="y
= FZ € =(r|
elw)= &(w)+ i (w)
= (n+ik)*
=’ — k*+ 2nki

Kramers -Kronig Relations
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Aw) =a(w)+ia (w) Responsefunction
X, ,=adw)F,
equation of motion
d
ZM ( dﬁ dt
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+pr 0+ wHX=F

X= J-Xwexp[ —iwtldt F= waexp[ —iwf] AR
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_ (w,*m + iwp ;)
Zf’ (w/— o)+ o’ P
f!f:

all positive for a passive system
p j velation frequency

Kramers - Kronig relation

(1) The poles of a{w) are all below the real axis
———————— — vanish

a'(w) 1s even

a’ is odd
a'((u)——zbf —Q@Lds

a (w) *—1}] #ds

o ST @
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' (w)= ——Pf QL

. _ 2w g f a (s)ds
T 0 sf— @’
Kramers - Kronig Relation & 2 83&}4},

1
InHw)=InR?*(w)+ i6(w)
v (
Wt (e (St

s—o | dinR(s) } u ‘
zn-pf sFol™ as @ ) (?*_ )

_ o, (T InR(s)
Nw) = npfo Sz_wzds

S ) < 4w
Mathematical note

( a), L— oM+ iwp ;
&) = ZJ f—a®)+ ot Pf
Eﬂtc*‘rohk

Interband transition

1.olg Al gapEtt ¢ = optical spectroscopy™ broad featureqt ¥ ot}

J \
4 — -
/L direct interband absorptione Aw = e.(k) — &, k).
/

Excitons
bound electron - hole pairg excitone] g} s},

exciton®] crystaloll A &2 olH A o dx 2 HAdslc},
A7 A ¢ &

Exciton< X & insulating crystalel 4 forming € < it}
gap®| indirecte]™ unstable &}t}.

& exciton®] © unstabledtt}t, - H A7t hole2 So] 74},

threshold of this process
hw > E, in a direct process
hw > E,— AL indirect process

A8 A = exciton® binding oW A& m# stek 3o}
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binding energy :
1. excitong R of 1 #] <} free
electron, free holeg vt==
o= el zo

2. recombination lumunescence , free

: L !
(,imlh-l\'lllull Elﬂli(i =]
iefloctive: mass i}

xeiton levels electron — hole combination

Valenee bund
ceflective mass !

3. photo - ionization of excitons

. =) exciton is weakly bounded: Mott
' and Wannier
- =) tightly bounded : Frenkel

k e

q qu eV

Frenkel Excitons 6
Sesi r T..l?t\..
Tightly bound. l:
=2 hole® vl def] 9t} ( single atome] ¢lth) (’WFH“

= ©] exciton®] hopping& ¥t} T‘{,\L‘LL‘*LU‘U‘T%’ ld‘leu
— Crystalline inert gas : Frenkel model®Z A4

Atomic crypton @ lowest strong atomic transition at 9.99eV

Crystal crypton : [op v #eV [3&{)) o| (I o

exciton® ground state energy

11.7-10.2 = 15 eV(exciton® ground state energy)

Exciten® propagation
dozg HOF  wave propagation
eg=ujuuy° = > sy-uy
single atom©] excited ¥ o] ¢t}
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Heoij=ep;+ Nej—1+ @)

€ : free atom excilation energy propogat BE
T texcition j————j—1
P

o] solution® wave EoFo|r}

¥, =2lexplijkde;

HY, =Z}:exp[ijka] Hyp,
=2.explijkal [ep;+ No;1+@;.))]
rearrange S}At

H ¥, =2explikal [e+ T(exp[ika] + exp[ — tkal)] o ;
=[e+2T- coskd] ¥,
E,=¢et+2Tcoska
periodi oundaﬁcondition

K:m s=*lN——A—f

Q

b

I
Na 5 N.—% +1, 9 N—1
Alkali Halide : localzed exciton on the negative halogeljon
visible ¢4 = exciton ¢F ¢} transparent
1IVell A exciton H o]l
—J

Molecular crystals :

Van der Waals binding between molecules

covalent 7} wj§ Z}&jct
o] 213k excitone Frenkel excitons

Weakly bound ( Mott - Wannier )

Uly)=—

27} cond. Bl olele]l A bound state ¢t}

4
B= £
87 9p2.2 7
1 _ 1 1
H m "y
A Cuy0 wlem™") = 17508 — 800 =X =
el e innmu n.:s!:_.; ”!..

Exciton Condensation into Electron - Hole drop

- e A 71 r{‘}__% @E

electron - hole drop ©] Ge ZeollA] Al zlc}

o.az,é
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hw > E, °l¥ free - electron and free holeo] 471t}
recombination 8s
electron - hole recombination and annihilation
Bus
Yol exciton concentration®] higho]® drop?] life time2 40us
strained germanium 600us

excitons®] drop< degenerated Fermi gas?} © i metallic properties?} 1}

Epdr}

Raman effect
Photon inelatically scatter
creation or annihilation of a phonon or magnon

Selection rule
w=w'xQ ; k=k'zK
£2,K :phonon®] creation %+ annihilation
Z2nd order Raman effect :

two phonons are involved in the inelastic scattering of photon
strain dependence of electronic polarizability

a=ag+aut+auit o o o
@ . phonon amplitude
u(t) =u gcos 2t
induced electric dipole moment

@.E -u

=a ,Fy uycoswt cos 2t

:%QIEWO [ cos(w+ ) t+ cos(w— £2)7]
w— {2 : stokes line

w+ 2 : anti stokes line

I(w— ) o ! { N g | u | 1]21()‘41()( ng+1

I(CU+Q) oC ‘ < ng-1 | u | n g > [zoc g
Population

ng?
%Ezt% - (nK;(-i-l = expl — h Q/k pT]
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20 K Silicon e

(B exp[ h w}k BT] = L H Stokes ﬁ‘lil'lyi"r._ )::ﬁi
G )| e o

T 1+ exd>1 _ __exp b{:ﬂz‘ 3 TK
EXDH— 1 exd}— ! ‘:% Resolution
& == Anti-Stokaey
T K
1.—
|

b}
. 520 ~500 ¢ 500
Electron Spectroscopy with X-ray

Raman shift, em ™!

X-ray Photoemission from solids (XPS)
Ultraviolet Photoemission (UPS)

Density of state( D(g) )
photon®] incident photon - b’nding energy = KE.
AAE 50A AE UL 4 9o
ESCA ¢ resolution 0.6 eV
Elecfeon SPQCHOSCDDH Gy Chuw oD
valence structure of silver =>1§

Rl yéLs

Excitation

99.2 eV binding energy
117 eVell A = Rt}
single palsmon excitation

1347 eV : double plasmon excitation

Energy loss of fast particles in a solid

SR I IR

Inf{ e(w); : energy loss by an electromagnetic wave in a solid
I E(la)) } @ energy loss by a charged particle that penetrated a solid
— L a — (— iwf}
P = i E Py E=FEje
=[ﬁ£ (*iw)]-[e(w)Ee{'i’”‘)] D= Dye! ="
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(P> =$<Re{Ee“i“"} - Re{ — iwDe =)y
ul (’ s
=74l??a)E2<(s’:‘ Ywtt e wh)cos wh
=§we”E2

If particle of [charge e,

e
| »— vt

D(7w) or D(7t)

D(7t) = -%

E(cu,_/)'i’) = D(cu,ﬁf;) / E((U._é)

Time average power dissipation

Plo, B) = - <(Re Ko k)
dr e(w, k)
el o L
= 4 wDXe k) < [(E
Whence
Plw, k) = 8——:@1&) ( ¢ )"Dz(w,—ki)
el e (w, k) 2 =
Gty s e |2 D(w, k)
energy loss function o Im(
A Plw k)7F kel] F2sbd
2 J
Plo) = -2« —€ gLy Fo
T ho £ w
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velocity v] enters a crystal:

e Y . Ref-iwD(w k) e ™%

Lo ((e0t) [Mwh
» —LLMbot\
"

= KE{COSMZ - ¢ 5 met)

T (€ 5wt + g Casut

)’coscut + (%)”sinwt][—sinmt] >
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