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Abstract. We study the influence of electron—phonon coupling on the resonant dynamical
Stark effect in Cu,0. 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 microscopic treatment of the electron—phonon interaction we derive a frequency-
dependent transverse relaxation for the excitons and a renormalization of the optical tran-
sition matrix elements resulting in 2 Fano effect. We derive an expression for the 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
semiconductor by Fréhlich eraf{1] alarge variety of further experimental and theoretical
studies have been performed. By contrast to the resonant intraband Stark effect, a ‘non-
resonant’ interband Stark effect was observed by Mysyrowicz et a/ [2] and Von Lehmen
et al [3] in GaAs quantum wells and by Joffre et al [4] in a GaAs bulk semiconductor.

Density matrix theory [5-10] 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 (7,) and transverse (r,) relaxation
times phenomenologically. The transverse relaxation is much faster than recombination
and plays a decisive role in the optical Stark effect. 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 et a! [21, 22] and Rudin ef af |23, 24] studied the effect of
lattice vibrations in linear exciton absorption spectra. Novel approaches [25-27] 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 Cu,O observed by Frohlich er o/ [1, 16]
with special emphasis on exciton-phonon interaction and selection rules.

Inthe experiment reported by Frohlich efal[1] the 2pand 1sexciton were dynamically
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). This experiment was explained within a three-level
system, introducing a special phenomenological ansarz for the frequency-dependent
transverse relaxation of the 2p exciton.

Another way to study the coupling to the 1s and 2p exciton caused by the pump field
is to measure the induced absorption in the directly allowed quadrupole transition to
the 1sexciton [16, 17]. Because the quadrupole absorption of the 1s exciton is two orders
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 um sample used in the former
experiment {1]. As aconsequence, the attenuation of the test beam due to sum frequency
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,0. 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 Cu,O 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 CQ, laser pulse is synchronized to the 60 ps dye
laser pulse by plasma switching. The 150 ns CO; laser pulse from a single-mode CO,
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 CO, pulse. The finite lifetime of the plasma
yields rather long CO; pulses (250 ps). The suppression of the 150 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 um so as to overlap perfectly the waist of the
CO; laser—about 90 um. 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 real-space representation of the electron-hole density
matrix theory [10]. The point group of Cu,O is O, and the band structure is given in [28].
Because of the experimental situation, only the twofold-degenerate I'; valence band
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Figure 1. Experimental set-up.

and the T'{ conduction band need to be considered. As pointed out previously, the
strong infrared pump beam is resonant with the 1s-2p transition. Following arguments
given in [12] 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 /3t + AQ)Y oo (r, R, 1) = (M, (r) + VQ., (r))E'(R, 1)
—er-EP(R, Y, (r,R, 1) + (ZY ,)(r, R, 1). (1)

r, R are the relative and centre-of-mass coordinates, respectively. The indicesv =1, 2
(c=1, 2) are used to specify the total angular momentum quantum numbers of the
Bloch functions of the I'f valence (I'f’ conduction) band at k = 0. The propagation
operator AS2 describes the propagation in configuration space:

RQ = ko, — (A7 /2u)A, — o(r). (2)

g is the reduced mass, v(r) the Coulomb potential and fiw, the gap energy. The first term
onthe RUS of (1) describes the linear excitation from the ground state via radiative dipole
(M) and quadrupole (@) transitions induced by the weak test beam E". The dipole and
quadrupole transition densities are given by

j d3k€m.r<wk,c[r|w.€,v> (3)

1BZ

—e

Mcv(r) = W

- 3 aiker .
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where 1BZ = first Brillouin zone. For excitations near the zone centre it is useful to
expand the Bloch functions in the above expressions around & = 0 and retain the first
non-vanishing moments. Both the valence band and the conduction band have positive
parity at k = 0, this yields

Mcu(r) = —Mm,V,é(r). (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 M,
can be obtained by & - p perturbation theory [30]. In contrast the quadrupole transitions
are directly allowed:

Q.o (r) = Oy, 8(r). (6)

This gives rise to an s-symmetric point-like source in relative space driving s-like exci-
tations. The second-rank matrices with elements M, ., and @, contain both the coupling
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. X 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, f) comprises all possible dipole
and quadrupole contributions:

PR, = S 2Re( [ @r (M350 - @OV ulnRD). @)
Expanding Y in texms of excitonic eigenfunctions g, (r)

Yo (r, R, 1) = gwl(r)ym(x, f) (8)

[—@®*2m)A, — v()]gilr) = €,(r) (9)
we obtain, with the help of (5) and (6),
PR, 1) = 2 2Re[(M1, ¥, @1(r)],=0 = (@5 V) 21(0)) ¥1e (R, D). (10)

loc

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,,..

Inserting the ansatz (8) in (1) and applying a Fourier transformation in time, one
obtains equations for the coefficients y;,.(R, w):

A’(w)ylvc(R, CU) = F!uc(IL CU)
+ 2 m[EP * y . JR, 0) + 2 2 (0) (R, 0) (11)
r z'
with
FIUC(R: (O) = Mlcuvr‘pr (f) [r-O + VRQQCU@?‘ (O)EI(R: CU) (12)
Alw) = ko, + ;- hw (13)
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mi" = —e [ r ot ()rg; () (14)

[Ep*yl'uc](R? W)Zzz_ln‘JdEEp(R,m - rg‘)yf'vc(Ra E) o (15)

Turning to the phonons in Cu,O we note that besides the I'] acoustic mode there exist
six optical modes belonging to representations I'; , T}, 2F'7, I'; and 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 I'y
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 I'; LA phonon and
the two I'; LO phonons to the phonon self-energy. The phonon-induced electronic self-
energy = is derived from the following integral equation:

27 (@) = Zfa(0) + E =4 () 16)
with
hgcia -1
taw) =232 ; 2Vch,\ {[exp(ki:F) - 1] +1/27 1/2}

X (de-se(g, ") — dysn(g, HM))(d.s5(g, ") — dnesh(q, I'17)
hw, +€p +A2g72M — fiw + in = gepa) = =7 (0 = gopa)

(17)

as n— 0*. d, and d, are the acoustical deformation potentials of the I'{ conduction
band and the I'J valence band. p is the density of Cu,0, V the crystal volume, ¢ 4 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 ’

(@) =23 e’ ( JICHI P mm)_l

. ra° Ve

9 (so(q, U") — sn(g, U)(s3(g, 1" — s3(g, '1"))
ﬁwg +%p+ ﬁ,zqz/ZM - f&(a) + i — w}_w) _ Ew”(w — w;_l_o)

(18)

as  — 0%, The Frihlich coupling constants in (18) are derived from the LST relation in
the limit g — 0 [34]:

2 _ 2 2 _ 42
£(w) _ 0° ~wjom ©°~ oig

&(=) T 0l - w0k 0 - ok, (19)
The structure functions s,(q, /') and s(g, }I") are defined as follows:
selq, ) = f &r gF (7) B9 () 20)

550,11 = [ @ror@ye i gu() 21)
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a=m. /M B=my/M. (22)

In general the expressionsfor 2, , and Z, | cannot be evaluated separately because they
are coupled by £ in the energy denominatorsin (17) and (18). The frequency dependence
of 2 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 € 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 excitonsis 115 meV; this is very close
to the value for the CO, laser lines used in the experiment and larger than any phonon
energy in Cu,0;

(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 = vanish if /, I’ 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 2 , 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 v, c. For the threefold-degenerate p
excitons we choose a symmetric vector representationy, := (y,_, y,,,y,,) With respect
to the principal axes of the crystal. The relevant set of equations is then given by

(A —Z18)y, = Fy, + m P[E? xyy | + X m S [EP +y,] (23)

(AZp - EZPZP)yZP = F2p + m2pls[Ep *yls] + 2 zanyn (24)

A"y, =F, + m"™[EP xy, ]| + 2 E™y, +E"y,, (25)
with

Fo(R, 0) = 93 (0)VQo, E'(R, w) (26)

Fp,vc(R’ (1)) = (P,',: (O)Et(R’ w)Mlcuéj ] =Xx,¥,2 (27)
and

m® = —¢ J’ &r gt (Nze,,(r) = mP*. (28)

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 ZPP' the exciton wave functions @, and @, 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 1s 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 third order in the electric field is assumed sufficient (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

Ebyy, = Fi + [m" 2[EP » (gH[EP = yi])] + [EP * (m'%°(1 + BI5¥)yy, )] (29)
E®y,, = Fo(1 + A1%) + m?'5(1 + BPS)[EP + y, ] (30)
A"y, =F (1 + Al%) + 2%y, (31)
with
Bl = Al () — Z¥%(w) (32)
B = AP(w) — 2P () (33)
and
ls Em Isn |2 lsnznn' (w)mn'ls
@)= mplz Ao = R ) 9
mes ps
U OR |2 P ((aﬂ:))m (35)
mePT e ns
BR(@)i= T |2 sm An((;ﬂ))m (36)
1 Pp, (0 2P (w)g; (0)
AV@ = 2T Avw) G

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

ho = hw, + €,;, — Re{Z""} - (38)
. 1s2p 2 EP 2b152p + -1
yis(w) = (Els(m) _m iElZp(LU n wf:; cup)) Fi(w) (39)
with
() = B5(0) - |m'® B[ 2 g £ o) (40)
b (w) := (1 + B®(w))(1 + BF(w)). (41)

The electron-phonon interaction leads to renormalization and damping of the 1s and
2pexcitons (AP — EB = AM — Z115 A% — B2 = A% — 322} Tpaddition, ‘vertex’ cor-
rections of the envelope matrix elements (7% — m!?P(1 + B'?¢)) are found. Thisisa
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consequence of the pump-field-induced interaction with asymmetric p resonances. For
the case hw = hew, + €, — Re{Z%?P}, 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 al [36].

Inserting expression (39) into (10), the dielectric polarization Py,(R, w) of the 1s
exciton becomes

Py (R, 0} =|Q41* | (O)*T(—Vy, Ve)E'(R, @)
129 (2| e |2 . A 182 -
i
= g9x1([EP], w)E". (43)

| @o[? is the strength of the quadrupole coupling. The coupling coefficients contained in
(., are taken from Koster et af [37]. Performing the summation over v, ¢ in (10) one
obtains the 3 X 3 matrix T(L, N), built up from the vector components of the vectors
L=(L,L,L.,),N=(N,N,, N,) along the principal axes of Cu,0 as follows:

(42)

LN, + LN, L,N, LN,
T(L,N):={ LN, LN, +L,N, L.N, Ty
L.N, L,N, LN, + L,N,

Therefore the matrix T(—V,, V) describes the dependence of the dielectric polarization
P, (R, w) on the direction and the spatial inhomogeneity of the test field E(R, @). The
well known form of the selection rules for the quadrupole transition appears if one
assumes E* ~ exp(iK - R).

The differential transmission is defined by D := In(Ty/T), where Ty is the linear
transmission and T is 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
Pym(R, @ + w,) takes on the form

Pun(R, 0 + w,) = Qo L(O)T(EP, VR2)E'(R, w)
X m¥PE(1 + BP0 + w,))MT @3, (0)(1 + A2%(0 + w,))
X (E¥(@)E® (0 + 0,) — |m*P?|EP 20" P (0 + w,)) ! (45)

= X am([EP], ©)E" (46)
with

15 O @0
T OF S Ay

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.
M7 @3, (0)(1 + A2%) 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 1s resonance one can assume that the whole power absorption Ly (w.} =
— o, Im{E*y,([EP], @}E'} acts as an additional loss for the test beam [38, 39]

A2P(w) =

- - @
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arrows denote the start of polar optical scatiering due to the Lot and Loz phonons. The

parameters used are given in table 1.

(B, w; = w + w,, 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 [,

of the test field:
i : _& [(&ls |Wl,'lszp|2|E1:>|2b152p(m + wp)' —1]
ax 16 = T M| \BN(@) =% (0 + w,) ) hs

J1s *f sum 5
— R R R ER (L + B + wp))(1 + A2%(w + wy))

X (E5(0)EP (0 + w,) = [m P 2EP 1201 (w + 0,)) 2. (48)



130

J Schidsser et al

Table 1, Parameters used in the calculations. my is the bare electron mass. The parameters
were taken from [28] and [40-42].

Parameter Value

m, 0.98m,

m, 0.58m;

M 1.56m,

fi, 2.1725eV

Ryd = #*f2ual 0.09822 eV

@ 1.034 nm

o 6.1 % 10°kgm™?
Cia 454 x 1P ms"!
£() 7.5

ftvro 18.8 meV

o 19.1 meV

fiarron 78.5 meV

fie o 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

E]

L

c

o energy [mevl _

@ IENE

= i=

¢ Iy

o k4

= c} ()

c Y =

[#] Y e

=

o

[ Y

3 Figure 4. Comparison between experiment (dots)
'S and theory (solid lines). (a) Original spectra:
c Ty A transmission without pump pulse and
@ T A transmission with pump beam., The inset
g’ shows the frequency-dependent damping of the
S (b) | 1sexciton (Im{Z"*"*(w)}) due to LA phonen scat-
3] . ] r l . ! . tering with deformation potentials 4, = 21eV

and d,=10.5¢V. (b) Difference spectrum
(hwp = 116.8meV and |m"?]|EF(Q, w,)f =
(2.8 meV)?).

203 2033
energy (eV)
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framework of the approximations applied we have calculated the quantities Z%%(w),
I%%(w), B*P(w) = B®5(w) and g'(w) numerically. In general these quantities are
strongly dependent on frequency, but in the small energy interval measured experi-
mentally the quantities Z*P(w), B*??(w), g"(w) and A2?"(w) depend only weakly on
frequency. The numerical results for (@), B'¥*P(w), g'*(w) are shown in figure 3 and
the corresponding parameters are given in table 1. The asymmetry factor A2%(w) =
0.4i = 4B’} in the relevant energy reglon near the 2p resonance was taken from
Shindo et al [33].

c
o
=
o
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021 . _g
& 00 / =4 e
o ; o |c) " g
=4 > - L)
2 -02f ' B S WY S
ral o]
o = .
c (5] .
3 :
@-0.6f !
=] I I
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\]
-1.0 $ . 1 a : .
2031 2033 Elev) 203 2033
energy (eV] energy (eV)
Figure 5. Comparison between difference spectra Figure 6. Dependence of differential transmission
with (solid line) and without (dashedline) the sum on pumpenergy%w,and couplingstrength} Vit :=
frequency process. Parameters are the same as | m's2? 2| EP(Q, w,) [°. The dots represent the exper-
used in figure 4. imental results and the solid {ines are theoretical

spectra. The arrows indicate energy values of the
measured spectral position of the 1s exciton in the
linear spectra. Parameters used are: (a) fiw, =
116.8meV, V =2.8 meV; (b) iw, = 116.4 meV,
V=29meV; () #hw,= 115.9meV, V=
2.0meV; (d) fiw, = 115.4meV, V =1.0meV,
The fitted values for ¥ are in excellent agreement
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
asymmetric line shape of the linear spectrum 7 is in fair agreement with the fitted curve.
Our fit of the non-linear spectrum takes into account the attenuation of the CO, 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 1s-2p
coupling is responsible for the difference spectrum in figure 4, Frohlich e al [16] tuned
the frequency w, and the intensity of the CO, 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.
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