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Resonant hyper-Raman scattering in semiconductors
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A theoretical model for resonant hyper-Raman scattering by LO phonons is developed, taking into account
excitonic effects. The model is valid for energies below and above an allowed absorption edge. The matrix
elements corresponding to the exciton-photon and exciton-phonon interactions are derived analytically, and
their contributions to the total scattering efficiency are analyzed. The two main electron-phonon interaction
mechanisms present in polar semiconductors, deformation potential, dnitFiateraction, are considered. It
is shown that the one-phonon resonance hyper-Raman scattering mediated by the deformation potential inter-
action is dipole forbidden, whereas it is allowed when induced by theliEromechanism, in contrast to what
happens in one-phonon Raman scattering. The calculated hyper-Raman resonance profiles show two pro-
nounced features: an incoming resonance with theegciton state, and a much stronger outgoing resonance
related to thes excitons. The numerical values obtained illustrate the suitability of this nonlinear scattering
technique for the study of the exciton structure and the exciton-phonon interaction in large-band-gap semicon-
ductors. Our theoretical description shows a good agreement with measurements performed on ZnSe films
deposited on GaA801) substrates[S0163-182808)04139-3

I. INTRODUCTION ear scattering up to date is due to Jha and Wowho de-
duced formal expressions for nonpolar phonon scattering,

In an ordinary one-phonon resonant Raman-scatteringut without predicting the actual shape of the resonance pro-
process in semiconductors, an exciton is created by means file (HRS cross section vs7dv, ). In view of this lack of
a photon and, after the scattering by a phonon, the excitotheoretical treatments, the present work is devoted to develop
emits a scattered photon. There exists a different kind o& model of RHRS, including exciton states as intermediate
one-phonon Raman scattering, in which two incident pho-electronic excitations in the scattering process, which allows
tons(usually from the laser begneontribute simultaneously the study of the resonance profile around the direct optical
to generate the electron-hole paifthis nonlinear optical transitions of semiconductors. It has been shown in the past
process is usually called hyper-Raman scattefitigS), and  that the inclusion of electron-hole interaction is essential to
the corresponding cross section is obviously proportional toeproduce the Raman resonance profile around electronic
the intensity of the incident light. Since its selection rulestransitions of semiconductot$!? The results of our model
differ from those of Raman scattering and infrared absorpare useful to predict the resonant behavior of the HRS cross
tion, HRS constitutes an additional source of spectroscopisection, and can be used in combination with the experimen-
information on the vibrational spectra of condensed média. tal data to obtain information on the electronic structure and

Resonant Raman scatteritBRS is characterized by a electron-phonon interaction in semiconductors.
remarkable increase of the scattering efficiency when the en- This paper is organized as follows. The proposed theoret-
ergy of the incident or scattered photon coincides with thdécal model for RHRS is developed in Sec. II: First we define
energy of critical points(cp’s) in the band structure of the normalized hyper-Raman efficiency, which is the natural
solids? It has been stated that an analogous resonant behaguantity to describe nonlinear scattering processes, and
ior should be expected in the HRS cross section whien 2  present a microscopic expression in terms of the probability
or fiwg approach particular electronic transition energies ( amplitude for a single scattering event. In Sec. Il we per-
and wg being the frequencies of the incident and scatteredorm calculations of the hyper-Raman resonance profile by
photons, respectively In fact, resonance effects were al- using the model presented in Sec. Il. The role of the electron-
ready reported in SrTiQ®° TiO,,® and ZnS€:® Unfortu-  phonon interaction is investigated. Absolute values of the
nately, the experimental investigations on resonant hypemormalized hyper-Raman efficiency are predicted taking
Raman scatterinRHRS are still at a very early stage. As ZnSe, where excitonic intermediate states are likely to be
far as the theoretical side is concerned, detailed calculatiordominant, as an example. Also, the contributions of the dif-
of the HRS cross section have not yet come to our knowlferent parts of the excitonic spectrugiscrete and continu-
edge. Apart from some attempt based on the polaritous to the scattering process are analyzed. In Sec. IV we
picture? the only systematic theoretical treatment of nonlin-compare the predictions of the model with experimental re-
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sults on ZnSe. Finally, Sec. V summarizes the main conclu- W) ,K) WKL ,,q Wg,Kg

sions of the work. \ K \ K g)\.. Ko /7
\ 1 3 1 /
Q> o >

Il. THEORETICAL MODEL > O
When comparing experimental and theoretical results of (a)
light scattering in crystals, it is convenient to express the LKL 0,0 0Lk Wg,Ks
scattered intensities in terms of the scattering efficiency /
dSdQg, i.e., the ratio between scattered and incident power \ MK ii‘x',K'\ ALK
(PsandP, , respectively per unit solid anglal() s and unit o> ST OS> 0O
path lengthlwe denote the scattering length 8y within the
crystal? (b)
E 21 i % ) FIG. 1. Feynman diagrams which give the main contribution to
dQs L P dQs resonant hyper-Raman scattering.

Since in the HRS process each scattered photon is emittedj

under simultaneous annihilation of two incident photons, the ent(scatterefiradiation,c is th_e speed of light in vacuum,
. ; : andN, represents the Bose-Einstein phonon occupation fac-
magnitude of the scattered power itself varies as the squa

of the laser intensity, — P_V/Z (V is the scattering vol- tor (only Stokes scattering is considered in this work

L both the initial and final states of the scattering process, de-
ume), so that the HRS efficiencylSyr/d()s becomes pro-  qeq|1) and|F), respectively, the electronic system of the

. 2 . . .
portional to I{/I =l , in contrast to the intensity- semiconductor is assumed to be in its ground state.
Independent eff|C|ency found in Ordlnary Raman Scatterlng. In resonance ConditionS, Whenﬁ@L and/or ﬁwS are
Accordingly, the quantity of interest is the ratio close to electronic excitation energies, the main contribution
dt% 1ds, 11dp to W, is expected to follow from the process schematically
R_OZZHR_-—~-°S 2)  shown in Fig. 1a). In a first step, the absorption of a photon
5 , 2 Pt ;
dQs 1 dQs V2dQg by the crystal creates an exciton in the state characterized by

usually referred to asiormalized hyper-Raman efficiency ()\,K) (N represents the exciton inner quantum numbers, and

(HR efficiepi:y from here on and expressed in units of K jts center-of-mass wave vecjoiThe absorption of a sec-
cm(MW sr)”~. _ _ . ~ond photon scatters the exciton to the intermediate state
From a microscopic point of view the HRS process |s()\,’|z,)_ Next, an excitonic transition to the stam”(IZ”)

described as follows: two photons of wave veoter, polar-  takes place after the creation of an optical phonon, and fi-
ization e, and frequencyw, scatter an optical phonon of nally we have the exciton annihilation with the emission of a
wave vectorq and frequencyw, (v indicates the optical Photon. Other processes which can contribute to HRS can be
branch, whereby a photon of wave vectég, polarization obtalned by per_mutlng_the_lnteractlo_n vertices in the diagram
of Fig. 1(a). Their contributions are, in general, nonresonant,

es, and frequencys is emitted(see Fig. 1 The HR effi- 54 thus can be neglected in the study of RHRS. The only
ciency c?lnlg)e shown to be related to the scattering amplitudgqgitional diagram which could priori be important is the
We byt one constructed by exchanging second and third vertices in
dSir V2 2 Fig. 1(a) [see Fig. 1b)]. Nevertheless, our unpublished cal-
_ 3/LYs 2 ; i i i
= S OLOS— 3(Nv+ 1)2 |Wg |4, culations show tha_t the corresponding amphtugle is a_lmost
dQs  (2m) ¢’ (fw) q two orders of magnitude smaller than that associated with the
() process in Fig. &), which will therefore be the only one
with the conservation of energyws= 2% w —fw, implic- included in our model. The scattering amplitude appearing in
itly understood.n, (7g) is the refractive index of the inci- Eg. (3) is then represented by

W S (FIFarIN KN K gt IN K YN K FerIN KM K| gl
FI— Zn : Zn Zr : Zr 7 : Z 1]
NK K K [rog=Bxn(K") +i0\n(K") ][220 — B\ (K') +iT) (K" [0 — Ex(K) +iT (K)]

(4)

whereFl., andH.x are the Hamiltonian operators for the Set of quantum numbebs=(£,1,m):** & can be eithen, for
interaction of the electronic system with the lattice vibrationsthe discrete spectrum, dt, for the continuous spectrum
and the radiation field, respectively.,K) are exciton states [Pand indices ¢,c) are also implicit in the notafign The
with energyE, (K) and lifetime broadening’, (K). These ©Xciton energye,(K)=E.(K) is given by

states are treated here in the framework of the Wannier-Mott
exciton modef! When the relative electron-hol@-h mo-

tion is expressed in spherical coordinatesrepresents the

2122

E{K)=Eg+ S +AE, ®)
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whereM =m.+m, is the exciton massnf, andm, are the  which is the result usually employed in the calculations of
electron and hole masgeandAE, the energy associated to two-photon absorptiof® In Eq. (8), u=m, m./M is the ex-

the relative motion, which can be written as citon reduced mass, and
AE— B it eon Pror(&)=6- [ don () (-ihTIp(D). (9)
AE§= n2 (6)

The explicit expressions for the above integrals are presented
AE=RK if &=k in the Appendix, where it is shown that for transitions be-

. . . tween exciton states wittm= 0 (the only ones which partici-
Ris the exciton Rydberg arki=ki, a, wherek;, is the wave  yo40 in the process studied heréhe ){nteraction wﬁh the
vector fo_r the relative(interna) motion anda the exciton photon field induces a change of a unity in the orbital quan-
Bohr radius. L tum number. Since we are treating the case of an allowed

The matrix element\,K|Hcg|l) for allowed optical absorption edge, only=0 excitons participate in the first
transitions is given, in the electric dipole approximation (and last steps of the scattering process of Fig), and there-
~0), by'? fore the exciton state participating in the second step must be
necessarily op-type (=1).

L e [omh . . In Eq. (4), (\",K'|FAer |\, K) is the matrix element of the
(N K[Hegll)= Sk N 2l Pe)r(0)*, (7)  electron-phonon interaction between two exciton states, be-
0 Y oum longing in general to different valence bandsand v’

(massesn, andm,,) and conduction bandsandc’ (masses

r) being the exciton envelope function for the relative
e(r) 9 P m. andm). It has the form®7

motion, p., the interband momentum matrix element be-
tween valence and conduction Bloch functions at ihe R > o ~ ~
point, and m, the free-electron mass. Of course, (N K He [N KD = 84 g k[Ver o @) 8y o hin (= Ge)
(F|Aogr|N",K") is obtained after complex conjugation of Eq. — 8¢ Voo (Dyn (AT, (10)

(7), and a change of subscridis—S.

The matrix element(\’,K’|A.r|\,K) represents the where the first term corresponds to scattering of the electron
probability amplitude for the scattering of the exciton be-and the second term to scattering of the holé,g
tween statesN,K) and (\',K’), induced by the interaction =(S'[V]s) is the matrix element of the electron-phonon in-
HamiltonianH.r. Several possibilities arisé. There may  teraction potential’ (in q spacg between thd'-point Bloch
be interband excitonic transitionsaccompanied by scatter- statess) and|s’). The vectorgy, andq, are
ing of the electron or hole between different bands, and there
are alsantraband excitonic transitions which the electron a oMy e My sy (118
and hole remain in the same band, and only the exciton en- Cmetm, mo+m,
velope function is affected by the interaction with the radia-

tion field. Whether the main contribution to the scattering . me - Me -
involves intraband or interband transitions, or any other path, an= K— K’, (11b
mC+ mU Me/ + mv/

depends in general upon the parameters of the material and
the laser energy employed. We feel that whehw2 is  and
around theky gap of 1I-VI and llI-V semiconductors, the
remainder of bands are sufficiently far in energy so that their SN 37 SNk Qiger

contribution through interband transitions can be neglected, hoa(@ j drev(n7e o). (12
thus in this work only intraband transitions are considered. Ilyn exhaustive study of the integrals of E(L2) was per-
this case the explicit expression for the matrix element is, iformed in Refs. 11 and 12, and we refer to them for further

the dipole approximatior} details.
o 1 By using Eqs(7), (8), and(10) we find thatWg, is pro-
STt y e ™ > ortional to 8,; . g <. (conservation of wave vector in the
N K AerNR)=8; gk \| =Py (6D, P 26, .
MmN o gl WV global scattering procegsand the sun¥g in Eq. (3) drops

(8) out. The resulting expression for the amplitude is

27h 27h (éL'ﬁcv)(ég'ﬁv’c’)Z 1 [@Z QD§,0(O)* Pg‘oﬁgrvl(él)
oo’ NV wsng Mo ¥ 2hw —Eg—AE +iT, | 1T hoi—Eg—AEFil,

[Ver o @8y ol er 1 en ol —Ge) = 8er Voo (D gr 1 no(An)] @ 0(0)
> :
-f” hws_ Eé_AE§77+|F§n

1l e
W,:|=I‘eC2——

YV Mo

(13
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wherer,=e?/myc? is the classicalThomson electron ra- VLK Bl NK)
dius. In the above expression, although we have neglected &

the wave-vector dependences in the denominators, we have 1 Ct . .
retained the small but finite value gf andg}, in the exciton- =0k +q K0! ,cOu,v7 W F[IA—»A’( —Qe)— hh—n(An)],
phonon matrix element.

It is worth noticing thangyoﬂg/,l(é) is proportional to the (15

z component of the photon polarization vectey, (see the . L _
Appendi¥. In our calculations the axis (taken to be the WwhereCg is the Frdilich coupling constant,
guantization axis of the exciton angular momentules

along the phonon wave vectm}, and therefore we have 1
CF—_i \/ZﬂﬁwLoez( ),

Pf/'o_,gJ(éL)océL-a (q is a unit vector alongg). This (16)

means that the mechanism we have proposed to describe

HRS is only effective if the polarization vector of the inci- ¢.. and e, being the optical and static dielectric constants,

dent radiation lies in the scattering plane determined by the . : S .
L respectively. Taking the limig— 0, the exciton-phonon cou-

wave vectors of the incident and scattered photons. As ling vields the nonvanishing result:

trivial consequence of this fact, the HRS process displayed iRy 9 '

Fig. 1 should be forbidden in an exact backward scattering
configuration, WithES antiparallel toEL.

€ €p

- - =01l m,—m;
a[l e0-¢1(—de) —leong 1(An) ] — 3 ng,%g',l,

Ill. RESONANT HYPER-RAMAN EFFICIENCY (17)

We further proceed with the application of EAL3) to  where the functiorR, . ; is given in the Appendix.
calculate the HR resonance profile around Ewand Eq In conclusion, the RHRS considered here is dipole-
+ Ao gaps of zinc-blende-type semiconductors. We will asforbidden when the electron-phonon interaction involved is
sume three independent valence bafldsavy holes(hh),  deformation potential, whereas it is dipole-allowed when it is
light holes(lh), and spin-orbit split-off holegso)] and only  induced by Fralich interaction. This is in contrast with first-

the I'q conduction band of symmetry. order RRS, for which the opposite selection rules HOft.
The reason for this is that the introduction of a new photon
A. Role of exciton-phonon interaction changes the parity of the accessible intermediate electronic

fStates froms to p, a well-known situation in two-photon
@pectroscop%’ On the basis of the above argument one does
not expect to see effects derived from deformation potential
interaction in RHRS. In Ref. 21 it was experimentally shown
that the contribution of Fildich (electro-opti¢ interaction to

the HRS by LO phonons in ZnS, ZnSe, and CdS is 1-2
orders of magnitude larger than the intensities of HRS by TO
phonons(induced necessarily by deformation potential inter-
action. Thus only the dipole-allowed Fntich-interaction-
induced process will be considered from here on.

Let us analyze RHRS mediated by the two kinds o
electron—optical-phonon interaction present in zinc-blend
compounds, namely, deformation potential andhfioh in-
teraction. The deformation potential interaction by optical
phonons cannot couplEg conduction-band Bloch states in
zinc-blende semiconductot® Thus in this case the scatter-
ing by the phonon involves only the hole part of the exciton,
and the matrix elemen(tL0) reduces t&

(N K'Hel\K)

Upy3

= — 8% ket e A <U|f)h|vr>|)\—>)\/(ah): (14) B. Hyper-Raman resonance profile
0 By using Egs.(3), (13), and(15), the HR efficiency can

whereug is the phonon displacementty the lattice constant, P€ expressed as

and f)h the deformation potential matrix as defined by Bir
and Pikus'® dSn

As explicitly shown in Eq.(13), the phonon emission is W=T0(NLO+ 1)|Cg|?
accompanied by excitonic transitions between states with S
diferent angular momenturh. The integrallgryl%,,,o(ﬁh)
vanishes in the dipole approximatiov?L(S—>O), due to the
orthogonality of envelope functions with differehfsee Eq.
(12) and Ref. 11. Therefore, we conclude that RHRS medi- 2 2\2 2
ated by the deformation potential interaction is dipole- Tozrg(w—s) 77—3( P—> M ! /iw / 2mh ,
forbidden. o] mlimo) ¢ hol\mo Vo 52

When the hyper-Raman process is induced by thénFro (19
lich interaction, on the contrary, the symmetry of the
electron-phonon coupling requires transitions between stategd P=|(s|pyx)|. In Eq. (18) the sum runs over heavy,
in the same banflg.=(m,/M)q andg,=(m./M)q], and light, and split-off exciton states)& v n,v 1 ,vsg). The func-
the matrix elemen(10) can be written as tion W(v) is given by

2
, (19

1
52 C(v)Mv)

where
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W(U):E 1 Mo ®eo(0)* Pg,Oag’,l(éL)] [lerome 1(de) T e o e 1(An) 1@en o 0)
¢ 2ho —Eg—AE,+iT x| # T hoi—Eg—AE A+l | % hiws—Eq—AEg+il ’
(20)
with the weight factoiC(v) equal to
1 . o -y -
Clo)=5{clec-plo)(vles -plc). (21)

In order to write Eq(20) we have used some properties of the integfaB, which can be found in the Appendix of Ref. 11.
In the RHRS experiments discussed below? is in, or slightly above, resonance with an interband electronic transition
of the material. Under these conditionsFf is sufficiently large as compared to the Rydberg end&®@nd the LO-phonon
energy hw o, the second denominator in Eq20) is very far from resonance, and we can assume that
| —Eg4|>AE; for the exciton stateg relevant to the resonance behavior. By taking into account the closure relation

2 a0 =an),
it is easy to verify that

52 m, _|h é V_) ’ F -: I// ), &1 +| " ’ " O
W(v):—ﬁ Mo ( e Vg A )l.r 02 [lerooga(de)+ 1o g ,1((:']h)](P§ ol ), 22)
f/ M zth_Eg_AE§/+|r§I §// ﬁwS_Eg_AE§//+|r§//

where §°= R/I(Eq—%iw ). This approximate result depends =4, whereas the contribution of the continuous spectrum has

on the derivative of the exciton envelope functionrat0, beerj fully takgn into gccoun(except for continupm-
v > : ' . . continuum transitions, which have been neglected since we
@ 1(r)|7—o- This feature, first recognized in the calcula-

. . are studying here a one-phonon pro¢&83. The lifetime
tion of two-photon absorptioff, makes the two-photon tran- broadening of the continuum states is taken to be indepen-

sition arising at the first steps of the scattering process r€3ent ofk and equal to,. Then=1 and 2 exciton states
(o) -

semble a one-photon forbidden transition, known to bring th%ave been assigned a unique lifetime broadefiipgand for

electronic system to g- (I=1) exciton state. Thus expres- q remainder of the states we use a vdlyebtained from
sion (22) is formally similar to that appearing in first-order

RRS (for a photon of energy Rw, ),%° except for the pres-
( P 9y 2wy ) P P TABLE I. Numerical values of the ZnSe parameters used for the

ence of the factoe, - Veg oM)li-o instead ofp, o(0). Oth- ¢aicylation of the HR efficiencies displayed in Figs. 2—4.
erwise stated, the RHRS proces®aivalentto a RRS pro-

cess in which the first interband transition, corresponding to Parameters Values
the absorption of a photon#2y, , is dipole forbidden

(p-exciton states are responsible for the incoming reso- Eo (Ih) 2.82060 eV*
nancg, whereas the last one, corresponding to the emission Eo (hh) 2.822776 eVt
of the scattered photdhwg, is allowed -exciton states are hoo 31.75 me\b/b
responsible for the outgoing resonanc€his possibility of Me 0.15 mg X
probings- andp-exciton states in the same experiment is one Mhh 0.78 mg X
of our predicted and not yet demonstrated advantages of ~ ™Mh 0.14 moC
RHRS experiments. Even if only the incoming resonance is My 0.24 mg
studied, the technique of RHRS is potentially advantageous R 19 meV®
to study electronic states of different symmetry to those par- a 46.7 Ad
ticipating in RRS. P?/m, 9.4 ev®
In order to illustrate the particular features of the resonant g 9P
behavior of HRS, we have performed calculations of the HR £ 5.5°
efficiency in a realistic case. We have chosen the parameters  |C| 45x10°5 eVcm‘2f

of ZnSe(see Table), a material where excitonic effects are
clearly observed in RR.Figure 2 displays the correspond- “Reference 27.

ing HR resonance profile forfaw, around theE, gap, as bRﬁference 29.

obtained by applying Eq$18)—(20). For reasons which will  °1/m,= 5[ (1/my) + (1/my)].

become clear in Sec. IV, only the contribution of the light- G= /(R /R)[ (1/mg) + (1/my)]ay, where Ry and a, are the
hole valence band, has been considered here. In the sum Rydberg and Bohr radius of the hydrogen atom, respectively.
over intermediate states of ER0O) we have included states ®P~2x#/a,.

from the discrete spectrum with a quantum number up to See Eq(16).
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FIG. 2. Dependence of the HR efficiency ofi@, . The param-
eters employed are those of ZnSe, and can be found in Tébidy FIG. 3. Contribution of the different intermediate excitonic tran-
the contribution due to the Ih exciton is shown in the figufghe  sitions to the HR efficiency. The parameters employed in the cal-

solid (dashedl line has been obtained usifg;=0.35 meV and culations are the same as for the solid lines in Fig. 2.
I''=1 meV ('1=3.5 meV and'.=10 meV).

a factor of 100; see right scaleThe calculations of the HR
interpolation betweed’; andI',. The continuous lines in efficiency for exciton-phonon interaction via deformation
Fig. 2 represent the results obtained with the valligs Potential (not presented heyegive results four orders of
=0.35 meV andl';,=1 meV, reasonable for samples of Magnitude smaller than those shown in Fig. 2, as is expected
high purity and at low temperature. The dashed line show&om the dipole-forbidden character of that mechanism.
the HR efficiency obtained by using larger valuds, It is also interesting to analyze the relative importance of
=3.5 meV and’.=10 meV. Several sharp features can bethe different sequences of exciton intermediate states which
distinguished in the small broadening resonance profile: a§an arise from the sums in E0). We have calculated
advanced above, the incoming resonance takes place whéfparately the contributions to the efficiency due to discrete
2h o, matches the energy of thepZexciton state,,= E —discrete-discrete (l—d—d) discrete-discrete-con-
—R/4. Also, a small shoulder is apparent when twice thelinuous @—d—c), discrete-continuous-discrete (—

photon energy is in resonance with the band-to-band transt—d), ~continuous-discrete-discrete ¢—d—d), and
tions, 2w ~E,. There is no incoming resonance at continuous-discrete-continuous ¢—d—c) transitions,

2fw, =E=Eo—R, since after the absorption of the two and their square absolute values are represented in Fig. 3. We
photons the exciton cannot hale 0, but we can observe a Can see that the fundamental contributions to the HR effi-
strong enhancement of the efficiency whiems=E, (out-  Ciéncy arise from the combination ef—c—d andd—d

going resonandeand even forkws=Eo. It is noticeable —d excitonic transitions, the remainder be_lng at _Ieast a
that, as compared to the offeelowJresonance results, the factor of 10 smaller. Of course, the total efficiency is con-
efficiency is increased by a factor100 when Zew, st_ructed by cqherent superposition of the corresponding am-
=E,p, and up to 16 for ws=E;s, thus reaching absolute plitudes, and interference effe.ct.s are alvyays pre;ent; more-
values of the HR efficiency between 10 and OVer t_he sequences containing continuewsntinuous
1075 cm(MWsr)~L. These values imply, for an incident excitonic transitions are absen_t fr(_)m our _calculapon_s.
laser intensity of 100 MW/cf) and scattering efficiencies Nevertheless, the resglts shown in Fig. 3 are |Ilus.trat|ve in
in the range 10°— 102 sr ! cm L, which are comparable the sense that they.d|splay clearly that the more important
with the Raman efficiencies obtained under resonance coiaths for the scattering process are those through the exciton
ditions in several zinc-blende-type semiconductdré states Whl(_:h 1al||OW the second and thll’d. denominators of Eq.
These predicted values show the feasibility of the RHRS4) {0 vanish.” We also have to consider that sequences
experiments as far as the intensity of the scattered signal £oNtaining continuous states present a somewhat reduced
concernedat least for laser energies such thabs<E,s, contribution, du_e to the larger broadening of these states. On
because for larger energies the scattered signal begins to k€S€ grounds it can be understood why thed—d tran-
perience a strong reabsorption, which may hinder its detecitions dommate the resonance profile in the incoming reso-
tion). Nevertheless, from the comparison between the resul8Nc€ region, while the—c—d ones become of compa-

in solid and dashed lines of Fig(d, it is evident that as the rable importance for 2w, >Eo, and exhibit a(slightly)
broadening of the exciton states is increa@cbn for values  1arger contribution in the outgoing region.

below 10 meV, the different features of the resonance pro-
file rapidly smear out and become less defined, and therefore
they are unlikely to be resolved in experiments performed at
high temperatures and/or on low-quality samples. Further- Despite the potential advantages of this nonlinear spectro-
more, the signal will be obviously weaker under these cir-scopic technique, experimental studies of RHRS are still rare
cumstances; for the values of the broadening used in thim the literature’~® In particular, the only reported measure-
example, a decrease of two orders of magnitude in the HRnents on zinc-blende semiconductors, to our knowledge, are
efficiency is observeéthe dashed line has been enhanced bythose of Refs. 7 and 8, carried out on ZnSe thin films. In this

IV. COMPARISON WITH EXPERIMENT
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7 . : . - . : . Clow) C(|13,3)) siné 23
] _ZnSe(Sum)/GaAs o ----- x(yy,0)z | Mih o 3ETu2 M 3uin’
1 lEzp(Ih) L] x{(zz,0)z
[23
5 °T E,,(hh) | C(vnn) C(|3,32)) _sing (24)
g 4t 1 E,,(unstrained) Mhh 3,532 Mhh Mhh '
= | J
g3 and, in thex(zz0)z configuration,
S T
£ 2
Wl Clv (13,3 2ising
3 (on) _ (93 _2ising
Mih J,==12 M 3in
2.814 2.816 2.818 2.820
Cvnn C(13,32)
2ho,_ (eV) — G- 1= =0, (26)

Mhh J,=*+3/2  Mhh
FIG. 4. Hyper-Raman resonance profile around the critical point
E, of ZnSe: experimental data are given by the black circleswhere 8 is the angle of the polarization vector of the scat-
[x(yy,0)z scattering geometityand square$x(zz0)z] (Ref. 7, tered light with respect to th& axis. The above selection
and theoretical calculations by the solid and dashed littes pa-  rules clearly show that the@excitonic transition associated

rameters employed are listed in Tabje | with the heavy-hole band is allowed only fer Lz, while

section we compare those experimental data with the thedh€ transition assoi:iated with the light-hole band takes place
retical model developed in this paper. both for §L||z and e L z. On the other hand, under tensile
The sample investigated in Ref. 7 consists of arb- uniaxial strain the transition from the light-hold,& + 3)
ZnSe film epitaxially grown on #01) GaAs substrate. The band to the conduction band shifts to lower energy as com-
HRS experiment was performed in the right-angle scatteringpared to that involving the heavy-hold,& = 2) band. The
geometry, i.e., irx(yy,0)z andx(zz0)z scattering configu- experimental results of Fig. 4 are then understood as follows:
rations, where the first, second, and third symbols inside théhe two observed peaks come from thp 2xcitonic reso-
parentheses refer to the polarizations of the two incident andances associated with Ih and hh valence bands, pigbrg
scattered photons, respectively|[(100], y||[010], z|[001],  exciton resonance taking place at higher energy than the
and 0 indicates unpolarized lightand their directions of 2p(lh) one (from their energy difference, a tensile biaxial
propagation are indicated outside the parentheses. Figurestraine=4.8x10"* was estimated’ the 2p exciton energy
shows the raw LO-phonon HRS intensities measured byn unstrained ZnSe is 2.8185 gV
sweeping Zw, through the D exciton region of ZnSé: We have performed calculations of the HR resonance pro-
Open circles and squares represent the HRS intensities ffite within the framework of the model presented in previous
the e, L z and e, |z scattering configurations, respectively. sections, in order to check its ability to reproduce the experi-
The existence of a doublet structure in the HR resonancB€ntal results. The parameters employed are listed in Table
profile can be traced back to the residuehsile in-plane I. The hh-lh exciton splitting due to the strain has been fixed
strain present in the ZnSe film due to the mismatch in th@cco_rding to the experimental data of Ref. 7. The best fit was
thermal expansion of ZnSe and GaZ&dote that this effect obtained by using the following values for the exciton broad-
has the opposite sign to that expected from the effect of th€ning: I';(Ih)=0.35 meV, I';(hh)=0.45 meV, andl¢(lh)
lattice mismatch in the case of coherent groyithe lattice ~ =1'c(In)=10meV. It is worth mentioning that, in order to
constant of ZnSe is larger than that of GaA%?* Coherent simplify the numerical calculations, we have taken an aver-
(i.e., pseudomorphjcgrowth, however, is only found in the age hole massn,=0.24m, for both light and heavy holes.
ZnSe/GaAs system for very thin ZnSe layers150 nm). The theoretical calculations are also shown in Fig. 4 as solid
The uniaxial component of the strain associated with theand dashed lines: The agreement between calculated and
tensile in-plane strain removes the lh-hh valence-band deneasured values is very good, especially if we take into ac-
generacy, giving rise to two different excitonic transitions, count that both resonance profiles in Fig. 4 are fitted with the
which manifest themselves as distinct peaks in the HR rescsame set of parameters, and the same scale factor is em-
nance profile(see Fig. 4 Moreover, in Fig. 4 we observe a ployed in both cases to bring theory and experiment into
strong dependence of the resonance profile on the polarizagreement. The minor discrepancies observed in Fig. 4
tion of the incident light. This is due to the fact that the chiefly concern the off-resonance range, where our results
Bloch function symmetries provide different polarization de-overestimate the HR efficiency as compared with the experi-
pendence of the scattering process. Let us denote byent. Some disagreement is also apparent in théhl2)
|[J=%,3,=+3%) and|J=3,J,= = 1/2) the Bloch functions of resonance in the(yy,0) resonance profile, where now the
the hh and Ih valence bands, respectively. The quantizatiotheoretical results are somewhat smaller than the measured
axis can be taken along the direction of the uniaxial strainpnes.
i.e., along[001]. Now we can calculate the polarization se-  The success in reproducing the key features of the experi-
lection rules derived from Eq21). In the x(yy,0)z scatter- mental results indicates that the theoretical model elaborated
ing configuration we havé?® in this paper contains the main ingredients of the nonlinear



10 450 A. GARCIA-CRISTOBAL et al. PRB 58

hyper-Raman scattering response, and thus can be used, in

combination with experimental data, to obtain information Pg',|ug,|(e)EPgu|r,%g,|,o(e)=%(AEg'—AEg)
on the excitonic structure and the exciton-phonon interaction

in semiconductors. In this sense, a good candidate for further e .
RHRS studies would be GaN, a material whose exciton Xfo r drf dOQ R ()Y, ()

states are known to dominate its optical properties, but are
hardly accessible to one-photon laser spectroscdpies. X€-1 Ry ()Y} o( Q). (A3)

V. CONCLUSIONS The angular integral can be performed resorting to standard
properties of the spherical harmonf&s:

The efficiency of hyper-Raman scattering by LO phonons
has been calculated for deformation potential anchkecb - M
interaction, taking into account excitonic effects in the Pé""ﬂfv'(e)ZeZZ(AEf_AEf’)Rf’v"HEv'
framework of the Wannier-Mott exciton model. We con-
clude that HRS via deformation potential is several orders of (I"+1)2
magnitude smaller than via Hulich interaction, and there- (2|,+1)(2|,+3)5|,|/+1
fore only the latter case is analyzed in detail.

We show that RHRS allows us to study simultaneously |2
andp excitons in cubic crystals. Under resonance conditions — \/
2hw, resonates witlp excitons, whereas the scattered pho-
toniwg=2hw —hw o iS resonant withrs-exciton statesp
excitons are dipole forbiddenThe main feature of the HR
resonance profile is that the outgoing peak is much stronger w
than the incoming onéat least 50 times larger for Znge Rg/,v—»g,l:f r3dr Re (MR /(). (A5)
The calculated HR efficiency reproduces quite well the ex- 0
perimental data available for ZnSe/GaAs thin films. The We note that, with the choice of envelope functions made
strain-induced hh-lh energy splitting and its effects on the )

\ . in this papert}'? the matrix element$A4) are purely real.
HR.resonance_proflle are well charactenzeq by the prese.r)ilso it is apparent that the interaction with the photon field
exciton theoretical model. Improved calculations and experi-

mental measurements of scattering efficiencies should heIInduces a change of 1 in the orbital quantum numbdr
. ng e ince we are treating the case of an allowed edge, bnly
to decide whether the terms considered in this paper are the . L : .
=0 excitons participate in the first and last steps of the scat-

only ones of importance in accounting for the experimentakering process shown in Fig. 1, and consequently we need

resonant HR spectra. ) -
only the matrix element®, o .. (e):

erna ) A

whereR ¢ is

APPENDIX: RADIAL INTEGRAL BETWEEN EXCITON e
> z M
STATES PgryoﬂgJ(e):aLlﬁ— AEg_AEgr)Rgr’O*@J . (A6)

(
h
The matrix elemen(8) is proportional to
It can be easily shown, following a similar procedure to that

P, 2 — 3T vk 22 (F Al employed' in' Refs. 11 and 12, that the radial integral
vor(@= [ d¥eu D Epeu(r), (A STPOVES I Rel
p=—i#AV being the linear momentum operator for the rela- rd +1+4)
tive e-h motion. Then, for a transition between two exciton Rgr,|r_,g,|=a4N,_ngg/,|/NgHg,|W
states with relative motion energia€, andAE, ., we have
- M - - > - - ’ ’ 1 1 .
Pwﬂ(e>=@<AEw—AEA>fd3rmr)* e Ty (r). XFa| I"+1+4 ] +1_;,|+1_;,
(A2)
, 2x" 2x
Moreover, the exciton envelope function can be factorized x2("'+1),20+1) i—= = | (A7)

into angular and radial parts::f,,'m(r»)=Y|,m(Q)R§,|(r) (see

Refs. 11 and 12 for further detalldn the scattering process where A=x’+x+0*. We recall thaty=1/n for the dis-
considered in this papen is always zero, and we need only crete spectrum ang=ik for the continuous spectruitthe
the matrix element notations employed can be found in Ref).11
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