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Fig. 6.2 This figure illustrates schematically the basjc reason for the logical connection of

¢ausality and dispersion, () An input 4 which is zero for times ¢ less than zero is formed as a
superposition of many Fourier components (b) such as B, each of which extends from ; = — &

= 2. These components produce the Zero-input signal by destructive interference for: <0
It is impossible to design a system which absorbs just the component B without affecting other
components, for in this case, the-output (c) would contain the complement of B during times
before the onset of the input wave, in contradication with causality. Thus causality implies
that absorption of one frequency must be accompanied by a compensating shift of phase of

other frequencies; the required phase shifts are prescribed by the dispersion relation. [From
J. 8. Toll, Phys. Rev. 104, 1760 (1965).]
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Response function G

e idli ding onent G| (w) diverges
i - (8) For G2 (w) = §{3wp} (solid line) the corresponding com[? ! 1 3

zlgi %wa,a)— w) (dfl(shed line). (b) The relationship between the real and imaginary parts of
a response function if G(w) = | for2 < w < 4 and zero elsewhere.
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(b) The angular dependences of the corresponding phase change upon reflection, ¢, and
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3.0 T T IB L] I T T i

L n=0.67 I (@) ]

25F k=0 ll\\ 3

— J\ .
. 2.0 INA .
E E t|/|/ ]
o 1.5F t ]
I S \\ ]
= 1.0 T W;{'__ i it
fg: r \ ]
: NN

0.5 L. \ .
'__,_,.”.—v"°/ /rn AW

Fig. 2.7. (a) The absolute values of the reflection and transmission coefficients, |r| and |¢|,

in polarizations parallel and perpendicular to t
of incidence ;i for n/n’ = 1/1.5 and y; =

he plane of incidence, as a function of angle
u} = 1. The Brewster angle ry(yg) = 0

and the angle of total reflection ¥r is clearly seen. (b) The phase angles ¢, and ¢; change
significantly in the range of total reflection. The case of E parallel to the plane of incidence
is referred to as ry and 7y, while ;. and 1, referto E perpendicular to the plane, respectively.




@ 1.3 12
‘ am 730 léuooﬁcuu ’ZIDV C)F{:OQ’/ Q::L‘/‘HEBM,FZ/LL E
Ocdraz _y  low. o ?/&/4/@&%/@/@ / T

e

iy - - N
VOB 1ot Imirolo s Qe,@é%é/é, ot
Z ‘

- 7,304”@/ -f/éa,s%i/éz ez e ‘ /?7(2:/2 / /- Mé/a _
A abecrbel + plopaitill’s imaotosntlomt,
O YacH B, Ly Aovess oy dhin.” sretoo s 24225,4”;_
£rviny z‘kf/@% Lz sel N Makimas G Pl ctrerscy

/4 /¢%7éfvsa- f%/@éﬁmé& ra b /"D’E’"/’%Sé@%’r
= ﬁd///%t_ 7>6’¢..—<§z/¢ Ler i @/’Jff&’a;l;@é %@m,széa(é

— lewenta, cfﬁé’ﬂﬂfoffm 2 /4@;?62//2&& ‘o &

44 ﬂ&ég@//\émg e / o ﬁ@ﬁﬂé/@@é
éiifwunm ffZ;

\/ /’“’/

i . / — .
12k [j J@L‘&OUCL Ruuey ) 7>/\L

g MMMW% 79”"4%4 octlu
o2 , |
ﬂ’”g — = //);, 0/ @@8 1¢

o 7 + 28 L/"lp
oof—ww%@/)/ Sweped - - 4—6{,6“ C ‘S_Z { éi

’)ép ;‘g—';k .
7,@5,% ﬂ‘”&*@é t=44e 0 bhnng f L



- & 7LA’7' %
D
hacl  pry=/ly D Lyt a Gop > ¢l d-nt
2\ 2787 » 53
= =5+ TORICT ol By (o)
(/( i~ 2;.@/2'7‘5;) (4,m1@24‘§>
5
(/7'//7“2 a?(j-\ e “P1 + V%ﬁb46'b ,Q?AO
é = 1 — rala‘lig) 7 ,
f

A"V}ZZZIL' =0 > @P‘L/ g ///O/&W

P Qdet 170 ja ‘7@94@%—«5{1 7 baol | fibose meiTia e
@elotn V) soibefilirr G

e 1B z
Pc’é% < = // - g:— HT = ’émq)x: ngp

24{,,&/@,05;¢ =(M+d)n . reaccmam /pvz’/@,éﬁ,@?
25 ""j

¢ > 8= (T

ST S e - 2 N L 0

' Mg I '(/(4_,,1\2,)‘ =T Zf{’;rf,)

é.‘,,@;@_?,@ip

—

maLy (,44/92)

)é@/h? (d»@@cx% |
Toder & R=ENST

> 2
972% _ﬁL—’Z ....7, _ (4-—-/'“7Z) _
Seece T (4'7‘@"9 /' i (7,40;2)‘2, J ecex

S renoreall dwlofoeuiiiek reenles
(2] "y _ o .
- otw é@&')é ?OW —.Zkfa’_/é //7/:{,“4&



Ve Yol
,775;?/@£/C>64c‘f(;é? G

‘ g v (e, — 4) 1 Lpeaes
; ) B > £ = = = *?> ; D * )
My B+ vactuct: o 7 (/&,(4-4) 27 .

At
«Q—)?W;g ?éaw/é@ @/éé/g foéa%éfﬁ/-{@//é—»éé_,. g

/'méu&/é yesmce

> oéa@aofb 74/223,{

C/&ZD 8@/254?; Léle//

= /Pr@ w»/@zkc/ ¢L¢ &@ oIS /65/%4{/ R~ 2 u,y/-f/} ;é%é & ZZ&{ /C’_-?L, 4
ety paSte b 77[/04/?//@ Ao,

=
Maesirimae D g,

= Pedenc - bl - '
7 = A7) ) l T g

NP S

>
o '
AA, - Cucn, - MuA, - ( /7+7),:1792
92///-(7(7 - = ;;‘/‘IKAZ'?\
;\mz__ - 1
‘"::“:_-;

‘ / s ;. ;
= ‘/P@“‘%’ﬁ 7;:»@ //MCE% GEPQ/JLQ, /Z:ez{ S Sl /Q

.../ZLC%/'DF? /&’)gb OC‘// 7‘/&/1,\,\ 0’/0 9@/1%
Blasl /ﬁ Vot bzl wégm@/c 2

= 8Fe; Lote (B =2 %] = ik

o ﬁééd,ﬁ("ﬂz/ oo Jorale /_p/@ roat

J il i . | / s
Tre ﬁé_@éﬂ/’%)% o s At > reflosrc (27&2&4%?



O Reflocn) spalioatopicda’ olpncne s,
Eoperimantalis wpeinibitss i ohr &
- eIt / ?Z Sr-lice e, 6}/7‘%’0‘2%
— dTEn / ﬁm‘? /wo/Cé 122 'é:‘@-Zo Bt st
e o e e nn,
,

[ 1 ‘
-y VR vz Ay PP D @ 2 s

) @///Déo/dﬁezéfc_ @:{Q ’ /a GMéQ; :
SD: /% B /";J/ 2 A
/A

= _ P/ 5 74 |
=2

f ‘/";
ViR B bt 7//

)2/
ADOP«Q . "AC?/Z;/::: ,/m

K- /

7>o fari ?:D/(J.Qg) = r T A /
/ 2071@@ %z:c/ s 7 cﬂ/g@ézé% o 752/ ol ;b)
- p : / A S R

5 @%%‘/& SR
B/l L fosng s

/

- LC/S%/:@M i V274 Zéﬁﬂ@ga //a//é% %@/%ﬁfé&, D (o 0é/f' @



@ - Welmer ks ’ @%/@g{ Pie s é .
7?////\(/44/ Z%ﬂ/“/ / 4 % /ﬂ@ 7z le @éfw&/%?%zj
L:> éﬂ@LﬁO Nz 4@{4& ?/;L/ | %A%zé Y, //__é_@%
(- ? bé 2becorbsy, q(o%/ %7 5% on; /)

- &"/{////zg;f Lo Wﬂ/& ?}gz% ¢ @@kcé&g%&,/
= crtoma e tests’ 70"/ /k?? = 47(2%%

> Sk obe Q)

%}/300 E > vn obrn® « @ e Fe g

_'?@/@(OW?Z/@(O/%?{%{% ! m@ézﬂ

7

P
T Parna ézlé{éa - ebsg 42 A -

Hte Ladbose” & e 7
il t -

-~ o LS 2 @»{_,i e d /
7 v 7:> = Hiege M/c&zgx/&gﬁ/f #2024 /L

4@%@/&/ R Dok

" Lorzntry sl /s 25 cyﬁ/ horady s, ” e
Zﬁ @/4@&/ s 72%/7(/6 ?

/’4{/5’94’24 i@‘/
FPTZRC /302& f @é /——ng,a/{'@ el
— Dryc g boo /%oo‘f”/é/ = 4[,;9//'_ ) %9/?/%&’ z/QZ;%‘@

&7 - . . ) A



é\
LO/“(L@/ . et/ W e

. W«iﬁj sova a/u%é’ﬂ e - /‘&Q/“@’ &) AL |
/

?a,//ygg %/o?; /e SO e é&fw 4 é’fﬁﬂcz //ﬂ/o,/ C// Z

03(/@& Z&"//%/
; , . ; , ~ s iy
—_ (z;/@é #foh/- HLQ ?3%222@/4 T = /4%’47/ Sz /(ZBC/ &

PrEL //pm@z};%

12 tE
2

7 4 /25«(/(:;’274?@' = /Q%Q; /ZM /9743/ ﬂcf»@ﬁa@?ﬁ@

= Lﬁ%é@aﬂ@ cg-t//q) .

"‘?: % (E__?f- /ﬁxf >

- Mcz&ﬂ?, 4@ . 525&%0457@% =2 dg@f
Z@%f% %4/2.97 2L ﬁaéﬁ

i ,."'wl g

Pl s mm‘@

R 7 St =Y vy
7 Q é »/‘M:( e S v

£ 7\ »
/ ¥
ﬂaz,a) ”“?5@0 | J

2>

£ Ll 7&/@ Fhebel va chilfon
WP%@T) o wlzé;/?%; @Z, (//“C?&&Q(Z/.z,f CLZQL% /Aﬁézé’éﬁc

mé’é@&i@/&% /
I/W/Q)()?’? & = Z/&M ;/.,0/ s 4 (éff/ﬁ—« ) 4 Ty L0 pae ‘w? T
f / o 1 ‘“C)//@/ 0’{]")7 .
- A BT Y e /@* L

a4
V%

— -2t

E, v e

o gswe?za/



D Foogmed laititee FO= 2™ & ctpmpa,

; é # : 52 / ~ou2 & dpu Ao < A= avag )
Pebylore’ e
e V\—Z/m}Z{)/\fﬂ%w /\___ gor-4

Veren
=2
,‘?_ = %5/5@,
"/hza)z-zm_fm(%‘z

e
(ca-2?) = 2T

e ?0@/}/ /@ A 2-te 207
e %‘”" /@ //7742%@%

/2> ac%-gé% 7&94&/ 2 z%,gg-g?

? /U</*D) /UaC{E* >~—7<££

Obeoses <Zz/;c> £ 5
m}ea?

. - o — i






Light source

Polarization
before sample

Fig. 6.3. Schematic diagram of an ellipsometer [6.13]
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Computer
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_ P and S denote polarizations paral-

lel or perpendicular to the plane of incidence, respectively

B — Slit-to-
C=

A - Concave grating — off-

It-to-grating djistanc
Slit width adjustment

€ adjustment

D —P Filter holder
| za;ll;hotomu:ltiplier detectors

§'— Sample holder

Fig. 6.4. (a) The vacuum reflectometer used by Philipp and Ehrenreich [6.14] to measure

the normal incidence reflectance of semiconductors from about 1 to 20 eV. (b) Detailed
construction of the gas discharge lamp they used
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Energy [eV]

Fig. 6.2. The real and imaginary parts
of the dielectric function of GaAs mea-
sured by ellipsometry. The solid curve,
labeled “abrupt”, was obtained for an
atomically clean surface, the broken
one for a surface covered by an oxide
layer. [6.12]
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Fig. 6.6. (a) Reflectance ve of Si measured at room erature. (b) The real (&) and
imaginary (&) paris of the dielectric function and the imaginary part of (—1/¢) (known
as the energy loss function) of Si deduced from the reflectivity curve in (a) using the
Kramers—Kronig relation [6.14]. Notice that the peak of Im{—1/¢}, occurs at the plasma
energy of the valence electrons (Problem 6.3)
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Fig. 6.7a,b. Curves for Ge similar to those for Si in Fig. 6.6
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FIG. 2. (Color online) Schematic picture of the origin of the
band structure of Bi,Se. Starting from the atomic orbitals of Bi and
Se, the following four steps are required to understand the band
structure: (I) the hybridization of Bi orbitals and Se orbitals, (II) the
formation of the bonding and antibonding states due to the inver-

sion symmetry, (III) the crystal field splitting, and (IV) the influence
of the SOC.
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e Figure 15.4

Table 12.1. Plasma frequencies of simple metals, as obtained Jrom the onset of
ransparency, fiom electron energy loss (EEL), and from theory [Kit63, Rae80].
The values are given in energy 7w, or in wavenumber Vp = wp/27c.

Material ~ Number of Optics EEL Calculated

Vp fiw, Vp fiwy, Vp hew,
conduction band (cm™1) (eV) (cm™ 1) V) (cm™ 1) (eV)

electrons in

Li 1 64x10* 80 77x10*° o5 6.6 x 104 8.2
Na | 46 x10* 59  44x10* 54 4.6 x 10* 57
Ca 1 31x10* 39 31x10* 338 3.1 x 10 3.9
Au 1 70x10* 87 63x104 73 73 x10* 9

Al 3 12.1 x 10* 15 121x10* 150 12.7x 10* 158
Si 4 133 x10* 165 134 x 10* 166

(a) Calculated energy bands
in copper. (After G. A. Bur-
dick, Phys. Rev. 129, 138
(1963).) The & vs. k curves are
shown along several lines in
theinterior and on the surface
of the first zone. (The point I
15 at the center of the zone.)
The d-bands occupy the
darkest region of the figure,
whose width is about 3.5 eV,
(b) The lowest-lying free
clectron energies along the
sume lines as in (a). (The
energy scales in (a) and (b)
are not the same.)
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Fig. 3.16 Schematic band diagram for the
noble metals.
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Table 12.1. Plasmq Jrequencies

Iransparency, from

of simple metals, as
electron energy luss (EEL), and from
The values are given in energy ZAw, or in way

obtained from the onset of

theory [Kit63, Rae80].

enumber v, = w,/27c.

Material ~ Number of Optics : EEL Calculated

' electrons in o hop Up hay p oy
conduction band (cm™h) V)  (em™} (eV) (cm™1) (eV)
Li 1 64x10* 80 77x10* o5 6.6 x 10* 82
Na 1 4.6x10° 59 44x10* 54 4.6 x 10* 57
Ca 1 31x10* 39 31104 38 31x10* 39

Au 1 70x10* 87 63x10* 73 73 x10* 9
Al 3 121x10* 15 121 x 10* 150 12.7 x 10* 15.8
Si 4 133 x10* 165 13.4 x 10 16.6
Figure 15.4 .‘ & o

(a) Calculated energy bands
in copper. (After G. A. Bur-
dick, Phys. Rev. 129, 138
(1963).) The & vs. k curves are
shown along several lines in
the interior and on the surface
of the first zone. (The ponlt T
is at the center of the zone,)
The d-bands occupy the
darkest region of the figure,
whose width is about 3.5 eV.
(b) The lowest-lying  free
clectron energies along the
sume lines as in (a). (The
tnergy scales in (a) and (b)
<re not the same.)
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Fig. 3.16 Schematic band diagram for the
noble metals.
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Fig. 2.24. The valence band structure and density of states (see Sect. 4.3.1 for definition)
of Si calculated by the tight-binding method (broken curves) and by the empirical pseu-
dopotential method (solid lines) [2.25]
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Appendix A1 The Joint
Density of States

In order to obtain the frequency dependence for the joint density of states p(w)
(Equation (4.32)), we assume the parabolic band structure given in Figure 4.8(a). For
simplicity, we suppose that the bottom of the conduction band (E s = E,) and the top
of the valence band (E; = 0) are both at k= 0, as shown in Figure A1.1. Then, the
E—k relationships are given by:

h2k?
Ef=:3g+-2m* (Al.1)
K2k
E, =— (A1.2)
Zm};

where m7 and mj; are the effective masses of the electron and hole, respectively. These
formulas indicate iso-energetic surfaces in k-space, as the energy does not depend on
the direction of k (E = E([k|)).

Let us suppose an incident photon of energy %iw. The number of energy states in
the frequency range w — @ + dw (see Figure A1.1) is given by p(w)dw. This number
of energy states can also be expressed as a function of the density of states in k-space,
so that we can write

p(w)dw = p Ak (A1.3)
where oy is the number of states per unit k-volume and Ak = 47k? dk is the incre-

mental volume between two spheres of radius k; and &, (dk = k, — k;). Taking into
account expressions (Al.1) and (A1.2) and Figure A1.1, these two k values can easily

An Introduction to the Optical Spectroscopy of Inorganic Solids J. Garcia Solé, L. E. Baus4, and D. Jaque
© 2005 John Wiley & Sons, Ltd ISBNs: 0-470-86885-6 (HB); 0-470-86886-4 (PB)
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THE JOINT DENSITY OF STATES 265

as (dk)* is a very small quantity in comparison to the other terms. Now, combining
expressions (Al.8) and (A1.9), we can obtain (2u /%) dw = 2k, dk, or

dk = —dw (A1.10)

and, consequently,

N 47'ck12u 4k
= dw =
ik, h

Ak

dw (Al.11)
Let us now determinepy. This value is given by
2 ! (Al.12)
= X — = — .
Pk 83

where the factor of 2 is due to the fact that there are two electron spin states for each
allowed k-state and the factor 1/87%is the density of states in k-space.!

Now, inserting Equations (A1.11) and (A1.12) in expression (A1.3) and using
(A1.6), we obtain

1 Arpf2u@ — w2
p(w)dw = yc X = [ = dw (A1.13)
and, after simplifying,
1 (2u\* 1/2

which is just the expression for the joint density of states given by Equation (4.32).

Lk = (27 /L)(ny, ny, nz), where (ny, ny, n;) are integers and L is a macroscopic length. Thus, it can be
seen that each allowed k state occupies a k-space volume of (277 /L)3, so that the number of states in a

unit volume of k-space is (L /27 ). Consequently, a unit volume of material will have (1/27)° = 1/873
states per unit volume of k-space.
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Fig. 6.30. Schematic diagram of the dispersion
curves of an uncoupled light wave and lattice
vibrations and of their coupled optical wave
(called a phonon-polariton) in a polar Crys-
tal [6.68]. a: light in vacuo; b: photon-phonon
coupled mode (upper polariton); b;: photon
dispersion in the medium but without coupling
to the phonons; ¢, 4: longitudinal and trans-
verse uncoupled lattice vibrations, respectively;
f: transverse phonons coupled to the photons
(lower polaritons)
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Fig. 6.32. Comparison between experimental (solid curves) lattice reflection spectra in
several zinc-blende-type semiconductors with those calculated from (6.117b) using (6.8)
(broken curves). The TO and LO phonon frequencies and the corresponding damping
constants were adjusted to fit the experimental spectra. The Spectra on the left-hand side
were measured at liquid helium temperature; those on the right are room temperature
spectra [6.69]
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Fig. 6.31. Plot of (a) the real and imaginary parts of the complex dielectric constant and
(b) the reflectivity coefficients calculated from (6.117b). The vertical arrows indicate the
frequencies of the TO and LO phonons. Note the deep minimum in the reflectivity which
corresponds to & ~ 1 [6.69]



Fig. 6.30. Schematic diagram of the dispersion
curves of an uncoupled light wave and lattice
vibrations and of their coupled optical wave
(called a phonon-polariton) in a polar Crys-
tal [6.68]. a: light in vacuo; b: photon-phonon
coupled mode (upper polariton); b;: photon
dispersion in the medium but without coupling
to the phonons; ¢, 4- longitudinal and trans-
Verse uncoupled lattice vibrations, respectively;
f: transverse phonons coupled to the photons
(lower polaritons)



15>
S

Ay

——>— Hek-m:ediated
E transition
’P ——>— Hep-mediated
' ; transition

D
\ﬂ/

X

X4

Fig. 6.16. Schematic band structure of
- Si as an indirect-bandgap semiconduc-
tor showing the phonon-assisted tran-
sitions (labeled 1 and 2) which con-
tribute to the indirect absorption edge.

II's) and |4s) represent intermediate
states

10
9 — e
Fig. 6.19. Plots of the square root
il I of the absorption coefficients of
T ] GaP versus photon energy at two
7 6~ — different temperatures. The labels
IE denote the exciton-enhanced ab-
N& T 7 sorption thresholds associated with
4 - the emission of various phonon
modes. Note the square-root sin-
Al ] gularities at the onset of the vari-
r 7 ous phonon-aided processes. T!lese
= - square-roots are typical of indirect
0 excitonic absorption (e.g. without k

Photon energy [eV]
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Fig. 6.32. Comparison between experimental (solid curves) lattice reflection spectra in
several zinc-blende-type semiconductors with those calculated ‘from (6.117b) using (6.8)
(broken curves). The TO and LO phonon frequencies and the corresponding damping
constants were adjusted to fit the experimental spectra. The Spectra on the left-hand side
were measured at liquid helium temperature; those on the right are room temperature
spectra [6.69] |

Table 6.5. The TO (wr) and LO phonon (wr) frequencies and ithe ratio of the damping
constant (y) to wr determined from lattice reflection spectra in several zinc-blende-type
semiconductors [6.69] and from Raman scattering [6.72]
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