PHY 752 Solid State Physics
11-11:50 AM MWF Olin 103

Plan for Lecture 27:

> Optical properties of semiconductors
and insulators (Chap. 7 & 12 in GGGPP)

> Excitons
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13 {Wed, 5232015 Chap. 4 Denstty functional theory

14Fr, B2E2015  Chap. & Impiemertation of dersity funchonal theary.

18 Mon, 8282015 Chap. & impiemertation of dersty functional theary

16/ Wed, 5302016 Chap. & First princiles pseudopatential methods

AT Fri, 10022015 (Chap. 6 Exarmple electronc siructures

18 Mon, 10052015 Chap. & lanic and covalent crystals

18 Wed, 104072015 Chap. & More exampies of slectranic siruclures 418

20/Fri, 10092015 Chap. 1-6  Review Starl exam
Mon, 101212015 No clarss Take-nome exam
Wied, 10114/2015 No ciass Exam due betore 101162015
Fil, 101162015 Fal break —na class

21 Mon, 1019/2015 Chag. 10 H-ray and nevtion dffraction wig

22 Wed, 1002772015 Chap. 10 Scaftering of particies by crystats 1)

23(Frl, 10232015 Chap. 11 (Oplical and transport properes of metas 21

24 Mon, 10262015 Chap. 11 [Oplical and transport properies of metals waz

25/Wed, 100282015 Chap. 11 Transpor in metals [ 1%}

26/Frl, 107302015 Chap. 12 |Oplical proparties of semiconduciors and inauistors

27 Moo, 111022015 Chag. 78 12 Exctons 24
Wed, 12402/2015 {Student presentations. |
Fri, 127042015 Student presentations i
Mon, 12072018 Begin Take-home final
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Interband transitions

Figure 12.2 Schematic representation of o
direct gap semiconductor o insulstor. Optical transitions are vertical in the encrgy band diagram
[The valence hand has been reported in bold 1o remind its full oceupancy by electrons |

top valence band and bottom conduction band of a
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In general the matrix element M, (k) is a smooth function
of k and the joint density of states often determines the
frequency dependence of the optical properties:

k
‘1.”l"“‘:'|‘ Ew — fiaw)

Jolew) =
Jaz
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Real spectra and more complete analysis
From Michael Rohlfing and Steven Louie, PRB 62 4927 (2000)

Energy [e\]

FIG. 6. Cabeulated optical absorption spectrum of GaAs with
(solid fines) and without (dashed lines) electron-hole interaction,
using three valence bands. six conduction bands, 500 Kk points in
the BZ, and an anificial broadening of 0,15 ¢V, The dots denote
experimental data from Ref. 32 (O} and Ref. 33 (@),
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Real spectra and more complete analysis
From Michael Rohlfing and Steven Louie, PRB 62 4927 (2000)

Energy [aV]

FIG. &, Calculated optical absorption spectrum of Si with (solid
lines) and without (dashed lines) electron-hole interaction, using
three valence hands, six conduction bands, 5040 k points in the BZ,
and an antificial broadening of 015 V. E i | data are taken
from Ref. 34 {0} amd Rell 35 (@)
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Real spectra and more complete analysis
From Michael Rohlfing and Steven Louie, PRB 62 4927 (2000)

o bt :
10 15 RO %
Energy [eV]

FIG. 9. Calculated optical absorption spectrum of LiF with
(solid lines) and without {dashed lines) electron-hole interaction,
using three valence bands, six conduction bands, 500 Kk points in
the BZ, and an artificial broadening of 0.25 eV. The experimental
data { @) are from Refl 36
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Real spectra and more complete analysis
From Michael Rohlfing and Steven Louie, PRB 62 4927 (2000)

A
SN T

FIG. 0. Caleulated reflectivity spectrum of LiCl with {solid
lines) and without (dashed lines) electron-hole interaction. using
three valence bands, six conduction bands, 500 k points in the BZ,

and on artificial broadening of .25 ¢V, The experimental duta (@)
are from Ref 37,
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Simple treatment of exciton effects in a two-band model

i at k

0 and

chossh as gef
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Electronic Hamiltonian

E—S_ Zid !

Im = Rpl 25N -

Ground state wavefunction

H,=

Wo = Alduk, @ dui B . . . Puicy @ Pukcy Bl

Excited state from two-band model summing over
wavevectors k’

Wy, = 2_ Al L
L3

Solving Schroedinger equation in this basis:

P MRl L VAR = EAK)
&
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Exciton equations -- continued

[Ecik 4+ Ked — Eyik) — E] AR} + 5 Uik, K'; ke JAKK') = 0
W

where: Uk k:k.) = Uk k' k) + Uz (k. K ko)

Uik K Kea) = = s i

Laik, s s ) = 25 ook, e | — oo,

After several steps:

/, | [ i .|':
[EIT1 30 A \-_ ."f = — dr =

Ignoring U, for the moment --
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Eik) = Eg + =— and E k) = —= me =0, m )
2 2n

£

TN 1 TR
Define an envelope function /' = 7 ; Af)e™".
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WV el 8 "
[—-i— = «&»,n——ll\ I'L-.,I’ﬁl,l')] F(r)=(E - Eg)F(r)|.

2. er

‘Introduced electron-hole screening

Hydrogen-like eigenstates:

) flex 1 X
E;M A 136 — = {ineV)
o m t"
m
dey = AR
Hex

Exciton Eigenstates

E
E, =E;,——%
n
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Some details —
Considered a closed shell system with N electrons
Vo= Alprad1p - dnadmpB -+ dNpadn28}
a="T L=
We can write the effective Hamiltonian:

[p— Vauel(r) + Veour(r) + \;.:h] i (r) = ii(r)

+
2m
with
0t 3
Vil (F) = '2_ e Ir" — 1 (')

Vit (F) = = ¥ 0 (F e by () P,
L i

o e
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Consider an excitation where an occupied state 7 is moved to an excited state z :

Wy L Wy L Wi

ol ?I ol ol ol
I Iy Iy ¥ v

mmJ 2 Scheniatic representation of Hartes Fock occupied and virtusl sties (here supposed
10 e discrete) of & climed ahell electronic system In the four trial cucited Wy, g, W
and Wi, an-electron is promeoted from the occupisd orbidal g (r) 10 the virtual ocdital g, (r)
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Define: @, = (dyir))dwirzl

(rididw irzd

Fm = (i (P M (020 P (g ) L2 D)
=i 0 0 0
) ! - Jum 0
(Wil He W) = Eo+ 20—t + 0 Tom ! Qums + T 0
1] ] 0 —Pum
4,330
Eigenstates:

Empm = Ep+ Ep = Epp = me

E;mgln = Ep+ Ey — Em — Qum + :Jmm
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More detailed treatment of U, (J) term:

Ua(k. k' Kex) = 2850 (s, Pt | — IPukbeir sk, )
L

. 1 !
Wi, (PR & (4 ettty Itukc)

LI
|_l;|“:l'

PR T e

i
=Ks .'Th ki) = iKey - (ukirieak) = ikex - 1,

(‘:
——(Kex T MKer - 10)

‘ e
D Uk Kikeo) = —2659—
v k2,

Effective dipole moment:  d../N — er, L.;f,"\’.

10/30/2015
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Resulting equation for envelope function:

-d(wlzﬁl‘r)] Firy=(E - Eg)F(r)|.

Relationships of envelope function:

1 .
Fr)=—=3" AkHe™™,

=
1 . 1 s
[.r-‘.n.- g Ak = — [l—\"l"-_r!h' e

W A(K') = —[%hrn- v dr;

—I— Z.\-.L'\ = ’.hrlhru.- g
V4 d
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Summary of Wannier exciton analysis

Hydrogen-like eigenstates:

{in eV)

Exciton Eigenstates

E, =k, -

X
2
n

Wannier analysis is reliable for loosely bound excitons found
in semiconductors; for excitons in insulators (such as LiF)
Frenkel exciton analysis applies.
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Optical absorption due to excitons (Chap. 12)

Ve =3 ALY Fir) = % 3 AT,
P

K vV

BV 2
— — — | F(r) =(E = Eg)F(r).

21 £r

Transition probability from ground state

2x feAg\” - 20 v .
Powesn =7 (S2) 2|30 AN VklE pivc)| $(Eex = Eo — ha)
h me &
2 feAo\" L Al X
Py ey = — | =2 ) 21C1 PV |FO)28( Eex — Eq — huw).
o\ me

with (V€ pling) = €y
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For spherically symmetric excitons (“first class” transitions)
Floy =1/

y
Tagn.

3,...) and intensities [y

For p-like excitons (“second class” transitions)

(Veklplyk) = C2K;

- Eg — law).
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Example of Cu,O:

(@) (b,

21720

Eq

W o

oy

e baned, wod the
plion spoctnam of the yellow ex
\ o and T Anaak, 1. Phyn. Soe. lapan 46
hand transation is dipole fotbulden at the symemery poant & = 0, the

exgiton serics beging with the line n = 2
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