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The optical properties of Wannier excitons interacting with LO phonons are discussed in terms of the
oscillator strengths and optical-absorption coefficients. The quantities were calculated for the zero-phonon
line and their phonon side bands in single-photon absorption as well as two-photon absorption. General
properties of the optical spectra are described for the ground state and the first excited states. Numerical
results for the cuprous halides and cuprous oxide compare satisfactorily with experimental data.

I. INTRODUCTION

The optical spectra of polar semiconductors
provide a rich variety of information about the
electronic states of the materials and their inter-
action with phonons. Besides the energies of the
excitonic system one can determine the oscillator
strength of the various transitions and their pho-
non side bands. The theoretical investigations
started with the work of Haken' who gave a nice
qualitative explanation for the effective interac-
tion between an electron and a hole in a polar ma-
terial. More recently a thorough quantitative dis-
cussion of the problem has been given in Refs.
2-4. The results for the ground- state energy of
the relatively simple variational approach are in
good agreement with other more involved methods
and with experimental data.**'° To our knowledge
there exists no comparable quantitative work for
the other properties, like oscillator strengths™?
and phonon side bands.®”™ The calculation of
these quantities should give a much more strin-
gent test to the excitonic wave function than it is
possible with the determination of energies. In a
recent communication®® the method of Pollmann
and one of the authors? (referred to PB hereafter)
has therefore been extended to a study of these
quantities in allowed transitions in single photon
absorption (SPA) measurements and the agree-
ment with experiments on CuCl and CuBr was
satisfactory. In the present work we will extend
these calculations to forbidden single photon ab-
sorption and allowed two photon absorption (TPA).
In Sec. II energies and wave functions for the ex-
citon-phonon system are obtained for any internal
state of an exciton. From these oscillator
strengths and optical absorption coefficients of
zero phonon lines and their phonon side bands were
calculated in Sec. III. In Sec. IV general proper-
ties of the results of Secs. II and III are discussed
as functions of the various physical parameters.
In Sec. V results are applied to cuprous halides
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(CuCl, CuBr, and Cul) and cuprous oxide. The
final summary is given in Sec. VI.

II. ENERGY AND WAVE FUNCTION OF THE
EXCITON-PHONON SYSTEM
We consider a nondegenerate isotropic two-band
model for a Wannier exciton interacting with the
LO phonon. The Hamiltonian for the system is
written as

P 2 p2 +
_+Tu +V (D) +; h’waiai

+Zﬁw[vipi(f)e’i'§ai+ H.c.] (2.1)
k

p.(F) = explis k- F) - exp(—is, ,E-F)

s,=mi/M (i=1,2) (2.2)
and the interaction

Twv, = - i@ue*nw/VeXk)? | (eX) =€l - ¢l

(2.3)

Here the center-of-mass (c.m.) motion and the
relative motion of the exciton are described by
the first three terms, where M=m, +m,,
w=m,m,/M with the electron mass m, and the
hole mass m;, and B, P, and R, T are c.m. and
relative momenta and coordinates, respectively.
The potential V(T) = — e?/e_ v+ J6(T) represents the
Coulomb plus exchange interaction (with the con-
stant parameter J). The a%(ai) is the creation
(annihilation) operator of the LLO phonon with the
wave vector kK and 7w is the LO phonon energy.

Following PB, the following two unitary trans-
formations were performed:

U= exp[i(Q - z;‘lza{aE)- ﬁ] (2.4)

and
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U,= exp(Z[F{(?‘)a;— F;(ﬂaé]) (2.5)

k
with the choice of

-

F;(f') =v;[f£ exp(— is,k-T) -féexp(islﬁ- ] (2.6)

The total momentum of the exciton-phonon sys-
tem Q=D+ E;Eala; is a constant of motion. The
first transformation U, eliminates the c.m. co-
ordinate R. The second transformation shifts the
phonon coordinate as seen from U;laEU2= al— Fx(T)
and the amount of the displacement will be deter-
mined later. The transformed Hamiltonian H and
the wave function [®) are given by

H=U;'UjHU,U, 2.7
and

@ )=U U 1Y), (2.8)

Here |¥) is the original wave function corres-
ponding to H. For the discussion of optical ab-
sorption, one may set @=0. Using the product an-
satz | ®)=19,f)10), where §,(r) is the wave func-
tion of the relative motion specified by », and

|0) is the phonon vacuum state, the state-depen-
dent variational parametersfi have been deter-
mined in PB by minimizing the expectation value
of H. Under the reasonable assumption of a sym-
metric charge distribution | ¥,(F)1%= | (- T)I?
we may easily keep the state dependency of 7} for
any internal state » and obtain

[1-G"®][1+R%r% G"(K)]

YRR R IO T

i+j=1,2, 2.9

where the polaron radius R;= (%/2wm,)'’? and
G"(K)= [@ | $,(F) | %exp(ik- r) In the following we
will suppress one of the upper indices of fiv )
for brevity.
For the fg in (2.9) the Hamiltonian H is given by

b

H=Hex+th+Hl’ (2.10)

H,x=-%+ V(r) - 2ﬁw§| vl *[fi - (F)*(L+ Rik?) /2]

+2ﬁwz:lvil2(fé+-ff—ﬁ:f§)cos(ﬁ-?) @2.11)
k
and

H,, Zk:(h'w +1°k?/2M )alas,, (2.12)

H' = Zk:[Hl(E)a{+ H.c.]
+Z[H2(E,c’1)a£aa+ H (K, a)a£a§+ H.c.]
E,d

+H,+H,, (2.13)

where the various coefficients are defined as fol-
lows:

H,(K) = rw v {[1- (1+ R¥f;lexp(-is k- F)
- [1-£(1+R3®)] explis k- T)
+ [f{exp(—is,K-T)/m,
+fiexplis k-T)/mJk-p/w}, (219
H,(&, §) = vivgk- Q{fifi* expl- is, (& - Q)-F/m,
+f2f2* explis, (K- Q) r)/my},
(2.15)
Hy(K, 4) = vivik’k-§ +{f; frexp[- is,(R+Q)- T/m,
+f3r3 explis,(K+§)-T)/m,},
(2.16)

H,=— Z{v{;ﬂ?ﬁ[fé exp(—17s,q-T)
k,d
—fiexp(is,q- r)]/M}a‘a.a- +H.ec.,
2.17)

H,= 3, (k- 4/2M)alalp.ay. (2.18)

k,

a4

‘The first two terms of H, H,,, and H, are diag-
onal with respect to the exciton relative motion
and the phonon state. In the present work we will
consider only these diagonal terms. The off-diag-
onal terim H’ may be quite important for interfer-
ence effects of two exciton-phonon states. In some
cases exciton-phonon bound states'* may be ex-
pected. These problems are neglected for the mo-
ment and will be discussed in a forthcoming paper.
For H,, the eigenfunction 3,(f) with energy E,
is calculated variationally from E, = ( ¢,|Hy | ¥,,).
For H , the wave function |m ) and the corres-
ponding energy E,, are given by

A~

Im)= H Y
E, E(h’w-i» 2k2>

under the condition E;nfm, where n; is the oc-
cupation number of the LO phonon with the wave
vector k. It should be noted that the phonon state

(2.19)
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is specified by the distribution of the n,. The cor-
responding total wave functions and energies are

¥, n=U U (F)Im), E,,=E,+E,. (2.20)

III. OSCILLATOR STRENGTH AND OPTICAL ABSORPTION
COEFFICIENT

Characteristic quantities for the optical absorp-
tion are the oscillator strength f and the optical
absorption coefficient @ of the various transitions.
In this chapter we will calculate these quantities,
using the energy and the wave function obtained in
the previous section. At first we consider a sing-
le photon absorption (SPA). For a transition
from the ground state E to the excited state E, ,,
one obtains (cf. Refs. 14 and 15) '

f= C,ZIP‘” 2 3.1)

and

hva(hv)=c |P® |2%5(E, —E,-hv), (3.2)
o nm n,m [

where c; and c,, are constants and kv is the ener-
gy of the photon. The optical transition matrix
element P“’ is given by

)& M2, @ (014, ,@G, -910),  B.3)

where € is the polarization vector of the photon and
M,,(qQ) is the optical transition matrix element be-
tween the conduction and valence electrons. The
amplitude 4, ,(k, q) is given by the Fourier trans-
formation of the total wave function Yy m

¥, n= Soexpli(k+8)- RlexpliKs, - §s,)- 7

k@

XA, . (& 10). (3.4)

According to the nonzero value of Mw(q =0) the na-

ture of the optical transition is different. The case
M,,=M,(g=0) #0 is called the allowed transition,
while the case M,,=0 and (8M,,/8q);.,#0 is called
the forbidden transition.'

For both cases the oscillator strength and the
optical absorption coefficient may be calculated
from (3.3). For convenience these quantities may
be rewritten as a sum of the individual contribu-
tion from the excited state n,m. The oscillator
strength and the absorption coefficient may be
written as

f—Zf,. Z Z;f‘*’ (3.5)
and

a(hv):Za,,(hv):E}jafl“(hv). (3.6)
n . n 1=0

Here f{” and a{”(hv) are due to the zero phonon
line of the exciton state ¥,(¥), while f{™and
a,™ (hv) for m=1 are due to its m-phonon side
band. It has been assumed that the sum over all
possible configurations involving » phonons has
been performed in each m-phonon side band.

In the case of allowed transition we may obtain

exp[EF* (0)a ] >

X 9,(0), 3.7

where g, is given by
=D IFO =2 [og (- (3.8)
k

Note that g, is a state-dependent quantity since

fli; is state dependent. After averaging over the dif-
ferent polarizations of the photon, we obtain the
following results for f) and o' (hv) (i=0,1,2)'3:

P, =& My exp(- g"/2)<

F=A1,0)1%ex0(=g,); 10 =1"gn [ =fi"84/2,
3.9)

and

hval® (hv) = Bf" 6(E + E, — hv), (3.10)

f(o)z: |F (0) Iz

X O(E .+ E, +Fw+ 7R%/2M — hv),
(3.11)

hval? (hv) =

hval? () =BA 2 [FHO)F(0) /2

X O(E  +E -+ Zﬁw+ P (R%+q%)/2M - hv).
(3.12)
The new constants A and B include the previous
constants ¢, ¢,, the dipole matrix element Mw,
and the effect of the polarization. E, is the band
gap. The results of (3.9)-(3.12) indicate that in
the allowed transition case only the s-exciton
states and their phonon side bands are observed.
The magnitude of the phonon side band depends on
the value of g, and thus is state dependent. Since
&, is zero for equal electron and hole masses, the
phonon side bands are expected to be observed
most easily in materials which have a small elec-
tron-to-hole mass ratio. While the zero-phonon
state appears as a sharp line in the absorption
spectra, phonon side bands have a broader struc-
ture whose shape depends on the exciton state n.
For the case of a forbidden transition the foliow-
ing P,,'lm are obtained from (2.20), (3.3), and (3.4):
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/24,)2018[ 0| U, |m)y, ®)/0F } o0,

P, =3 & (oM,
1
(3.13)

where the sum of [ is over x, y, and z. The oscil-
lator strengthf,(,“ and the absorption coefficient
al! (hv) have two different contributions

() _ (1) | fh (1) Ay g
n =faptins Qn (V)= 0y, 0+ o

(3.14)

Here f‘£ and a‘“(hv) are unequal zero only for p
‘states. After takmg into account of possible three

-and similar formulas as (3.10)-(3.12) with the re-

placement of a{!}(rv), B, and f,‘,f’; instead of

a,! (hv), B, andf,°, respectively. The constants
A’ and B’ have absorbed the effect of polarization
and the factor 8M,,/8q,, being assumed to have the
cubic symmetry. The other contributions in (3.14)
f") and a”’(hu) are finite only for s-exciton
states Their first three terms are given by

’

=0, fao =AU 0)1%exp(-g,)gh, F=1"g,

states for p states, these are given by (3.16)
) =3A09,/0TI¢ exp(-g,), and
f‘” =fom Trp=f8w2, (3.15) hwal®@v)=0 (3.17)
J
hvaf,’”s(hv) =B’ y,(0)]2 exp(—g,,)z: IaF;(F)/a? |30 O(E j+ E+ 7w+ 7%2/2M — hv) , (3.18)
k
hva?, () =B’ | §,(0)1 % exp(- g">2 [8F ¢(F)F,(F)/8T 13.,/28(E, + E,+ 25w+ 12(k2+ g2)/2M — hv). (3.19)

The new factor for phonon side bands g/ is written
as

2= 22 |0Fy /07 |20= 2, |o, [ (s, 71+ 5 27
! ' (3.20)

The expressions for /7, and a{!} are similar to
those in the allowed case except the factor |8 ¥,(t)/
dt1%,, instead of | 9,(0)| . The contributions aris-
ing from f,‘,’”,, a'® are quite different in nature.
They include a derlvatlve of (01U,lm) with re-
spect to T in (3.13) and represent the indirect pro-
cess to the phonon side band of the s exciton. The
zero-phonon line is missing and only the phonon
side bands are possible. Their magnitude depends
on the quantity g, and g;. It may be noticed that
g, is finite for any mass ratio unlike g,. Thus

the phonon side bands of the s exciton in a forbid-
den transition may be quite different from those in
a direct transition.

In a final step we will consider briefly the op-
tical absorption coefficient a(kv,, hv,), due to the
TPA in the case of allowed transitions, using two
band models.'® Suppose that there are two differ-
ent photon beams: a laser with the fixed energy
hv, and the polarization vector ¢,, and a weak and
continuous lamp, whose energy and polarization
vector are denoted by v, and €,. The absorption
coefficient a(kv,, hv,) is written as*®™8
ct/viv, 2| P, |26(E,,

n,m

a(hv,, hv,) = m—Eo=hv hv,)

(3.21)

with the transition matrix element Pff)m which
describes the transition from the ground state E,,
to the excited state E , ,, through intermediate
states.

In the calculation of the transition matrix element
P;?,, the sum over the intermediate states is rath-
er difficult. In the case of a pure Wannier exciton
model having a hydrogenic series of energies, the
sum can be performed exactly with the use of the
Coulomb-Green function.'®'® However, under the
influence of the LO phonon the energies and the
wave functions of the exciton state change consid-
erably and the exact summation seems not to be
feasible. In the present work a simple approxima-
tion is used. The energy denominator E, , - E, is
replaced by some average value AE, which is in-
dependent of the intermediate state n’, m’.'**® Us_
ing the completeness of the intermediate state,
P reduces to

P& =, M,& [8 (01U, Im ) ,(D)/6F]aq

mii 1

“,Tm”l“z’

(3.22)

in the allowed transition case. If the polarizations
are parallel, we obtain

a(hvl,hvz)zc",/ﬁVzZ[B (01U, lm )P, (F)/8T )s.o

X O(E, y—Eq—hv,—hv,),
(3.23)
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where the new constant ¢/ has absorbed the pre-
vious constant c¢/,, the effect of the polarization,
and the factor [(AE — hv))™ + (AE —hv,) "' ’. There-
fore, within our approximation the two-photon ab-
sorption spectra for the allowed transition is simi-
lar to the one-photon absorption spectra in the for-
bidden case. Defining the oscillator strength of
the TPA being proportional to the right-hand side
of (3.23) without v3y, and the delta function, we
may use the same formulas for the oscillator
strength and the absorption coefficient as in the
forbidden transition of SPA in the discussion of
properties of TPA.

In the hydrogenic Wannier exciton case, the
present type average energy denominator approx-
imation has been shown to be reasonably good
when

Eg/(E,—hv)=k, a=1,2 (3.24)

is much smaller than one (k, =0.5), where E; is
the binding energy of the exciton.!® This criterion
may be also used in the present case as a rough
guidance for the validity of the approximation.

IV. GENERAL PROPERTIES OF AN EXCITON POLARON

In the present section general properties of an
exciton under the influence of the LO phonon are
discussed. If the exchange potential is neglected
for the moment, our system is characterized by
the following four physical parameters: The re-
duced mass in units of the free electron mass
(m)u/m, the electron-hole mass ratio o=m,/m,,
the strength of the Coulomb binding in units of the
phonon energy R, /7w = pe*/2i°e®w, and the Froh-
lich electron-phonon coupling constant a=e?(m/
27%w)/2/e*, These parameters are given in Table
I for various semiconductors. Actually these
four parameters are not completely independent.
Defining the static Rydberg energy & = ue®/27%¢2,
the following relation is valid: (R,/#w)"?
= (R./7w)’?— a(u/m)*’%. Since both sides should
be positive, this restricts the range of the para-
meter values.

For a given set of parameters the eigenfunction
zp"(?) and the eigenenergy E, are calculated varia-
tionally. The following ansatz for the wave func-
tions is used in our calculation for 1s, 2s, 3s, 2p,
and 3p states:

$,(F) =N exp(- ap),

P,s(F) = Nyg(1 ~ A7) exp(= Byr),

V3s(F) =N, (1= Ay + Bor®) exp(-y ) , (4.1)
¥,,(F) =N, 7 cos@exp(- B,7),

Dyp(T) =Noy(¥ = Cr?) cos@exp (= v,7) .

TABLE I. Values of physical parameters used in the
present work for several polar semiconductors; the re-
duced bare mass u/m, the electron-phonon coupling
constant ¢, the strength of the Coulomb binding
(R,,/ﬁw= #24/27i3€ iw, the electron-hole mass ratio
o, the electron polaron radius Ry, the hole polaron radi-
us Ry, and 1s exciton radius 715=1.5(mh’w/p(ﬂw)”2. All
lengths are in units of R¢ .= G2/2mw)t/?]=1.

(Ruo

w/m (& T o Ry R, 7is
TICl® 0.21 4.3 5.2 0.83 1.6 1.5 1.4
CuCl® 0.35 3.0 12.5 0.12 1.6 0.6 0.7
Zno © 0.19 1.8 2.2 047 1.9 1.3 2.3
cdse 0.14 1.7 1.9 0.26 24 1.2° 2.9
CuBr® 0.20 1.3 7.1 0.20 2.0 0.9 1.3
CdTed 0.08 1.1 1.0 0.29 3.1 1.7 5.1

Cul € 0.21  0.77 4.0 0.24 2.0 1.0 1.6
GaAsd  0.06 0.28 0.2 0.17 3.9 1.6 15

d Reference 20.
¢ Reference 21.

2 Reference 19.
b Reference 13.
¢ Reference 2.

Here the N,’s are the normalization constants and
A;, B;, and C,; are determined from the ortho-
gonalization condition. Only one additional para-
meter for each state (a;, 8;, ory,) is determined
by the variation of E,={9,|H.|¥,). The optimal
wave functions and the corresponding energies are
then used to calculate the oscillator strengths and
absorption coefficients from Eqs. (3.9)-(3.12) or
(3.15)—(3.19). More complex wave functions will
increase the length of the numerical calculation,
but we believe that the main physical effects are
already described by the ansatz (4.1).

Before discussing the results for various mater-
ials, we will give a general interpretation of the
physical effects for typical mass parameters
©£=0.2 m and 0=90.5(0.1). The corresponding po-
laron radii are R, =1.83(2.13)+ Ry, and R, =
=1.29(0.67)+R, .., Where the free electron polaron
radius Ryp,,= (77/2mw)'’2.

A. Energies of zero-phonon line

In Figs. 1-5 the following quantities are plotted
as a function of « for the Coulomb binding para-
meter &_/#w=5: The exciton energy E,; the ener-
gy difference between s and p states AE,,:E,,J— E,
(n=2,3); the effective Rydberg energy for the
nth exciton state &,=»%[(a, + a,)fiw — E,], where
@, = a(m,;/m)"? and n is the principal quantum num.
ber of n; the effective 1s-state radius (7.§,),
=(7),/n’ for s states with (r),=(¥,l7|¥,); the av-
erage virtual phonon number Ny, ,
=(¥, 1 2%ala; ¥, ).

From these figures it can easily be seen that
polaron effects for the 1s state are quite different
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FIG. 1. Exciton energy E, vs electron-phonon coupling
strength a; p/m=0.2, Q-/fw="5, and 0=0.5 (solid lines)
and 0.1 (broken lines).

from those for the excited states. The quantities
E,, {r$:), and Ny, do not change muchas a
function of @ and N, 'ls is smaller by one order of
magnitude than N,h;z,s' and Ny ;.. This is explained
by the fact that the radius of the 1s state without
polaron effects 7, [=1.5(mAw/ uRk )" /?R; .| is
1.5+ R; e for ©=0.2 mand ®_/7w=5. This is about
half the sum of the electron and hole polaron

radii R, + R,=3.1 (or 2.8)+R;.,.. Because of this
small radius of the 1s state, the polarization
fields of both particles are expected to compensate
each other, even if the electron-phonon coupling
constant @ becomes large. On the other hand, the
exciton radius for excited states 7, (=»;n® for s
states) is larger than R, +R, and therefore the ex-
cited states feel stronger polaron effects with in-
creasing . We find this situationin many semi-
conductors (see Table I). This observation is con-
sistent with the small number of the virtual pho-
nons in the 1s state in several polar semiconduc-
tors, as shown in PB. We remark here that for

a >4 and close to the limiting value =5 (u=0.2
m and &_/#w=5) even the 1s state will show
stronger polaron effects.

In Fig. 2 it is seen that s states have lower ener-
gy than corresponding p states though the differ-
ence is not large. The s-p splitting increases for
small @ and decreases for larger . The increase

- -
3
42
'ooe}
004F
n=2
002
n=3
O . A 1 J
0 1 2 3 qq 4

FIG. 2. Energy difference AE,=E,;—E,, (n=2,3) vs
a; p/m=0.2, Re/fiw=5, and ¢=0.5.
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FIG. 3. Effective Rydberg energy &, vs a; ®,
=QZ[(oz1+ ag)fiw — E,l, where n is the principal quantum
number of the exciton state » and ozi=a(mi/m)’/2;u/m
=0.2, Ro/fw=5, and 0=0.5.

for small @ is natural, because s and p states are
degenerate for «=0. For larger a the exciton
states become more diffuse and their radii become
much larger than R, and R, (see Fig. 4). In this
situation the s-p splitting becomes smaller, be-
cause the splitting may be considered to originate
from the difference of the amplitudes of the s and
p wave function in the region 7 <R, or R,

B. Oscillator strength of zero-phonon line

For the allowed transitions in SPA the oscilla-
tor strengths are calculated as a function of «. In
Fig. 6 the ratio of oscillator strengths f°'/f9’
= 4,(0) |2 exp(-g,)/ | #15(0) |>exp(-g,,) is plotted for

_ the parameter ®, /Zw=5. For large « this ratio

becomes quite small and deviates considerably
from the hydrogenic value (that for o =0). One
reason for this deviation is that for increasing o,
the excited-state wave functions are much more
diffuse than the 1s wave function (Fig. 4). Another
reason is the large difference of g, between the

1s state and excited states, which is shown in
Fig. 7. The relative importance of these two ef-

1s
Feft>n
)} Rfree

0 1 T3 at
FIG. 4. Effective 1s exciton radius (vif),= (#),/n*
(in units of free electron polaron radius R;..) vs @; (#),

is the average radius of the exciton state n; u/m=0.2,
®R/fw=5, and 0=0.5 (solid) and 0.1 (broken).
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FIG. 5. Average virtual-phonon number Ny
= (thOIE;a{ail ¥, 0y vs a; W/m=0.2, Ru/hw=>5, and
o=0.5 (solid) and 0.1 (broken).

fects may be estimated from the value of g,. For
0=0.5, g, is small and the diffuseness of excited
states is more important. For a small electron-
hole mass ratio 0=0.1, g, is large and quite
different for the 1s and the excited states. In
this case both effects are important to understand
the behavior of the oscillator strength. In Fig. 8
the ratio of the oscillator strengths f /9’ is
shown as a function of o for =1 and 3 and R./fw
=5, For comparison the ratio of the amplitudes
|9,40) |2/ |,4(0) |? is also plotted. For small o it
is quite different from the results of the full cal-
culation. This again clearly shows that for the
small mass ratios o< 0.4 the oscillator strength
is reduced drastically by the factor exp(-g,). We
therefore expect an increase in the strength of
the phonon side bands.

To complete the picture we have plotted in Fig.
9 the oscillator strength as a function of ®./7iw
for o =3 and two different 0. The deviation from
the hydrogenic value is largest for the higher states
due to the large radii in the higher states.

The different results for 0=0.5 and 0.1 in Fig.
9 show again that for ¢=0.1 the factor exp(-g,) is
important throughout the region of &, /7w . The
actual value of g, is shown in Fig. 10 for the para-
meter =3 and 0=0.1. Especially interesting is
the state dependency of g,. For state-independent

0 1 2 3 o &

FIG. 6. Ratio of the oscillator strengths of the zero-
phonon linesf,f‘”/ffg’ vs a; W/m=0.2, Ro/fiw=5, and
0=0.5 (solid) and 0.1 (broken).
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FIG. 7. Factor g,;Eglvil 2(f%(—fz)2 vs a; W/m=0.2,
Re/fw=5, and 0=0.5 (solid) and o.f (broken).

fi, the value for g, would be a constant for every
state and independent of ®R../Zw. Considering the
important role of g, for the oscillator strength in
the case of small electron-hole mass ratios, it is
of great importance to have state dependent f {;
capable of describing the physical situation in
much more detail.

Next the forbidden transitions in SPA (or the
allowed transitions in TPA) are discussed. For
the parameters R../Zw=5 and 0=0.5 (0.1) the
oscillator strength ratio f{3),/f ), does not differ
too much from the hydrogenic value 0.35 in the
region of 0 s @ <4 (20% at most). This is in con-
trast to the large deviation of the oscillator
strength ratio £ 9/ %) for the allowed transition
in SPA. It is explained by the fact that for the
parameters chosen, the 2p and 3p states both have
quite spread out wave functions. The polaron ef-
fects are nearly the same for these states. This
is also seen in the values for g, (Fig. 11), which
are nearly identical for both states. We have ‘
also looked at the variation of 33),/f)), as a
function of ®R./#w for @=1,3 and 0=0.5, 0.1,
Again the net polaron effects were quite small.

The ratio of the oscillator strength f3),/f ), is

008y

.8_.c§,£’.’ b 2sla=1)

e s —

006}
004F

002} — — 3s(a=1)

P~ — 2s(a=3)

3s(a=3)

0
0102 04 05 08 g1

FIG. 8. Ratio of the oscillator strengths of the zero-
phonon Iinesf,fo’/f{g’ (as in Fig. 6) vs ¢, compared with
the ratio of the exciton wave function | #,(0) | 2/| $15(0) | ?
(broken); p/m=0.2 and Re/fiw=5.
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FIG. 9. Ratio of the oscillator strengths of the zero-
phonon lines £, O /f{Q vs Ru/hiw; p/m=0.2, a=3, and
0=0.5 (solid) and 0.1 (broken).

roughly equal to the hydrogenic value within a
factor of 2 at most. Therefore we may conclude
that the value of the cscillator strength ratio
F9/f9), is within the difference of some factor
from the hydrogenic value and does not change
the order of magnitude.

C. Phonon side bands

For the allowed transitions in SPA, only the
phonon side band of s states can be observed.
The strengths of phonon side bands are governed
by g, as seen from (3.9). Especially this factor
is directly given by the ratio of the oscillator
strength of the zero-phonon line and its one-
phonon side band g,=/,2/Ff°’. Values of g,as a
function of o have been given in Fig. 7. For large
a the oscillator strength of the phonon side band
is quite large especially for excited states. It
may be noticed that around a =4 g, for 2s and 3s
is about one. This means that the one-phonon
side band is as large as the zero-phonon line. The
line shape of phonon side bands in the absorption
spectra is shown in Fig. 12. The peak positions
are drawn in Fig. 13. The following general fea-
tures can be seen in these figures. A compact
wave function produces a broad structure, ex-
tended over more than the one-phonon energy in
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FIG. 10. Factor g, vs Re/fiw; p/m=0.2, o =3, and
o=0.1.
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o gn'g;\

0 1 i 3I a 4
FIG. 11. Factors g, (for 2p and 3p) and g},

—_-Z);{lv'ﬂ 2k2(szf‘i(+sif§)2 (for 1s, 2s, and 3s) vs a; wm
=0.2, R./fw=5, and ¢=0.5 (solid) and 0.1 (broken).

some cases, while a diffuse wave function pro-
duces a distinct peak at energies 1.1 to 1.2 7w
above the zero-phonon line.?? Therefore, the
1s-phonon side band has a broad structure, while
excited-state phonon side bands produce more
pronounced peaks. As an example for G./fw=20
the 1s-phonon side band is very much broader
and the height of its peak is lower than that of the
much sharper peak of the 2s-phonon side band,
even though the value of the oscillator strength of
the one-phonon side band £’ is four times larger
than f{. There may be physical situations where
the phonon side band of an excited state is easier
to observe than that of the 1s state.

Finally we discuss the phonon side bands for the
forbidden transition in SPA (or for the allowed
transition in TPA). In this case it is possible to
observe phonon side bands of p- and s-exciton
states. The phonon side bands of p states are
again governed by -the quantity g,. The value of
g, as a function of & for R«/Zw=5 and ¢=0.5 and
0.1 has been shown in Fig. 11., The value of g, is
quite large for 0=0.1 and near&y the same for both
2p and 3p states. Therefore, the phonon side
bands of p states are large and in some cases,

(arbitrary units) vafhv)

.0 1?5 2?0
[hv-Ex-hw)/hw
FIG. 12. Line shape va(hv) of the phonon side bands
in the absorption spectra for allowed transitions in SPA
at photon energies hv; p/m=0.2, =3, ¢=0.1, and
Re/%w=>5 (solid) and 20 (broken).
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FIG. 13. Peak position of the one-phonon side band,
measured from one-phonon energy above the zero-pho-
non line, AEM=EM_E - iw vs Rw/fiw for allowed
transitions in SPA; AEﬂh’s are in units of the phonon en-
ergy iw=1; u/m=0.2, =3, and 0=0.1.

may be as large as the zero-phonon line (for small
mass ratios). The general nature of the line

shape of the one-phonon side band p states is
similar to that for the allowed transition in SPA;
for the more diffuse wave function, the more
distinct peak appears. Also we see in Fig. 14 that
for the change of ®R../#w, the peak position of the
line shape for 2p and 3p states changes in a simi-
lar way as for 2s and 3s for the allowed transi-
tion in SPA (in Fig. 13).

The phonon side bands of s excitons are governed
by g,and g;. The values of g} as a function of «
for G~/fiw=>5 and 0=0.5, 0.1 have also been shown
in Fig. 11. Unlike g,, the quantity g, does not de-
pend much on ¢ as expected from the expression
(3.20), and thus the strength of one-phonon side
bands of s excitons does not depend much on o.
The actual strength of the one-phonon side band
of 1s excitons is expected to be quite large com-
pared to the 2p zero-phonon line, as shown in
Fig. 15. This reflects the large value of |,(0)|?
compared to that of la%(;)/a;\%:o- The different
nature of the phonon side band for s excitons is
also seen in Fig. 14; its peak position changes
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FIG. 14. Peak position of the one-phonon side band,
measured from one-phonon energy above the zero-pho-
non line, AER=EM™_E —%iw vs QRo/fiw for forbidden
transitions in SPA (or for allowed transitions in TPA);
E;’,"’s are in units of the phonon energy #iw=1; p/m=0.2,
a=3, and ¢=0.1.
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FIG. 15. Ratio of the oscillator strengths of one-pho-
non side bands of s states and the 2p zero-phonon line,
f,ff;/fz‘g’)p vs « for forbidden transitions in SPA (or for
allowed transitions in TPA); u/m=0.2, Q«/fiw=5, and
0=0.5 (solid) and 0.1 (broken).

differently from that for p states. This reflects
different forms of the absorption coefficient for
phonon side bands of p and s states, i.e., oz,,‘j;
and o).

- V. CUPROUS HALIDES AND CUPROUS OXIDE

In the present section the results of Secs. II and
III are applied to cuprous halides CuCl, CuBr,
and Cul, and cuprous oxide Cu,O. It should be
noticed that the physical parameters of the
cuprous halides are rather different, although
these materials have a relatively strong Coulomb
binding in common. Because of this wide range
of physical parameters and detailed experimental
informations on oscillator strengths and phonon
side bands in SPA and TPA, cuprous halides pro-
vide a good test for the theory. In a previous
publication,’® calculations for CuCl and CuBr in
SPA were reported. In the present work, results
are presented for SPA and TPA in CuCl, CuBr,
and Cul.

The calculations have been performed in the
same way as in the previous work,'® which is
described also in Sec. IV but with a finite exchange
potential. The following material parameters
were used: €,="7.43, 5.7, and 7.6; €,=3.73, 4.41,
and 6.25; 7Tw=27.2, 19.8, and 18.6 (meV); m,
=0.392, 0.24, and 0.262 (n); and m,=3.17, 1.2,
1.10 (m) for CuCl, CuBr, and Cul, respectively.
It should be noted that values of the masses have
been adjusted, so that the theoretical calculation
reproduces the experimental energy difference
between the 1s and 2s states, keeping the experi-
mental electron-hole mass ratio ¢ and the avail-
able values of the exchange contribution®*-%¢ fixed.
This procedure has been taken because previous
masses™® 2 have been determined by the use of
Haken’s potential for the effective potential bet-
ween the electron and the hole, which has now
been known to be unreliable in a quantitative dis-
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TABLE II. Experimental and theoretical values of physical quantities for the single-photon absorption in cuprous
halides; zero-phonon energy E,, its oscillator strength f (g), the energy of the peak position of the one-phonon side band
E®, its oscillator strength f(,l,), average phonon number N, ., and average radius (#),. All energies are in meV and
relative to Ey, and all lengths are in A.

)

0 0 ) )
Ey E3¢ _]%(‘20‘8)' ;’%36{‘ Ef: Eg: Egg ;:,; % ;—?'.% Nis Ny Njs (r is <"'>2s <7>3s
is is is 1s is
(x1072) (x10-1)
CuCl
Expt.? 161 179 24 0.67 --- 190 208 ‘- 8.0 ce e e
Theory 161 177 1.4 0.19 54 195 209 1.5 7.9 82 0.20 -2.0 2.9 10 51 131
CuBr
Expt.b 84 98 3.3 IO (34) 106 . e P cee “ee CER cee eee “en
Theory 84 96 6.9 1.7 38 109 120 0.3 14 1.5 0.06 0.6 0.8 19 83 194
Cul
Expt.° 46 55 (18) 1.8 .o 65 PP I e coe “ e e cee oo e
Theory 46 53 7.5 2.0 33 69 77 0.2 07 0.7 0.05 04 0.5 24 107 247
2 Reference 7. b Reference 8. ¢ Reference 29.
cussion. Mass values obtained in the present we may consider this as a good agreement, since
work may be considered to be more reliable bare the oscillator strength is a very sensitive test to
masses. Before presenting our results we re- the actual wave function. To our knowledge there
mark on the validity of the average denominator has been no comparable agreement between ex-
approximation for TPA in Sec. IIl. In the experi- periment and theory using the same wave function
mental situation for CuCl and CuBr in Refs. 27 for energies and oscillator strength. The ener-
and 28, values of &, in (3.24) are less than about gies and oscillator strengths of one-phonon side
0.4. Then results of Chap. Il may provide a bands are also in good agreement with the avail-
reasonable description for TPA in the present able experimental results. Experimentally there
case. In Tables II and OI experimental and have been no assignments for 1s-phonon side
theoretical values of physical quantities in SPA bands. As stated in our previous work,® we con-
and TPA are given. The overall agreement is sider that the 1s-one-phonon side band is hidden
found to be quite good. in the strong spin-orbit split band in CuCl and the
The energies of zero-phonon lines of both s and previous unidentified peak of 34 meV above E, is
p excitons in SPA and TPA are well reproduced considered as the 1s-one-phonon side band in
in all materials. The ratio of the oscillator CuBr. In Cul the present calculations show that
strength of the zero-phonon line differs from ex- the 1s-one-phonon side band is quite weak and has
perimental values by a factor of 2 or 3. However, a broad structure whose peak is about 33 meV

TABLE III. Experimental and theoretical values of physical quantities for the two~phonon
absorption in cuprous halides; zero-phonon line energy E,, its oscillator strengthf,ﬁ?,) , the
peak position of the sum of the one-phonon side band of zs and np excitons Eﬁ,fs)ﬂ,, its oscill-
ator strengthf,f}s{,,, average phonon number Ny, , and average radius {(7),. All energies
are in meV and relative to £, and all lengths are in A.

AD g
190 ESIE N, Ny, (Mg (7)g

A0
EZP E 3bp ph Eph ’ o
f :5,3,), Ssoh

30 f<o) Ez,sﬂ’ 3,8+
26,0

Cuel
Expt.? 168 181 0.38 195
Theory 166 179 0.17 199 209 1.3 1.2 2.0 2.9 50 140
CuBr
Expt.® 87 ... ... 109
Theory 85 97 0.27 110 118 0.32 0.32 0.5 0.8 72 187
cul
Theory 46 53 0.31 69 74 0.26 0.23 0.3 0.5 93 237

2 Reference 27. b Reference 28.
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above 1s-state E;,. Therefore the 1s-one-phonon
side band is considered to contribute to a low-
energy tail of 2s exciton. This may explain why
the 2s-exciton spectra has an asymmetric

shape 2930

The 2s-phonon side bands of SPA in all cuprous
halides have been identified experimentally. This
may be related to the fact that the 2s-phonon side
band generally has a more pronounced peak than
the 1s-phonon side band (Sec.IV). Again calcu-
lated energies and oscillator strengths for 2s-
phonon-side bands are in reasonably good agree-
ment with the experiments (Table II). The slightly
higher energies of the calculated result might be
explained by an interference effect between the
phonon side bands and the continuum states which
may arise from the part of the Hamiltonian A’
neglected in the present calculation. As discussed
by Toyozawa,* for a strong interference, an
exciton-phonon quasibound state (EPQBS) might
result and produce the peak at the energy of less
than one phonon energy above E,;. However, in
cuprous halide the interference effect does not
seem to be strong.

It should be noted that in CuCl our calculation
has reproduced a 2s-phonon side band as strong
as the 2s-zero-phonon line in agreement with the
experiment. In Table II this ratio of the zero-
phonon line and the phonon side band for the 2s
state should be compared with the small ratio for
the 1s state. It clearly shows the importance of
the state dependence of the fi. If we had used
instead a state-independent f}=(1+R2k?)", the
same value for this ratio would have resulted for
any state £ &/f©’~0.83 in CuCl. This would mean
that the phonon side bands of both the 1s and the
2s states should be as strong as their zero-phonon
lines. This is an apparent contradiction to the
experiment for the 1s state. The importance of
the state dependency can also be understood from
the ratio of the exciton radius to the polaron radii
R, and R, as explained in Sec.IV. Values of R,
+R, are 26, 41, and 42 A for CuCl, CuBr, and
Cul, respectively. The radius of the 1s state is
about half as large as R, +R, and therefore the
phonon clouds of the electron and hole largely
compensate each other. The radii of the 2s and
3s states are about twice and five times larger
than R, +R, and the polaron effects for these ex-
cited states are much more effective. This pic-
ture is confirmed by the virtual phonon number
N, in the different states (Table II). The values
of N, are one order of magnitude smaller than
those for N, and N,,.

The calculated oscillator strength of the 2s-
phonon side band becomes larger with decreasing
anionic mass (Cul, CuBr, and CuCl). This is in

accordance with the experimental spectra, though
explicit numerical values for the oscillator
strengths in CuBr and Cul have not been given in
experimental works. This tendency is mainly

due to the decreasing mass ratio.

The phonon side bands in the TPA are possible
for p and s states (Sec. II). Because of the small
energy differences of ns and np (n > 2) exciton
states their phonon side bands may overlap. In
cuprous halides the calculated oscillator strengths
for both p and s states have the same order of
magnitude: f35),/f§)=1.52, 0.77, and 0.35 for
CuCl, CuBr, and Cul, respectively. The energy
of the phonon side band is therefore denoted by
ng‘s+ » (peak position) and its oscillator strength
is the sum of the contribution of both states f (), ,.
Experimentally these peaks have been assigned
as one-phonon side bands of the p state.

The calculated energies EL,, do agree quite
well with the experimental results. The calculated
oscillator strength of the one-phonon side band of
both 2s and 2p states is as strong as zero-phonon
line of 2p in CuCl and much smaller in CuBr,
again in agreement with experiments. In addition
the two-phonon side band of 2p and 2s excitons has
been observed in CuCl. From our calculation one
finds f32),,/f43),~0.7 in accordance with the ex-
periment, although the theoretical line shape is
ratherbroad and not as sharp as in the experiment.

In the present average denominator approxima-
tion a large 1s-phonon side band is predicted in
TPA: f4)/F8),=16, +.3, and 1.5 for CuCl, CuBr,
and Cul, respectively. Although the theoretical
line shape is rather broad with a maximum at
about 50 meV above E,; in CuCl we think it should
be observable by its large oscillator strength.

Finally, forbidden transitions are discussed in
the SPA. A typical material is Cu,0. It is well
known that cuprous oxide shows a very nice hydro-
genic series for p states, called the yellow
series.?'3 There are two LO phonons in cuprous
oxide both of which have been taken into account
in our calculation. All physical parameters used
in the calculation have been taken from Ref. 33.
The theoretical binding energies of the 2p and 3p
states are 23.7 and 10.5 (meV), compared to the
experimental values® 24.2 and 11.0 (meV). The
calculated ratio of the oscillator strength of these
zero phonon lines £§3,/f55’, is 0.33 and differs
very little from the hydrogenic value 0.35 in ac-
cordance with the experiment.* Values of g, for
the 2p and the 3p states are quite small, only
about 2 X 10-® for both states. Thus the phonon
side band of the 2p and 3p states may not be ob-
servable. The above results indicate that a de-
tailed consideration of polaron effects is un-
necessary for p states. However, for the 1s state
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the situation seems to be rather different. The
oscillator strength of the one-phonon side band of
the 1s state with the high-energy LO phonon (82
meV) turnsouttobe aslarge as the 2p zero-phonon
line (f{X,/f%),~0.3), while that of the low-energy
phonon (19 meV) is much smaller (f,%)/F55),
~0.,03).3°> Experimentally the phonon side band of
the 1s exciton, called the indirect transition to the
1s exciton, has been considered to make a back-
ground absorption for p series.®*:3¢ Therefore,
our result of a large 1s-phonon side band and a
very small unobservable phonon side band for p
states seems to be consistent with the experi-
ment.

VI. SUMMARY

We have discussed the variational calculation
of some optical properties of polar semiconductors
such as the transition energies, their oscillator
strength, and the absorption coefficient of the ex-
citon zero-phonon line and its phonon side bands.
The following general properties of excitons in
SPA (TPA) have been found: (1) The Coulomb in-
teraction in the excited exciton states is much
more screened than in the ground state (the virtual
phonon numbers differ by nearly an order of mag-
nitude). (2) The ratio of the oscillator strength
FO/f for the zero-phonon lines in the s states
is strongly reduced compared to the hydrogenic
value. (3) The corresponding ratio for the for-
bidden transitions f5,/f ), is nearly equal to
the hydrogenic value. (4) For not too small elec-
tron-phonon coupling and small electron-hole
mass ratios the phonon side bands of s states and

p states in allowed and forbidden (allowed in
TPA) transitions, respectively, are quite strong.
In some cases the one-phonon side bands for ex-
cited states may be as strong as their zero-
phonon lines. (5) Phonon side bands of forbidden
(allowed in TPA) transitions to s states do not
depend very much on the mass ratio and may be-
come quite pronounced.

The detailed calculation for the cuprous halides
and cuprous oxide shows good agreement with
experimental data. The corresponding wave func-
tions not only yield satisfactory energies, but at
the same time reliable oscillator strengths and
phonon side bands.

However, one should note that for the excited
states there might be some improvements nec-
essary in the strong coupling limit, since the
self-energy for large o is not reproduced by our
method. For some materials the detailed band
structure may be important, like anisotropy®’ and
degeneracy.® But the general features of the
phonon influence as discussed above should not be
altered too much by these additional physical ef-
fects.
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