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ABSTRACT

The expressions describing direct and indirect, two-photon

absorption in crystals are given. They are valid both near and far from

the energy gap. A perturbative approach through two different band

models is adopted. The effects of the non-parabolicity and the

degeneracy of the energy bands are considered. The numerical results

are compared with the other theories and with a recent experimental

data in Zn and AgCl. It is shown that the dominant transition

mechanisms are of the ailowed-allowsjd type near and far from the gap

for both direct and indirect processes.
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r. INTRDOUCTION

1)Very recently., Catalano et al. have carried out measurements

on direct and indirect two-photon absorption, (TPA), for two different

materials, ZnO and AgCl, respectively. They have compared their experimental

results in the case of ZnO with the formulas for direct (TPA) given by

Hassan 2' for parabolic bands and given by Vaidyanathanet al. and

Lee et al. in the case of non-parabolic bands. Furthermore, the

authors discussed their experimental data on AgCl with the theoretical

results of the indirect (TPA) given by Bassani et al. and Yee for

parabolic bands with allowed-allowed and allowed-forbidden transitions,

respectively. They come to the conclusion that, in both processes, the

dominant transition mechanism, is a function of the excitation energy.

In other words, near the energy gap the experimental data shows agreement

with the allowed-allowed transitions between parabolic bands while at

higher energies the agreement is closer to the allowed forbidden transitions

between non-parabolic and parabolic bands for direct and indirect processes

respectively.

In this paper and through a semiclassical treatment using the

perturbation theory, we present the following: The direct (TPA) co-

efficient, a, , has been calculated including the effects of the more

realistic non-parabolic and degeneracy of the energy bands. A three-band

model is adopted where the transition matrix elements are of the allowed-

allowed type. A numerical application for ZnO is compared with the

experimental results of Catalano et al. and with the other theoretical

models ' . The results show that, a , has good agreement with the

experiment for (2htj)-Eg) inbetween 2 and 400 meV above the direct energy

gap, Eg (hu) is the photon energy). The values of «"j underestimate the

experimental data by a factor ranging between 3 and 10 for (2nw-Eg) "= 400

up to 710 meV, This increase of the experimental values can be inter-

preted as due to electronic transitions including other lower valence bands.

The direct (TPA), a? as given by Hassan for parabolic band and allowed-

allowed transitions fits the experiment in the energy range (2hu)-Eg) = 2 up

to 120 meV (as can be expected). For (2fio)-Eg) > 120 to 710 meV, a^ under-

estimates the experiment by a factor of 2 to 15. The value of o, as given
8)by Ref.4 form the modified Basov formula or from our modified Basov

formula is of three orders of magnitude smaller than the experimental

results.

The indirect (TPA) coefficient, a", is estimated through a four-

band model taking into account the effects of the non-parabolic energy

bands. The electron-photon matrix elements are all allowed in this case.

The numerical results for the case of AgCl show a very good agreement with
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the experimental data for all the spectral range given. The values of

the indirect (TPA), a?, for parabolic bands as given by fiassani et al.

are in good agreement for (2hu)-Eg) = 0.2 up to 0.9 (eV) above the indirect

gap, Eg. For (2-fiw-Eg) > 0.9 <eV) there is a deviation from the experimental

values. The numerical values of

magnitude small.

as given by Yee are two orders of

II. THEORY

1. Direct allowed-allowed transitions

The expression of orj for Isotropic parabolic bands and where

hw^ = hoj2 = hu is (through a three-band model of Fig.l)

Z ,

where

and |MCV| = l^cl^-pl8-
matrix elements (see Fig.l).

f,
|v\| are two allowed transition

m c v is the reduced effective mass of bands c and v. The energy

separation between the valence and conduction bands was assumed to be of the

form

(2)

and a similar relaticn for E ..

When one uses the accurate non-parabolic expression for the inter-

band energy difference E

with a similar relation for EjrU(k)), the expression for a\ becomes
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Eq.(A) reduces to Eq.(lJ at the absorption edge where 2ftu 5! Eg, as one

would normally expect.

2. Direct allowed-forbldden transitions

The expression of aR has been calculated by Basov et al.

where the following form is obtained;

(5)

Eq.(5) is derived assuming all the bands are parabolic (relation 2) and

adopting a two-band model in which one of the dipole matrix elements

<^ C | E - P | V ^ , is allowed while the other one is forbidden and can be

written in the form

(6)

If we replace Eq.(2) by relation (3) in the calculation of Basov

formula, a^, we obtain

Vaidyanathan et al. with similar modification to Basov

3
expression, ot̂ , obtained

3

(7)

(8)

3. Indirect allowed-allowed transition

For the indirect process Bassani et al. have estimated, a? ,

for parabolic bands (relation (2)) as (adopting a four-band model of

Fig.2)
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where B

U * * . 3 / 2
2 e'(mcn.v)

J//N

,5 3 4
71 n m c

is a permutation operator between bands

n and m (see Fig.2) and Q is the electron-phonon matrix element

n_*^l/e - 1) and fin is the phonon energy. M is a product of two

allowed dipole matrix elements betueen bands v and n in this model.

If instead of relation (2) one uses the non-parabolic form of the

energy bands as a function of the wave vector, Eq.(3), we obtain

,{2h^t>Q\t ,?2

(10)

111. NUMERICAL APPLICATIONS TO ZnO AND AgCl

ZnO is a direct-gap semiconductor, it has an s^like conduction

band having a r, symmetry. The valence band is p-like, splitting into

three degenerate bands. The parameters used are the following: Eg = 3.44 eV,

= 0.19 m, ra , = 0.21 m, m 0.2 m, m
v3

0.71 m, n = 2.

We have performed a numerical calculation of a*; as given by

Kq.(l) and a" as given by Eq.(4). The results' together with the

experimental data of Ref.1 are shown in Fig.3. From the figure one can

deduce that <x"j and a, are in close agreement with the experiment for the

energy (2iid>-Eg) = 2 to 120 meV above the direct gap. For (2hu>-Eg) > 120

to 400 meV, a" agrees with the experiemnal result,, while afj under-

estimates it. At higher energies above the gap (2-hw-Eg) ̂  400 up to 710

meV, the experimental data increases above the theoretical values of oc by

a factor ranging between 2 to 10,

The numerical values of a, as given by Eqs.(7) and (8) are at least

two orders of magnitude smaller than the experiment.

AgCL is an indirect gap ionic crystal^the valence band has two

maxima at the I, point and on the I line of the same energy. The con-

duction band minimum is of symmetry F.• Numerical calculation for AgCl

has been done to estimate a? and a" from Eqs.(9) and (10), respectively.

The results are given in Fig.4 together with the experiment of Ref.l. It is

shown that a good agreement is found between CL ,

the spectral region close and far from the edge.

(2-fiLu-EK)^r 0. 17 up to 0.9 eV.

and the experiment to all

<*. agrees only for
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The numerical values of <x^ calculated from the Yee model for the

parabolic bands and allowed forbidden transition is a three order of magnitude

smaller than the experimental values. A preliminary result for phonon-

assisted transitions has been sent for publication

IV. CONCLUSION

The effects of non-parabolicity and degeneracies of the energy bands

on the two-photon absorption coefficients in direct and indirect gap crystals

are theoretically studied. Through band models which include only allowed-

allowed transition matrix elements we introduce the expressions of a" and

a" for direct and indirect transitions, respectively. These formulae are

valid not only close to the band gap but also far from it. Numerical results

for the cases of ZnO and AgCl show good agreement with the recent experimental

data. The numerical values of the (TPA) coefficient in both direct and in-

direct transitions using other theoretical approaches, underestimate the

experimental values. This is either due to the forbidden matrix elements

included or the neglect of the degeneracy and the non-parabolicity of the

energy band far from the edge.
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Fig.2

Fig.3

Fig.4

Three-band model scheme for (TPA). The allowed dipole matrix

elements are indicated.

Four-band model scheme for third-order indirect transitions

with participation of two photons and one phonon. Cases a) and

b) differ by exchange in the order of the LntermediatLe states.

Direct two-photon absorption coefficient vs. (2fiiiJ-Eg) for a ZnO

crystal. Full linos p and n are for the parabolic and non-

parabolic bands, respectively. The dots are the experimental

results of Ref.J. [The parameters used are Eg = 3,44 eV,

m = 0.19m, m = 0.21 m, m

4E = 5.5 eV.!

O.2 n, in , = 0.71 m and
v3

Indirect two-photon absorption coefficient vs. ^fi^-Eg) for an

AgCl crystal. Full lines p and n are for parabolic and non-

parabolic bands, respectively. The dots are the experimental

data of Ref.1. [The parameters used are 12) Eg - 3 .25 eV,

hfi = 0 .024 eV a t 77°K>&m = 7.2 eV, 4 = 8 .7 eV a t L p o i n t 13) . I

- H -



F i g . l

- • ) -

-10 -



3.0

2.5

0 2102 101

C2tio)Eg)(eV)

-1 1-

K i g . 4

- 1 2 -


