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Abstract. We study the influence of electron-phonon coupling on the resonant dynamical 
Stark effect in Cu20. We start from a multi-band density matrix theory involving directly 
forbidden dipole transitions and directly allowed quadrupole transitions. The use of the 
multi-band formalism is necessary for the inclusion of the observed polarization effects. 
From a microswpic treatment of the electron-phonon interaction we derive a flequency- 
dependent transverse relaxation for the excitons and a renormalization of the optical tran- 
sitionmatriwelementsresultinginaFanoeffect. We derive anexpression forthe differential 
transmission, taking into account a parametric sum frequency generation. Theoretical and 
experimental data are compared. showing satisfactory agreement. 

1. Introduction 

The optical Stark effect of excitons in semiconductors consists in a modification of the 
excitonic absorption induced by a strong pump beam in the transparent spectral region. 
Since the first observation of the dynamical ‘resonant’ intraband Stark effect in a 
semiconductorbyFr6hlichetaf [I] alargevarietyoffurther experimentalandtheoretical 
studies have been performed. By contrast to the resonantintraband Stark effect, a ‘non- 
resonant’ interband Stark effect was observed by Mysyrowicz et al[2] and Von Lehmen 
et af [3] in GaAs quantum wells and by Joffre er a1 [4] in a GaAs bulk semiconductor. 

Density matrix theory [5-101 has been developed into a powerful tool for use in the 
investigation of the dynamics of electronic processes in semiconductors and especially 
the various manifestations of the Stark effect. Density matrix methods described in the 
literature [7, 11-14] usually introduce longitudinal ( 5 , )  and transverse (r2) relaxation 
timesphenomenologically. The transverse relaxation is much faster than recombination 
andplaysadecisive rolein the optical Starkeffect. Detailed experimental and theoretical 
studies of the corresponding absorption line shapes during the last few years indicated 
limitations on the use of phenomenological damping constants in the density matrix 
theory [1,12,15,16,18]. These shortcomings can only be overcome by using a micro- 
scopic theory of damping. 

Toyozawa [19,20], Segall ef a1 [21,22] and Rudin et a! [U, 241 studied the effect of 
lattice vibrations in linear exciton absorption spectra. Novel approaches [Z-271 discuss 
a non-Markovian dephasing of the excitonic polarization in the interband Stark effect 
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due to exciton-phonon interaction. A conclusion that can be drawn from earlier work 
is that each non-linear optical effect has its own damping characteristics necessitating a 
special treatment. In the present paper we shall develop a density matrix approach to 
the dynamics of the intraband Stark effect in CuzO observed by Frohlich er a1 [l, 161 
with special emphasis on exciton-phonon interaction and selection rules. 

in theexperiment reported byFrohlicheta[[l] the2pand lsexcitonweredynamically 
coupled by a strong infrared laser field (CO, laser) and the induced change in absorption 
was observed in the directly forbidden dipole transition to the 2p exciton tested by a 
weak laser beam (tunable dye laser). Thisexperiment wasexplained within a three-level 
system, introducing a special phenomenological aman for the frequency-dependent 
transverse relaxation of the 2p exciton. 

Another way to study the coupling to the Is and 2p exciton caused by the pump field 
is to measure the induced absorption in the directly allowed quadrupole transition to 
the lsexciton (16,171. Because thequadrupole absorptionofthe lsexcitonistwoorders 
of magnitude smaller than the dipole absorption of the 2p exciton, in the experiment 
[16] a sample of 3 mm thickness was used instead of the 60 pm sample used in the former 
experiment [l]. Asaconsequence, theattenuationofthe testbeam due tosumfrequency 
generation must be taken into account. It turns out that the strength of this effect is 
comparable to that of the quadrupole absorption. The results of this experiment could 
not be explained using the theoretical treatment mentioned above. The paper is organ- 
ized as follows: in section 2 we shall first describe the experimental set-up that was used 
to study the Stark effect in Cu,O. In section 3 we formulate the model and perform 
relevant projections based on exciton eigenfunctions. In section 4 an expression for the 
differential transmission will be derived. Comparisons between theory and experiment 
will be made in section 5. The calculated differential transmission spectra are in fair 
agreement with experimental findings. 

2. Experimental set-up 

The experiments on the quadrupole transition to the 1s exciton in Cu20 were performed 
with a picosecond set-up, as shown in figure 1. Details of the active-mode-locked YAG 
dye laser system are given in [16]. The CO2 laser pulse is synchronized to the 60 ps dye 
laser pulse by plasma switching. The 150 ns CO2 laser pulse from a single-mode CO2 
laser is incident at the Brewster angle with perfect horizontal polarization on a ger- 
manium plate. The YAG pulse excites a plasma in the germanium plate which leads to an 
instantaneous rise of the reflectivity for the CO2 pulse. The finite lifetime of the plasma 
yields rather long CO2 pulses (250~s). The suppression of the 1.50 ns CO, laser pulse 
was better than 1 : 500. The short pulse is further amplified in a TEA amplifier. The dye 
laser beam is focused to a waist of about 30 pm so as to overlap perfectly the waist of the 
CO2 laser-about 90 pm. Both pump and probe beam are directed on the sample with 
nearly normal incidence and the same linear polarization. 

3. The model 

The starting point will be the realspace representation of the electron-hole density 
matrixtheory[lO].The pointgroupofC~~Ois0,andthebandstructureisgivenin [ZS]. 
Because of the experimental situation, only the twofold-degenerate rt valence band 
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Figure 1. Experimental set-up 

and the r,+ conduction band need to be considered. As pointed out previously, the 
strong infrared pump beam is resonant with the 1 s - Z ~  transition. Following arguments 
given in (121 and [14], no populations are produced in this case by the pump field, and 
only the interband transition submatrix Y of the complete density matrix is active. The 
transition matrix Y is driven by the electric multipole sources [8,29]. Because of the 
large exciton mass, we can neglect the centre-of-mass motion. The equations of motion 
then take the form 

(ih a/a t  + hQ)Y&, R ,  t )  = (M&) + vRQc&))Et(R,  t)  

-er .EP(R,  t )YUc(r ,  R ,  t )  + (L'Y,)(r, R ,  t). (1) 
r, R are the relative and centre-of-mass coordinates, respectively. The indices U = 1 , 2  
(c = 1, 2) are used to specify the total angular momentum quantum numbers of the 
Bloch functions of the r: valence (r'z conduction) band at k = 0. The propagation 
operator hQ describes the propagation in configuration space: 

pisthereducedmass, U(.) theCoulombpotentialandhw,thegapenergy.Thefirst term 
on the RHS of (1) describes the linear excitation from the ground state via radiative dipole 
( M )  and quadrupole (Q)  transitions induced by the weak test beam E'. The dipole and 
quadrupole transition densities are given by 

hS2 = hw, - (hZ/2p)A, - U(.), (2) 
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where IBZ = first Brillouin zone. For excitations near the zone centre it is useful to 
expand the Bloch functions in the above expressions around k = 0 and retain the first 
non-vanishing moments. Both the valence band and the conduction band have positive 
parity at k = 0; this yields 

hf&) = - M I ~ ~ V , W .  (5) 
Thus the directly forbidden dipole transition acts as a p-symmetric point-like source for 
p-like excitations in relative space in (1). The second-rank matrix with elements hficU 
can be obtained by k -pperturbation theory [30]. In contrast the quadrupole transitions 
are directly allowed 

Q,&) = Q d X r ) .  (6)  
This gives rise to an s-symmetric point-like source in relative space driving s-like exci- 
tations. The second-rank matriceswith elementshf,,, andQ,,,contain both thecoupling 
strength and the selection rules. The second term on the RHS of (1) leads to the coupling 
between excitons of different parity caused by the strong pump field EP. The last term 
on the RHS of (1) is a consequence of the electron-phonon interaction and takes into 
account the propagation of the transition density Y in an incoherent thermal phonon 
environment. I: is the phonon self-energy operator; it will be calculated by a method 
that is a refined version of the approach used in [31]. The explicit form of this term will 
be discussed later. The macroscopic polarization P(R, t )  comprises all possible dipole 
and quadrupole contributions: 

P(R, f) = 2Re(, d3r (MXr)  - (QL(r)Vd)Ydr,R, 0). (7) 
yc 

[-(h2/2dAr - u(r)lw(r) = %?+(r) 

P(R, 0 = CC-Re[(M1;,V,~i(r)l~=o - (Q~",,~,)'~,(O))YI,,(R, 41. 

(9) 

(10) 

we obtain, with the helpof (5) and (6), 

1°C 

It can be seen easily that the directly forbidden dipole transition 'reads' only the infor- 
mation contained in the p-symmetric expansion coefficients y,,, whereas the directly 
allowed quadrupole transition utilizes only the s-symmetric expansion coefficients y,,,. 

lnserting the ansatz (8) in (1) and applying a Fourier transformation in time, one 
obtains equations for the coefficients y,,,(R, U): 

A'(u)YI"~(R~ U) = F I A R ,  U) 

with 
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(14) 

[Ep * Y I * . ~ I ( R ,  0)  :=- dEEp(R, UJ - E)YI-"~(R,  5). (15) 

mil' := - e I d3r  9 7 (r)r9r (r) 

2Z 'I 
Turning to the phonons in Cu20 we note that besides the Th acoustic mode there exist 
six optical modes belonging to representations r;, r:, 2 r i ,  r; and T i  [32]. As the 
experiment was performed at a temperature of 25 K we can assume that for the optical 
scattering only 'Stokes' transitions are relevant. Therefore the LA deformation potential 
scattering should be responsible for the damping of the 1s exciton [19]. The two T; 
phonons are infrared active and may be expected to play the dominant role for the 
damping of the p-symmetric excitons because of their polar character [33]. Thus we 
restrict ourselves to taking into account only contributions from the r; LA phonon and 
the two Th LO phonons to the phonon self-energy. The pb,onon-induced electronic self- 
energy2 is derived from the following integral equation: 

P ' ( w )  = %!,(w) + C:;,(W) 
ALO 

with 

(d,.s,(q, N") - dh'Sb(q, ll"))(d,$(q, 1.L") - dh*Si(Q,  ['l'')) 
X (17) 

hw, + hZq2/2M - &(U + ill * qc,,) - P " ( m  f. qcLA) 

as 7- O+. d. and d,  are the acoustical deformation potentials of the r: conduction 
band and the r: valence band. p is the density of Cu20, V the crystal volume, cLA the 
longitudinal sound velocity and M the exciton mass. 

In the limit of low temperatures we neglect the thermal occupation of the optical 
phonons; this yields 

( s e ( q ,  l[") - s h ( q ,  N"))(sr(q, [ ' [ ' I )  -S"hq,  l'"')) 
X (18) hw, + %,. + fi2q2/2M - R(o + iq - on,,,) - Z1"'(o - oALo) 

as q --.f Ot, The Frohlich coupling constants in (18) are derived from the LST relation in 
thelimitq-O[34]: 

The structure functionss,(q, U') and sh(q, U') are defined as follows: 

s,(q, l l ' )  = d3r 97 (r) e'*" 9p(r) (20) 

sh(qrN') = d3rq3r(r)e-icq.r 9r.(r) (21) I 



126 J Schlosser et a1 

(Y = m,/M /I = mh/M. (22) 
In general the expressions for ZLA and XALO cannot be evaluated separately because they 
are coupled by C in the energy denominators in (17) and (18). The frequency dependence 
of Z determines the phase memory. 

Note that we have only considered scattering by spontaneous phonon distributions. 
Stimulated phonons will not be present because their source terms would be real carrier 
densities derived from the intraband density matrices C and D. These quantities are not 
activated in the intraband Stark effect since this effect consists in a coherent oscillation 
between different envelopes of the transition density Y. 

4. A simplified expression for the differential transmission 

The task of finding a solution of (11) explaining the measurements given in [16] is 
considerably simplified by the following: 

(i) the energetic splitting between the 1s and 2p excitons is 115 meV; this is very close 
to the value for the COz laser lines used in the experiment and larger than any phonon 
energy in CuzO; 

(ii) the ns exciton resonances, n > 1, lie at least 115 meV above the 1s exciton 
resonances; 

(iii) the energetic splitting of the 2p and np excitons, n > 2, is larger than 13 meV; 
(iv) with the neglect of centre-of-mass motion, the matrix elements of the phonon 

self-energy E"' vanish if I ,  1' belong to different irreducible representations of the 
excitonic states [20]. 
From the first point it follows that the broadening of the 1s exciton is due to the 
deformation potential scattering and only the 1s exciton in the internal summation over 
exciton states in Xu is important. Taking this together with the second point, it follows 
that one has only to deal with the 1s exciton, rather than the whole s series. Using 
properties (i), (ii) and (iv) the matrix equation (11) can be reduced to a system for the 
expansion coefficients of the 1s exciton and the p exciton series. In the following we shall 
suppress the arguments R, w and the band indices U, c. For the threefold-degenerate p 
excitons we choose a symmetric vector representation y, : = (yp, ,, y ,  , yp,) with respect 
to the principal axes of the crystal. The relevant set of equations is then given by 

- )yls = F ~ ,  + ~ ~ S Z P [ E P  *yZp] + C mlw[EP *ynl (23) 
n 

msP : = -e d3r  q: (r)zqp,  (r) = mPs*. I 
Indices n,  n', . . . denote the np excitons (n, n', . . . > 2) and ( j  = x ,  y, z) are unit 
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vectors in the direction of the principal axes. For the calculation of the phonon self- 
energy B'p' the exciton wave functions qPr and qp; have to be inserted. The equations 
are valid for both, testing the 1s quadrupole absorption (illustrated in figure 2) or the 2p 
dipole absorption. 

The pump-induced coupling between the Is and the 2p exciton has to be treated in 
infinite order in the pump field EP, whereas for the np excitons, n > 2, a calculation up 
to thirdorder in theelectric field is assumedsufficient (first order in test beam and second 
order in pump field). The np excitons are energetically well separated from the 2p 
exciton (point (iii) of the above comments), so one expects that only one-phonon- 
assisted contributions to the absorption of the 2p exciton are relevant. Thus (23)-(25) 
take on the form 

and 

Assuming a quasi-monochromatic pump field with frequency wp,  one obtains for the 
case 

fiw = fiw, + - Re{ZLS"} (38) 

with 

& ( w )  := F,lS(w) - Imls2p121EplZ E g l S ( w  * 2 w p )  (40) 
- 

bsp(w) := (1 + BSP(w))(l + BP'(w)). (41) 

The electron-phonon interaction leads to renormalization and damping of the Is and 
2p excitons (AIs + 215 = AlS - Z's15, AZP + S2P = AzP - X 2 p 2 p ) .  In addition, 'vertex' cor- 
rections of the envelope matrix elements (mlaP+ m'"P(1 + BlS2p)) are found. This is a 
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consequence of the pump-field-induced interaction with asymmetric p resonances. For 
the case hw = hw, + %2p - Re{X2p2p}, relevant for the situation where the probe is tuned 
to the 2p exciton, an analogous calculation [35] leads to results very similar to those 
reported earlier by Higashimura et a1 1361. 

Inserting expression (39) into (lo), the dielectric polarization P,,(R,  w )  of the Is 
exciton becomes 

P,s(R,  m) = lQolZlqls(0)12T(-VR, V,)E'(R,  0) 

:= E O X ~ ~ ( [ E P ] ,  w)E'. (43) 
I Qol* is the strength of the quadrupole coupling. The coupling coefficients contained in 
Q,, are taken from Koster et a1 [37]. Performing the summation over U ,  c in (10) one 
obtains the 3 X 3 matrix T(L, N ) ,  built up from the vector components of the vectors 
L = (Lr ,  Ly,  L z ) ,  N = ( N x ,  N y ,  N J  along the principal axes of Cu20 as follows: 

L v N v  , ,  + LJ" L Y N X  L , N ,  
T ( L , N )  := L,Ny  L x N x  + L z N z  LA'y ' (44) i iLxNz LyNz LZNZ + LYNY 

Therefore the matrix T( -VR, V,) describes the dependenceof thedielectric polarization 
P,,(R,  w )  on the direction and the spatial inhomogeneity of the test field E'(R, w ) .  The 
well known form of the selection rules for the quadrupole transition appears if one 
assumes E' - exp(X . R).  

The differential transmission is defined by D := ln(Tu/T), where TO is the linear 
transmission and T i s  the transmission in the presence of the pump beam. As in this 
system quadrupole and dipole transition densities are active (see figure 2), a sum 
frequency signal on the 2p resonance will be emitted. The corresponding polarization 
P,,,(R, w + up) takes on the form 

Psum(R,  0 + u p )  = Qoq?Z(0)Wp.  V R ) E ' ( R ,  U) 
x m2p"(1 t B2PtS(w + wp))Mjiqip,(0)(l + A 2 2 p ( ~  t wp)) 

x (P((w)"2P(w + up) - Im'"P12IEpl2b'r2p(w + wp))-l  (45) 

:= E O X s u m ( [ ~ P l ,  w)E' (46) 
with 

Thus the generation of the sum frequency depends on the directions of the test 
beam and the pump beam and also on the spatial inhomogeneity of the test field. 
Mrq;pz(0)(l + A2'p) is the strength of the directly forbidden dipole coupling to the 
2p exciton with the 'vertex' correction due to the electron-phonon interaction. 
As the damping of the 2p resonance is two orders of magnitude larger than 
that of the Is resonance one can assume that the whole power absorption Lsum(w,) = 
-.cow, Im{E"xs,,,([EPJ, w)E'} acts as an additional loss for the test beam [38,39] 
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2P 

Figure 2. Level diagram for the quadrupole intraband Stark effect in Cu,O. Only the 
coefficients y , ,  of the quadruple transition and the coefficients of the dipole transitions are 
active. Phonons are indicated by wavy arrows. The two-phonon loops are associated with 
phonon self-energies Z"" and Z'Q'Pand describe frequencydependent renormalization and 
damping of the Is and 2p exciton. The np excitons, n > 2, contribute via phonon-assisted 
processes. 

energy lev1 energy lev1 energy IeYI 

Figure3. The calculated frequency-dependent quantities (a) X'QzP(w). (b) B"*(w) and (c) 
g"(w). Dashed lines are real parts and solid lines imaginary parts. The spectral position of 
the measured energy of the 2p resonance is indicated by the full arrow whereas broken 
arrows denote the start of polar optical scattering due to the LOI and LOZ phonons. The 
parameters used are given in table 1. 

(Es,  o, = w + op, is the generated sum frequency field). The selection rules are ful- 
filled in the experiment [16] and we get the following expression for the intensity I,, 
of the test field: 
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Table 1. Parameters used in the calculations. mo IS the bare electron mass. The parameters 
were taken from [28] and [40-42]. 

Parameter Value 

m. 0.98m0 
mh OS& 
M 1 . 5 h  
A@, 2.1725 eV 
Ryd = f i 2 / 2 p 4  0.09822 eV 
a b  1.034 nm 
P 6.1 X 1C' kg m-3 
CLA 4.54 x 11Yms-l 
E(*) 7.5 
h 0 ,  18.8 meV 
fiWL0, 19 1 meV 
fi@TO> 78.5 meV 
f i W O 2  82.1 meV 

d = 3 mm is the thickness of the crystal. The prefactor f,, is determined by a fit to 
the linear spectra, whereas f,,, is found from a fit to the non-linear spectra. At the 
temperature of 25 K the 1s exciton state in the internal summation in the expression (16) 
for the phonon self-energy is assumed to give the main contribution. Within the 

2031 2.033 
energy ( e V )  

Flgure4. Comparison betweenexperiment (dots) 
and theory (solid lines). (a) Original spectra: 
To B transmission without pump pulse and 
T A  transmission with pump beam. The inset 
shows the frequency-dependent damping of the 
1s exciton (Im{P1'(o)}) due to LA phonon scat- 
tering with deformation potentials d. = 21 eV 
and d, = 10.5 eV. (b) Difference soectrum 
(liw, ="116.8meV and /m1G~lzIEP(O;wp)12 = 
(2.8 meV)'). 
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framework of the approximations applied we have calculated the quantities Zisis(w), 
Z2P2P(w), BinP(w) = BzP's(w) and g15(w) numerically. In general these quantities are 
strongly dependent on frequency, but in the small energy interval measured experi- 
mentally the quantities Z2Pzp(w), B'"~(W) ,  g"(w) and A22p(w) depend only weakly on 
frequency. The numerical resultsfor Z2P2P(w), B'"P(w),gi'(w) are shown in figure 3 and 
the corresponding parameters are given in table 1. The asymmetry factor AZ*P(w) = 
0.4i = 4Bis2p(w) in the relevant energy region near the 2p resonance was taken from 
Shindo er a1 [33]. 

-1.0- 
2.031 2.033 E(eV1 

energy lev) 

FigureS. Comparison between difference spectra 
with (solid line) and without (dashed line) the sum 
frequency process. Parameten are the same as 
used in figure 4. 

2.031 2.033 
energy (ev) 

Figure 6. Dependence of differential transmission 
onpumpenergyho,andcouplingstrength[V[' := 
I m'apl'lEp(O, op) I*. The dots represent the exper- 
imental results and the solid lines are theoretical 
spectra. The arrows indicate energy values of the 
measuredspectral positionofthe lsexciton in the 
linear spectra. Parameters used are: (a) bo, = 
116,SmeV. V=2.SmeV;(b)hwp= 116.4meV. 
V=2.9meV: (c) fro,= 115.9meV, V =  
2.0meV; (d) h o p =  115.4meV, V =  1.OmeV. 
The fittedraluesfor Vareinexcellentagreement 
with experimental results. 
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5. Results: comparison between theory and experiment 

Figure 4 compares typically experimental transmission data with theoretical results. The 
asymmetriclineshapeof thelinearspectrum Toisinfair agreement with thefittedcurve. 
Our fit of the non-linear spectrum takes into account the attenuation of the CO2 laser 
through the sample of thickness about 3 mm. The influence of the sum frequency 
generation is demonstrated in figure 5 .  In order to prove that the dynamical Is-2p 
coupling is responsible for the difference spectrum in figure 4, Frshlich eta1 [I61 tuned 
the frequency wp and the intensity of the CO2 laser, The experimental results, in 
comparison with our calculations, are shown in figure 6. The asymmetry of the line 
shapes is mainly induced by the vertex corrections of the envelope and interband dipole 
matrix elements. 

Acknowledgments 

We acknowledge useful discussions with Professor D Frshlich (Universitat Dortmund), 
Dr R Zimmermann (Zentralinstitut e r  Elektronenphysik, Berlin), R Scholz (RWTH 
Aachen), V M Axt (RWTH Aachen) and the financial support of this project by the 
Deutsche Forschungsgemeinschaft . 

References 

[ I ]  Friihlich D. Ndthe A and Reimann K 1985 Phys. Rev. Leu. 55 1335 ~~ 

[ Z ]  Mysyrowicz A ,  Hulin D, Antonetti A, Migus A, Masselink W 'rand Morcoc H 1986 Phys, Rev. Len. 56 

[3] Von Lehmen A, Chemla D S ,  Zucker J E and Heritage J P 1986 Opr. Len. 11 6C9 
[4] Joffre M, H u h  D. Migus A and Combescot M 1989 Phys. Rev. Left. 62 74 
[SI Wherrer B S. Smirl A Land Bogess T F 1983 f E E E  1. Quunfum Elecfron. QE-4680 
[6] Huhn Wand Stahl A 1984 Phys. Sfurus Solidi b 124 167 
[7] Schmitt-Rink Sand Chemla D S 1986 Phys. Re". Leu 57 2752 
[a] Stahl A and Balslev I 1987 Elecfrodynamics oftheSemiconducror Band Edge (Berlin: Springer) 
191 Stahl A 1988 Z. Phys. B 72 371 

274 

[ I O ]  Schlosser J and Stahl A 1989 Phys. Sfafus Solidi b IS3 773 
[ I l l  Schmitt-RinkS,ChemlaDSandHaugH 1988Phys. Rev. 837941 
[I21 Zimmermann R 1990The dynamical Starkeffectofexcitons Fmfk6rperprobleme(Adunnces in SolidSfufe 

[ 131 Balslev I ,  Zimmermann R and Stahl A 1989 Phys. Rev. B 40 4095 
[14] Schlosser I ,  Stahl A and Balslev 119901. Phys. Cr SolidSfnie Phys. 25979 
[ I S ]  Fr6hlich D, Wille R, Schlapp W and Weimann G 1987 Phys. Rev. Lpft, 59 1748 
1161 Friihlich D, Neumann Ch, Uebbing B and Wille R 1990 Phys. Srufus Solidi b 159 297 
(171 Neumann Ch 1990 Untersuchungen desquadmpoIarenStark-Effekts inCu,O unddeshtrabandstark. 

[ 181 Zimmermann R 1988 Phys. Sfurus Solidi b 146 545 
[I91 ToyozawaY 1962 Prog. Theor. Phys. 2789 
[ZO] Toyozawa Y 1964 I .  Phys. Chem. Solids 25 59 
[21] Segdll B 1967 Phys. Rev. 163 769 
[22] Segall Band Mahan G D 1968 Phys. Reo. 171 935 
1231 Rudin S and Reineke T L 1988Solid Srare Commun. 68 739 
[XI Rudin Sand Reincke T L 1989 Phys. Rev. B 39 8488 
[25] Zimmermann R 1990 Phys. Srufus Solidi b 159 317 
1261 Zimmermann Rand Hartmann M 19901. Crysf. Growfh 101 341 

Physics 30) (Braunschweig: Vieweg)p295 

Effekts in MOWS Thesis UniversitXt Dortmund 



The dynamical Stark effect in Cu,O 

[27] Haug H, Banyai L, Liebler J and Wicht T 1990 Phys. Slafur Solidi h 159 309 
[28] AgekyanVT1977Phys. SlofusSolidia43 11 
1291 Bufler F and Schl6sser I1991 Pkys. Reu. B at press 
1301 Elliott R J and Loudon R 1959 I .  Phys. Ckem. Solids 8 382 
1311 Stahl A and Frank D 1987 Pkys. Sfofus Solidi b 140 301 
[32] Elliott R J 1961 Phys. Reo. 124 340 
[33] Shindo K, Goto T and Anzai T 1974 1. Pkys. Soc. Japon 36 753 
1341 Toyozawa Y 1972 Polarons in Ionic Crysfafs ond Pokzr Semiconductors ed J T Devreese (Amsterdam: 

1351 Schlosser J 1991 Zur nichllinearen Optik von Exzitonen in Halbleitern Thesis RWTH Aachen 
1361 Higashimura T, l idaT and Komatsu T 1988 Pkys. Stofus Solidi b 150 431 
1371 Koster G F. Dimmock J 0, Wheeler R G and Statz H 1963 Proerfies ofthe TkiryTwo Point Groups 

[38] Bloembergen N 1965 Nonlineor Opfics (New York Benjamin) 
1391 Shen Y R 1984 The Principles ofNonliner Opfics (New York Wiley) 
1401 LondoN-Bontsrein New Series 1983 Group 111, vol 17e (Berlin: Springer) 
1411 Reimann K 1987 Dynamischer Stark-Effekt und Exziton-Relaxation in Cu,O Thesis UniversitHt Dort- 

1421 Weichman F L 1973 Can. J .  Phys. 51 680 

133 

North-Holland) pp 1-27 

(Cambridge, MA: MIT) 

mund 


