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Abstract

We theoretically study resonant hyper-Raman scattering of light by 2 LO phonons in a CdS crystal
with the wurtzite structure. The scattering process involving the two-photon dipole transitions to B
and C excitons of the s-type is considered. The different sequences of intermediate states are taken
into account. It is shown that the inclusion of the possible dipole transitions to the deeper valence
band, at certain conditions, can have a noticeable effect on the frequency dependence of the scattering
cross section.
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1. Introduction

The Raman scattering (RS) cross section is known to significantly increase, when the incident photon
energy is close to the band gap E.,, and it becomes possible to detect the high-order scattering processes.
The first observations of multiphonon resonant Raman scattering (MPRRS) in CdS were reported more
than half a century ago [1-3]. Later, a number of publications was devoted to investigation of MPRRS [4—
7]. In particular, experimental studies of MPRRS in CdS have been carried out over the wide energy
range [4], and in [5] an investigation of the second-order RS in CdS and ZnO using a tunable exciting
light source was reported. Two-phonon resonant RS of light on pure and doped CdS and ZnSe samples
was experimentally studied, and the results obtained were analyzed with the use of the exciton model [6].
Klyuchikhin et al. performed experimental and theoretical investigations of MPRRS in a CdS crystal,
and, in doing so, RS with creation of up to four longitudinal optical (LO) phonons was observed under
excitation below the intrinsic absorption edge [7]. Although hyper-Raman scattering (HRS) of light is a
three-photon process, in contrast to RS, the 2 LO and 3 LO lines were found in the resonant HRS spectra
of a CdS crystal [8,9].

Over the past years, multiphonon RS was reported to be observed in investigations of CdS nanoparti-
cles and the CdS thin films [10-14]. RS up to the third order was found in the study of CdS nanoparticles
grown on the surface of ZnO films [10]. In [11], multiphonon RS in the CdS nanocrystals, grown by ther-
mal evaporation techniques, after annealing was reported. In the study of nanostructured CdS thin films,
along with RS by 1LO phonons, a smaller intense peak attributed to scattering by 2LO phonons was
also observed [12]. The Raman spectra of thin CdS films investigated in [13] contained characteristic
CdS modes, their multiphonon combinations, and surface optical modes. Scattering by 1LO and 2LO
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phonons was found in the Raman spectroscopy studies of CdS thin films [14]. In investigations of resonant
HRS by CdS quantum dots, overtone scattering was observed in hyper-Raman spectra [15].

In [7], in the study of MPRRS in a CdS crystal, an irregular character of the change in the scattering
intensity with increase in the number of excited LO phonons was found upon excitation below the
absorption edge, and the even-order lines predominated. This feature observed was explained within the
framework of the exciton model by various sequences of intermediate states [7]. Therefore, it could be
expected that increase in the number of photons involved in the HRS process in comparison with RS will
lead to the fact that the lines of the odd orders can dominate in the hyper-Raman spectra [16]. Later,
this assumption was confirmed by the observation of resonant HRS by 1LO and 3 LO phonons in a CdS
crystal, while the 2LO line was not found [8]. However, in the study of HRS in CdS using a tunable
laser, an appearance of the 2LO line in the hyper-Raman spectra upon excitation near a two-photon
resonance with the 1s exciton level of the A series was detected, and its intensity grown with a further
increase in the incident photon energy [9]. In [17], the observed HRS by 2 LO phonons was explained by
the scattering mechanism involving two-photon dipole transitions to B and C excitons of the s-type, and
the scattering cross section as a function of the incident photon energy was calculated. However, this did
not account for the absence of the 2 LO line below the excitonic resonance. The present work is devoted
to analysis of resonant HRS of light by 2 LO phonons in a CdS crystal with the wurtzite structure.

This paper is organized as follows.

In Sec. 2, we give the basic formulas for the cross section of resonant HRS by 2 LO phonons. In Sec. 3,
a theoretical model of two-phonon HRS in CdS is considered. Section 4 is devoted to the results obtained
and their discussion.

2. Basic Formulas

From a microscopic point of view, the Stokes process of HRS of light by 2 LO phonons under the two-
photon excitation near the absorption edge of a semiconductor crystal can be described as follows: two
incident photons with frequency wy,, wave vector q;, and polarization €, are absorbed, then successive
creation of two LO phonons with wave vectors q; and qg occurs, and a scattered light photon (wg, qs, €s)
is emitted. In this case, the laws of conservation of energy and wave vector are fulfilled: Awg = 2 hwy, —
2hwro and qs = 2qr — q1 — q2, where wr,o is the LO phonon frequency. In this work, we assume
that, in the initial and final states, an electronic system of a semiconductor is in the ground state, and
the Hydrogen-like Wannier excitons are its intermediate virtual states in the scattering process. The
intra-band Frohlich mechanism of the exciton—lattice interaction is taken into account. The cross section
of two-phonon HRS has the form [17-19]

do hed nsws(nLo +1)2VNg
aQ - 8m2mbcind wi 3

/IB a,2q7, — as — q) + B(2az — as — q,q)|* dq, (1)

where e and m are the charge and the mass of an electron, ¢ is the light speed, nro is the occupation
number for LO phonons, V is the crystal volume, Ny, is the density of exciting radiation photons, and
ny and ng are refractivity coefficients for the frequencies wy and wg, respectively. Then, B(q,q’) reads

HA qa
2
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where the sum runs over the intermediate exciton states A, to which the energy levels Fx(2qz) corre-
spond. In Eq. (2), fa is given by

L) (L N
- a(ﬁ )E(a )HﬁAl 210 3)
En (ap) — hwr '

A1

where Hi A, and 1Y o describe the transitions between the exciton states and between the ground and
exciton states, respectively [17,20-22]. Then, Z5(q,q’) has the form

S
Eala.d)= ) 7, Ungna (@)U () "
= ’ Ao, A3 [EA3 (qS) - h(-US] [EA2 (QS —+ q) + ha}LO _ 2th]7

where Upsp(q) describes the transitions between the exciton states due to the Frohlich interaction [17,23].
Further, we neglect the photon wave vectors, owing to their smallness.

3. Theoretical Model

In [9], the resonant HRS by 2LO phonons in CdS was observed for the 90° scattering geometry, in
which the exciting radiation was directed along the optical axis. As in [17], in the present paper, we
consider the two-phonon HRS process involving two-photon dipole transitions to B and C excitons of
the s-type of the I'y symmetry for this scattering configuration. But, in doing so, the valence band
wave functions obtained in the work by Gutsche and Jahne [24] are taken into account. In compliance
with it, in the semiconductors with the wurtzite structure, in the center of the Brillouin zone, the spin—
orbit interaction leads to the fact that, in the B and C subbands, the wave functions u;, and us, (uZ,)
transforming according to the irreducible representations I'y and I's mix, and, in the A subband and the
deeper valence band v’ of the symmetry I'g, a mixing of the wave functions wug, (ug,) belonging to the
representation I's and us, (uf,) occurs. Moreover, the subband A is mostly determined by us, (uZ,) with
a small addition of we, (ug,), and, in the band v" (I'g), on the contrary, the wave functions ue, (ug,)
prevail. The appropriate wave functions were given in [25].

At first sight, the hyper-Raman process considered is similar to two-LO-phonon RS, which has been
theoretically studied, within the framework of the exciton model, in several papers [26,27]. In partic-
ular, by using the Green’s function method [28], the expressions that make it possible to account for
the contributions of the sequences of intermediate exciton states s —s — s and s — p — s to RS were
obtained [27]. In the present work, both the transitions between s and p-excitons and the transitions
between s-excitons, due to the Frohlich interaction, are also taken into account. Thus, Zx(q,q’) for B
and C exciton contributions to HRS can be written as

- 2
':'£B (q’ q/) = ﬁggS)Pll)lcqﬂ)Fy%AﬁB (q7 qla E§17 Rp, aeBa Oé]?) (5)
and 5
Egc(qa ql) = E?(ZS)P»LUC \/ 1- Q%U’Y%'Ag(cb q/7 Eg}’ RC’ aec’ ag)a (6)

where vp = \/ QWMLOeQ(Egol — €&y 1), €00 and gg are the optical and static dielectric constants, Ec% =
Ee + Aap, ES = E. + Aac, Aa (Aac) is the energy splitting between the subbands A and B (C),
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B(C « « « B(C
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electron in the conduction band and a hole in the B (C) subband. The matrix element PJ,‘C is given by

=m}/(m} + m*B(C)), m¢ and my ) are the effective masses of an

0
I u1e 18 the wave function related to the lowest conduction band
To
and transforming according to the irreducible representation I'y. Then, q%, determines the fraction of
U1y in the B subband, and Af(c) (a,d, E, R, e, ) has the form

Pl = (u1,]p.|usc), where po = —ih
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(7)

(¢¢

where &™) (r) is the wave function of the relative electron-hole motion, and ({¢m) is the set of the

quantum numbers corresponding to it. The indices B and C related to the exciton Rydberg Rp(c) and

the wave functions xg([g;)(r) indicate their connection with the appropriate excitonic series. Here, the

following notion is used for ©¢: ©, =n (§ = n) for the discrete spectrum and O = i/k ({ = k) for the
continuous spectrum.

For the excitation range, considered in this work, the frequency of scattered radiation is smaller
than the one of the exciton resonance, hwg < EZ — Rp. Therefore, for the sums over £ in Eq. (7),
we adopt the expressions obtained by the use of the Green’s function method [28] in [27]. The matrix

elements <Xc§) tm) ‘zq L(emiear emhq'r)‘ X£§OO)> (¢ = 0 and 1) for the transitions between discrete states

and the transitions between discrete and continuous states were obtained in [29,30]. To calculate the
matrix elements for the transitions between states of the continuous spectrum, we take the wave functions
)ngem)(r) = Yo (0, #) RSy (r), where Yy,,(6, ¢) are the spherical functions; the radial functions R{Y(r) are
adopted in the approximation of the unbound electron—hole pairs [31]. Using the expansion of a plane
wave in the spherical functions [31], it is not difficult to reduce these matrix elements to the Bessel
functions integrals given in [32]. In this case, when summing over £”, we apply the Green’s function

method [28], by analogy with the approach used in [27], but we perform the calculations for X(k Zm)(r)

instead of X(E tm) (r).

However, in contrast to RS, the two-phonon HRS process considered here involves two-photon dipole
transitions to s-exciton states. As is known [21,33,34], a two-photon dipole transition to an s-exciton
composed of an electron from the lowest conduction band ¢ and a hole from the top valence band v can
occur via an intermediate p-exciton state belonging to the same pair of bands, as well as an s-exciton
state formed by an electron from the higher-lying conduction band and a hole from the valence band v
or an electron from the conduction band ¢ and a hole from the deeper valence band. According to the
selection rules, the two-photon transitions to B and C excitons (I'1) are possible through the intermediate
s-exciton states associated with both the higher-lying conduction band ¢ (I'g,T'7,T'7) [35] and the deeper
valence band v' (I'g). In the latter case, this is eventual only due to the addition of the wave functions
usy (uf,) in the band v’. When considering within the framework of the two-band model, the two-photon
transition to an s-exciton includes the weakly forbidden dipole transition to an exciton of the p-type. Its
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matrix element depends on M ]’6; 5, [20,34],

B« a B

1 ) T T T T, -
VB — Jen” njv Jen ' njy 8
JeJv m ; < E‘]Cn + Ejvn 9 ( )

where j. and j, denote the states in the bands c and v, respectively, E;; is the energy difference between
the bands, ;s is the inter-band matrix element of the momentum operator. In Eq. (8), the > ! means

that the sum is over all bands, except ¢ and v. In this study, when calculating M ]ﬁc ?v, we take into account
only the contributions of the bands ¢’ and v’. The known band structure of the crystal and the selection
rules made it possible to determine the matrix elements of the necessary inter-band dipole transitions.

Since the frequency of the exciting radiation is far from the resonant region, the Green’s function
method [28] can be used for summation over the intermediate exciton states Ay in Eq. (3). Thus, taking
into account the results obtained in [21,22,34], we obtain f) for B and C excitons as follows:

B ~
B _ WD) 4 (D)) 1 (£00) s L pL | Sl 2 (Ey,) as/as)
ff \/ﬁ( +€ )XB (0) {2q7UPccPcv |: Egv_th
1 1 -
—sz <E + 7 > J2(O¢, s (E, B))] — q9vPsy <\/1 - q%,\/l — @3, P, + Q7UQ9UPUL/U>
B cc
J1 (9& AL (Ecv’)a acv’/aB) UB 1 1 B
- 0 E
) |: Eey — hwy, MJE Eey - Eyyr — AAB T2 ( © %L( cv)) (9)
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2 J1(0¢, 21 (ES ), ac/a
C_ _ 2 (L) (L) | (L) (L) 4 (€00) \ / 9 ol pl | J1lbe, 2L(£3,), ac/ac
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X - — + Jo (O¢, 1, (B, , 10
[ Eey — hwy, Mé Eey By — Aac ? ( ¢ L( )) ( )
where Ef = E.. + E’gj, E’C = Ey.+ ES, 1 (E = /Rew/(E hwr), and g3, defines a part of

usy (uf,) in the band v (Fg) Also, Rey, flev, and acv are the exmtonlc Rydberg, the effective mass,
and the Bohr radius of the exciton composed of an electron from the conduction band ¢ and a hole
from the valence band v; the indices B and C related to upc), and ap(c) indicate belonging to the
appropriate excitonic series. Here, ap (ac¢) is the Bohr radius of the exciton formed by an electron from
the conduction band ¢’ and a hole from the subband B (C). Matrix elements of the dipole transitions are
defined as follows: Pi = (u1c|ps|use), Py = (uie|pe|use), Pj—v = (use [Px|ute), Py, = (Ugy|pe|usy), and
Pj-v = (usp|pz|u1v), where us is the wave function belonging to the higher-lying conduction band ¢’ and
transforming over the irreducible representation I's.

The function J2(Og, 5¢1) is given in [22], and J1(O¢, 5, b) can be approximated by [1 — (51,b/O¢)?]

since, under the conditions considered, »; < 1 [21,22]. In this case, Ji(O¢, 1 (Ewy ), Geo [Gey) can
-1 -
be expressed as Ji(Og¢, #1(Ecy ), et [Gev) = [1 — Rey(Epryr — hwp,)™ 1®g2b} , where b = picy/ptery-

Further, in calculations, we assume that b = 1.

-1
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As noted above, the matrix elements for the transitions between exciton states of the continuous
spectrum, owing to the Frohlich interaction, are considered in the approximation of the unbound electron—
hole pairs. In this case, in the corresponding expressions for ng and fg , it is also necessary to take
)2((31500) (0) instead )2((;%00)(0), when calculating B(q, q'). In so doing, J2(O¢, 5,) is replaced by the function

Ja(k, 5¢.), which is derived similarly to Jo(O¢, s¢1) but for 922500)@).

Equations (9) and (10) can be simplified, using the approach applied in [36], i.e., assuming that
V1-— q§v|PvL,v| > |qoy P, |. In this case, if the notation D = gg, g7, V1- 4, V1- @, (PCLUP#,U)/(PC%,PC%U)
is adopted [36], then the contribution of the hyper-Raman process involving in the two-photon transitions

~ (v')

to B excitons, and B(q, q’) can be presented as Bp(q,q’) = B](;)(q, q')— DBy ’(q,d’). The contribution

of the scattering process with a participation of C excitons can be written as Bo(q,q’) & Béf/)(q, q)+

DBgJ/)(q, q'). Here, BJ(E;E)C) (q,q’) and B](;(%)(q, q’) are associated with the transitions to the higher-lying

conduction band ¢’ and the deeper valence band v’, respectively.

4. Results and Discussion

We calculate the cross section of HRS by 2LO phonons in CdS as a function of the doubled energy
of incident photons. Since qg, and the matrix elements of the dipole transitions to the bands ¢ and
v/ are unknown, we carry out the computations for various values of D. In calculations, the following
crystal parameters are used: F., = 2.578 eV, A = 0.015 eV, Axc =0.078 eV [37], Rp = 0.028 eV,
Rc =0.026 eV [38], Ev.=54¢eV, E,y =0.6¢eV [39], and hwpo = 0.038 eV [40]. When computing,
we adopt the electron and hole effective masses given in [37], but we neglect their anisotropy and use the
scalar values m} ~ 0.205m, mpj ~ 0.8m, and mg ~ 0.85m. For q?,, the expression (1 —¢2,)/q¢?, =~ 0.9
was obtained in [36], with the use of the known oscillator strengths of the transitions to the 1s exciton
states of the B and C series [41]. The Bohr radii of the B and C excitons were assumed to be the same.

As already indicated above, the scattering process considered here involves the two-photon transitions
to B and C exciton states. For these states, the lifetime broadenings I" were taken into account; for discrete
s-excitons of the B and C series, the values I'g = 0.006 ¢V and I'c = 0.016 eV were considered [41].
In the case of continuous states, I'p and I'c were assumed to be equal to the corresponding exciton
Rydbergs.

It should be noted that, in [36], the one-phonon HRS cross section as a function of the doubled
energy of incident photons was calculated for several values of D. But in the present paper, a situation
is different, because the phonons with various wave vectors give a contribution to the second-order HRS.

In Fig. 1, we present the two-phonon HRS cross section calculated for several values of D versus 2hwr,.
As one can see, the inclusion of the possible dipole transitions to the deeper valence band v’ (I'g) leads
to increase in the HRS cross section for D < 0 and gives rise to its decrease, when D > 0. However, a

d
more interesting behavior is shown by the frequency dependence of @ at D = 0.8 and 1. In these cases,

with increase in the doubled energy of incident photons, the scattering cross section first changes little,
and then its fast growth begins.

Such a behavior of the frequency dependence of the cross section for D > 0 can be explained as follows.
In the considered excitation range, the hyper-Raman process involving the two-photon transitions to B
excitons prevails when D = 0. For small values of D > 0, its contribution to HRS decreases, in contrast
to the one associated with C excitons. As D increases, an appearance of Bp(q,q’) opposite in sign
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1000 -
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s = /00
= ] D=0 VAN
] 10__ eccee D=04 ,' ’.

2 Fig. 1. The two-phonon HRS cross sec-
G‘ ] tion calculated for several values of D as a
o] function of the doubled energy of incident
B photons. The arrows show the positions of
o the 1s exciton levels of the A (A, —1) and B
(Bp=1) series.

to Be(q,q’) begins. At the same time, as the two-photon resonance with the 1s exciton level of the B
series is approached, the relative contribution of the scattering process associated with B excitons rapidly
increases.

Unfortunately, it is difficult to compare the results of the performed calculations with the experimental
ones, since there is not the necessary data on the intensity of the observed 2 LO line. In the experimental
studies, using a tunable laser [9], the intensity of HRS by 1LO phonons increased by more than two
orders of magnitude, when the doubled energy of incident photons changed within the range from 2.39 to
2.53 eV. At the exciting radiation wavelength \;, = 9760 A, i.e., near the two-photon resonance with the
1 s exciton level of the A series, its decrease due to the attenuation of scattered light near the absorption
edge was observed, but an appearance of the 2LO line in the hyper-Raman spectra was found, and its
intensity grew with a further increase of 2 hwy, [9]. It is most likely that the absence of the 2LO line in
the scattering spectra, under excitation below the two-photon resonance with the lowest exciton level, is
due to the fact that its intensity decreases rapidly with distance from the resonance. As the results of the
performed calculations showed, when varying the doubled energy of incident photons in the range from
2.4 to 2.541 eV, the cross section of HRS by 2 LO phonons increases by about 400 times at D = 0 and by
about 1500 times at D = 1; moreover, in the latter case, its growth by about 800 times falls in the range
of 2.46—-2.541 eV. Thus, the fact that the 2 LO line was detected near the two-photon resonance and was
not seen in the scattering spectra below it [9] could be due to the behavior of the frequency dependence
of the scattering cross section, which is similar to that calculated for D = 1.

5. Conclusions

We analyzed the resonant HRS of light by 2LO phonons in wurtzite CdS. In doing so, the hyper-
Raman process involving two-photon dipole transitions to s-excitons of the B and C series was considered.
The influence of the possible dipole transitions to the deeper valence band (I'g) on the frequency depen-
dence of the scattering cross section was investigated. We showed that, under certain conditions, taking
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do
into account these transitions could lead to the fact that a rapid growth of — began somewhat below

the two-photon resonance with the lowest exciton level. It is possible that the previously observed ap-
pearance of the 2LO line in the HRS spectra, when 2 hwy, is close to the energy of the 1s exciton state
of the A series and its absence under two-photon excitation below the region of excitonic resonances [9]
are due to such a behavior of the scattering cross section.
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