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We present second-harmonic generation experiments inp-doped asymmetrically stepped quantum wells
using the emission of a free-electron laser in the wavelength interval between 13 and 18mm. The wells are
designed such that the three lowest valence-subbands are about equally spaced. We measured the angular and
frequency dependence of the second-harmonic signal excited by intense laser irradiation chosen to be nearly
resonant with the transitions between the three lowest valence subbands. We see evidence of the optical
second-order susceptibility componentsxxxz

(2) , xzxx
(2) and xzxy

(2) , xxyz
(2) in the quantum wells and determine their

enhancement with respect toxxyz
(2) of bulk GaAs.@S0163-1829~97!05440-4#
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I. INTRODUCTION

It has been shown that the intersubband transitions
III–V semiconductor quantum wells~QW’s! can strongly
contribute to the nonlinear optical susceptibilities.1,2 En-
hancements as big as three orders of magnitude in
second-order susceptibility have been observed in dou
resonant second-harmonic~SH! generation experiments.3–5

In these experiments, the samples,n-doped multiple quan-
tum wells ~MQW’s!, feature transition energies between t
lowest and second, and between the second and third
tronic subbands that are equal. The only element of the
ceptibility tensor that exhibits a strong resonant enhancem
in thesen-doped structures isxzzz

(2) ~z is the growth direction,
perpendicular to the layer planes, as shown in Fig. 2!.1,6

Thus, the exciting and generated electric fields have to
polarized parallel to thez axis. This is normally difficult to
achieve and limits therefore the usefulness of thexzzz

(2) for
device applications.

We know of only a few attempts to investigate optic
nonlinearities using intra-valence-band transitions
p-doped structures.7,8 In contrast to the conduction subband
the dispersion versus wave vectork in the layer plane is
different for each valence subband, leading to a relativ
low joint density of states for intersubband transition9

Therefore the enhancements which can be obtained
p-doped structures are expected to be lower. However,
presence of nondiagonal elements in the susceptibility te
of p-doped structures, such asxxyz

(2) , xzxy
(2) , xxxz

(2) , andxzxx
(2) ,

provides more functionality, since the incoming fundamen
and the outgoing SH waves can have various polarizatio
Indeed the previous studies ofp-doped structures have dem
560163-1829/97/56~16!/10428~7!/$10.00
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onstrated exactly this. These studies were based on struc
with a single bound-to-bound resonant transition~between
the spin split-off and heavy-hole subbands!, and conse-
quently exhibited a smaller enhancement over bulk th
might be expected. The observation of the enhancemen
fect was limited by the quality of the available samples,
flected in the large linewidths observed experimentally.
the present study, the structures were designed to en
doubly resonant processes between heavy-hole~HH! and
light-hole ~LH! subbands, increasing the level of expect
enhancement.

In this paper, we report SH generation experiments
p-doped asymmetrically stepped MQW’s using as an ex
ing source the beam of a free-electron laser~FEL!. We see
evidence of the influence of the elementsxxyz

(2) , xzxy
(2) , xxxz

(2) ,
and xzxx

(2) in the SH emission of our structure. This paper
organized as follows. In Sec. II we present the design of
investigated sample. The third section gives a very b
summary of the theory and its predictions. In Sec. IV w
present the experimental results including photolumin
cence~PL! and the measured angular, polarization, and f
quency dependence of the SH signal. The results are
discussed in Sec. V and compared to the theoretical pre
tions.

II. SAMPLES

The design of the sample structure was determined by
following conditions: ~1! We used the GaAs/AlxGa12xAs
heterostructure system because of its well-known mate
parameters and the well-established sample growing pr
dures. ~2! The intersubband transition energies must
higher than the phonon energies of GaAs~35 meV!, to avoid
10 428 © 1997 The American Physical Society
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56 10 429SECOND-HARMONIC GENERATION INVOLVING . . .
strong absorption of the exciting beam in the substrate.~3!
Because the experiments were carried out in air, the fun
mental and SH wavelengths were selected to be in spe
regions where the absorption by the atmospheric molec
is low. ~4! For a doubly resonant experiment involving thr
equally spaced valence subbands, the maximum vale
band offset of about 0.5 eV that can be achieved in
GaAs/AlxGa12xAs system determines the minimum gene
ated SH wavelength.~5! Optical transitions between subban
states of the same parity~LH1-HH2! are prohibited in a sym-
metric quantum well.9 We adopted an asymmetricall
stepped quantum-well structure in order to break this pa
selection rule.1 The structures satisfying all these conditio
involve the HH1-LH1 and the LH1-HH2 transitions absor
ing the incident fundamental beam in the wavelength ra
between 14 and 22mm, and the HH2-HH1 transition emit
ting the SH beam.

The investigated sample was grown by molecular-be
epitaxy at a substrate temperature of 620 °C on a~001! semi-
insulating GaAs wafer. The structure consists of a 500
thick GaAs layer, a 4000 Å Al0.5Ga0.5As buffer, a 160-period
4~GaAs!-14~Al0.5Ga0.5As!-12~AlAs! MQW structure having
a total thickness of 1.38mm, and a 200 Å-thick GaAs cap
ping layer. The central four monolayers of the AlAs barrie
were Be doped to a concentration of 831018 cm23; thus the
nominal hole concentration in the GaAs wells should amo
to Np59.231011 cm22 per well.

III. THEORY

The band structure of the MQW’s has been modeled
ing a semiempirical pseudopotential calculation. The opt

FIG. 1. Energy level scheme of the valence subbands, as ca
lated for a 4~GaAs!-14~Al0.5Ga0.5As!-12~AlAs! MQW structure
~Ref. 7!. The thick lines represent the potential felt by the valen
band electrons in effective-mass approximation, the thinner h
zontal lines indicate the bottom of the different subbands, and
dashed horizontal line indicates the Be acceptor level in the A
barrier. The arrows indicate the transitions that are approxima
resonant with the FEL radiation used in our SH generation exp
ment.

FIG. 2. Sketch of the geometry of the SH generation exp
ments, showing on the left the plane of the transmitted FEL be
through the sample, on the right the FEL polarization vector p
jected onto the plane of the sample. Note the definitions of
anglesu, u r , andw, determining the orientation of the sample.
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susceptibilities are then obtained by applying a dens
matrix theory. The theoretical details are discussed in Re
The frequency dependence of the second-order susceptib
tensor x (2)(22v;v,v) has been calculated for differen
structures and doping concentrations, in order to permit
design of the MQW structure described above. The ene
diagram plotted in Fig. 1 shows the theoretical predictio
for the confined valence-band states in the investiga
4~GaAs!-14~Al0.5Ga0.5As!-12~AlAs! asymmetrically stepped
MQW with a sheet hole density in the wells ofNp59.2
31011 cm22/well. The energies for the HH1-LH1 and th
LH1-HH1 transitions are predicted to be 69 meV and
meV, respectively, including a shift of the HH1 subband d
to exchange interaction by 20 meV.7

For the GaAs substrate with point-group symmetryTd the
only nonvanishing independent element of the second-o
susceptibility tensorx (2)(22v;v,v) is xxyz

(2) .6 For an asym-
metrically stepped MQW structure withC2n point symmetry,
there are five independent nonzero elements:xxyz

(2) , xzxy
(2) ,

xxxz
(2) , xzxx

(2) , andxzzz
(2) .7 The directionsx, y, andz are defined

as shown in Fig. 2. The magnitudes of these components
calculated for the above structure, are shown in Fig. 3. T
componentsxzxy

(2) and xzxx
(2) are predicted to be the stronge

ones with a resonance at 73 meV. Thexzzz
(2) component,

which is the dominant one in structures based on conduc
subband transitions,3,5,10 is expected to be weaker in ou
p-doped structures.

The second-order polarization can be expressed as11

Pi
~2!~2v!5(

j ,k
x i jk

~2!~22v,v,v!Ej~v!Ek~v! ~1!

The component parallel to the polarization of the incide
fundamental beam in the crystal can then be written as7

P~2!~u,w!•ev

E2~v!
}~2xxyz

~2! 1xzxy
~2! !sinu rcos2u rcos2w

1~2xxxz
~2! 1xzxx

~2! !sinu rcos2u r1xzzz
~2!sin3u r .

~2!

The anglesu, u r , andw are defined in Fig. 2. The thre
terms in Eq.~2! can be distinguished through their differe

u-

-
i-
e
s
ly
i-

i-
m
-
e

FIG. 3. The five nonzero components of the optical seco
order susceptibility for a 4~GaAs!-14~Al0.5Ga0.5As!-12~AlAs!
MQW structure with a sheet carrier concentration of 9
31011 cm22/well, calculated as described in Ref. 7. At resonan
i.e., at about 73 meV, the strongest components arexzxy

(2) andxzxx
(2) .
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10 430 56A. BITZ et al.
dependencies on the anglesu r andw. The coherence length
l c of a layer or structure is defined as5,11

l c5
pc

2v~n2v2nv!
, ~3!

wherenv andn2v are the refractive indices at the fundame
tal and second-harmonic frequencies. If the thicknessLMQW
of the MQW structure is much smaller than the cohere
length, the phase mismatch of the SH signal generated in
different wells can be ignored. The SH emission intens
I 2v of the whole MQW structure can therefore be taken
grow linearly with the thickness. We therefore get for
transversal magnetic~TM! wave

I 2v
TM/TM

I v
2 }TTM

2 ~u,v!TTM~u,2v!A~u!LMQWUP~2!~u,w!e2v

E2~v!
U2

,

~4!

whereI v is the intensity of the incident beamTTM(u,v) and
TTM(u,2v) are the transmission coefficients from air
GaAs for the fundamental and SH beams in TM polarizati
and A(u)5cosU/cosUr accounts for the dependence of t
refracted beam’s diameter and excitation density on
sample orientation.

The SH signal of the GaAs substrate is superimpose
that of the MQW. Equation~2! applies again, with the only
nonzero componentxxyz

(2) . The substrate being relativel
thick, the phase mismatch of the SH wave with respect to
fundamental one has to be taken into account. This ph
mismatch, at a depthd below the surface, amounts to

z~d!5
p

2

d

l ccosu r
. ~5!

For the SH intensity generated in the substrate and i
grated over the substrate thicknessLSub we get11

I 2v
TM/TM

I v
2 }TTM

2 ~u,v!TTM~u,2v!A~u!

3ULSUB

sinz

z
ei z3xxyz

~2!,GaAssinu rcos2u rcos 2wU2

,

~6!

wherej[j(LSub).
Finally, we obtain the component of the total SH intens

that is polarized in the same direction as the incident la
field ~cf. Fig. 2!,11

I 2v
TM/TM

I v
2 }TTM

2 ~u,v!TTM~u,2v!A~u!

3US LSUB

sinz

z
ei z3xxyz

~2!,GaAs1LMQW

3~2xxyz
~2!,QW1xzyx

~2!,QW! D sinu rcos2u rcost2w

1LMQW~2Xxxz
~2!,QW1xzxx

~2!,QW!sinu rcos2u r

1LMQWxzzz
~2!,QWsin3u rU2

. ~7a!
-

e
he
y

,

e

to

e
se

e-

er

Equation~7a! applies to the particular case of TM pola
ization of the incident and SH beams~TM/TM configura-
tion!. For TE/TE configuration, it turns out that

I 2v
TE/TE

I v
2 50. ~7b!

For crossed polarization configurations one gets

I 2v
TM/TE

I v
2 }TTM

2 ~u,v!TTE~u,v!A~u!

3US LSUB

sinz

z
ei z2xxyz

~2!,GaAscosu r

1LMQW2xxyz
~2!,QWD sinu rcosu rsin2wU2

, ~8a!

I 2v
TE/TM

I v
2 }TTE

2 ~u,v!TTM~u,2v!A~u!

3US LSUB

sinz

z
ei zxxyz

~2!,GaAscos2u r

1LMQWxzxy
~2!,QWD sinu rcos2w2xzxx

~2!,QWsinu rU2

.

~8b!

IV. EXPERIMENTS

In order to optically characterize our sample, we me
sured the fundamental conduction to valence-band trans
energies in the MQW structure. The PL spectrum of t
MQW structure, measured at low temperature~2 K!, is plot-
ted in Fig. 4. The sample was excited by the 482 nm line
a Kr21 laser. The luminescence, dispersed with a dou
spectrometer, was detected by an optical multichannel a
lyzer. The spectrum exhibits two peaks that can be explai
as follows: The main peak at 1872 meV
(FWHM514 meV) is interpreted as the recombination

FIG. 4. Photoluminescence spectrum of the investigated MQ
structure at a temperature of 2 K. The main emission line at 1
meV is assigned to the type I transition between the lowest cond
tion miniband and the heavy-hole subband. The emission at 1
meV is a phonon replica~see text!. The excitation density was
4 W/cm2 and the spectral resolution 2.5 meV. The labeled verti
lines indicate the calculated spectral positions of the three low
transitions.
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56 10 431SECOND-HARMONIC GENERATION INVOLVING . . .
electrons confined in the first conduction miniband w
holes in the first heavy-hole subband. The absence of st
phonon lines suggests that this transition is direct in sp
~type I!, in agreement with the theoretical prediction a
close to the calculated transition energy of 1852 meV. T
second peak at 1825 meV is an AlAs-like LO-phonon repl
of the main peak. The relatively large PL linewidth can
explained by the sensitivity of the energy of the confin
states on thickness fluctuations of the 4-ML-thick GaAs la
ers.

Let us mention that we tried to measure the linear abso
tion at room temperature due to the intersubband transit
in the mid infrared with a Fourier transform spectromet
However, the spectra were obscured by free-carrier abs
tion, and thus the intersubband absorption could not be
served. Further, also PL excitation measurements did no
able us to verify the energies of the higher valence subba
These difficulties might also be due to a strongly nonpa
bolic in-plane dispersion of the valence subbands~see, e.g.,
Ref. 7! that could blur the optical transitions.

The SH generation experiments were performed at
free-electron laser user facility FELIX of the FOM Institu
in Nieuwegein~Holland!. The experimental setup is depicte
in Fig. 5. The FEL beam was composed of macropulses w
10 ms duration and a repetition rate of 5 Hz. The mac
pulses themselves decompose into trains of 5 ps-wide mi
pulses having a repetition rate of 1 GHz. The second
third harmonics of the laser beam were first filtered out. Th
the beam was split into two branches. The first branch w
focused onto the sample. The other branch was focused
a pyroelectric detector placed at the same distance from
sample to account for absorption in air. The square of
signal was then used as a reference to normalize the
signal of the sample. The sample itself was mounted o
micropositioning stage permitting it to move in three dire
tions and to rotate around three perpendicular axes. In
way the sample could be positioned with respect to the F
beam as shown in Fig. 2, with the possibility to vary t
inclination angleu between 0° and 70°, and to choosew
freely with respect to the@001# crystallographic axes. Using
a microscope, the rotation axisz and the laser beam could b
superimposed on the sample surface within about 20mm, in

FIG. 5. Setup for the experimental SH generation experime
FEL, free-electron laser beam;D, diaphragms;F, optical neu-
tral density filters; LP, long-wave pass filter; BS, bea
splitter; SM1–SM4, spherical and parabolic mirrors;M , planar
mirrors; P, polarizer;S, sample;L, lens; Mic, microscope;
A, analyzer; SP, short-wave pass filter; Det: liquid-N2-cooled
HgxCd12xTe detector; Ref, pyroelectric detector to reference
FEL beam intensity.
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any case the experiment was very sensitive to alignment
beam stability. The mean-power per macropulse imping
on the sample was approximately 125 mW, and the be
was focused on a spot diameter of about 100mm; this cor-
responds to a mean macropulse intensity of ab
32 MW/cm2 and a peak micropulse intensity of 5 GW/cm2.
The SH beam was separated from the transmitted~funda-
mental! FEL light using a filter and was focused onto
liquid-N2-cooled HgxCd2xTe detector. Two wire grid polar-
izers were used to assure the proper polarization of the i
dent beam and to analyze the polarization dependence o
SH beam generated in the sample.

In order to be able to separate the MQW SH signal fro
the superimposed substrate contribution@cf. Eq. ~7a!#, the
coherence lengthl c and the phase mismatchz have to be
known to a high precision.10 To calculate the coherenc
length@Eq. ~3!#, accurate values of the refractive indicesnv ,
n2v are needed. Unfortunately precise data for the wa
length range between 14 and 20mm could not be found for
GaAs. The two data sets found in the literature12,13 do not
match at 15.2mm. As the refractive indices in the lower pa
of the wavelength range have been measured with a hig
accuracy, we arbitrarily corrected the data of Ref. 13 by
rigid shift, in order to match the two data sets at 15.2mm.
We tested the calculated coherence length with a modi
Maker fringes technique11 using a blank semi-insulating
GaAs substrate. The sample was kept at a fixed posit
while the SH signal was acquired as a function of the ex
ing wavelength. At the wavelength where the phase m
matchz is a multiple ofp, the SH signal should vanish. Th
result is shown in Fig. 6. The solid line represents the fac

f ~l!5Usin@z~l!#

z~l!
ei z~l!U2

, ~9!

which describes the effect of the phase mismatch in Eq.~6!
as a function of the wavelengthl; it has been calculated
using Eqs.~3! and ~5! for a 442-mm-thick GaAs slab at an
incidence angle ofu555°. The dots represent the measur
SH intensity of the GaAs slab, while scanning the FE
wavelength. The measured SH signal vanishes at 15.3mm,
while the calculated one vanishes at 15.2mm. The corre-
sponding coherence lengths are 76.860.2 and 7662 mm,
respectively. This agreement justifies our choice ofnv and

s.

e

FIG. 6. SH intensity measured in the TM/TM as a function
wavelength. The dots represent data points taken at the anglu
555 ° andw590 ° on a 442mm-thick GaAs slab. Full line, cal-
culated phase matching factorf (l) @Eq. ~9!#.
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10 432 56A. BITZ et al.
n2v in calculating the coherence length. Furthermore,
coherence length is large compared to the MQW thickne
legitimatizing the approximation made in Eqs.~7! and ~8!.

Examples of the measured dependence onw andu of the
SH intensity are given in Fig. 7. Figure 7~a! shows the nor-
malized SH intensityI 2v /I v as a function of the anglew, for
a fixed inclinationu555°, for the TM/TM configuration,
and for various wavelengths. The twofold symmetry in thew
dependence is a direct evidence for the effect of the MQ
the rotation axis being in the@001# crystallographic direction,
and the structure having the lowC2n symmetry. On the othe
hand, the SH signal emitted by the cubic GaAs subst
features a fourfold symmetry inw @as can be seen by the tw
terms in Eqs.~7! and~8!#. This higher symmetry has actuall
been observed on a sample where the MQW structure
removed, verifying the proper alignment of the experimen
setup. At the wavelength of 15.3mm, the phase mismatchz
vanishes~Fig. 6! and there is a change of sign in its phas
the effect of this behavior is clearly visible in Fig. 7.10

Theu dependence of the SH signal is shown in Fig. 7~b!.
The curves have been obtained forw50°, 45°, and 90°. For
w545°, all measured u scans show clearly a
sin2urcos4ur-like dependence. We can therefore neglect
term containingxzzz

(2) which is obviously much weaker tha
the other components. The observable slight asymmetr
the u dependence is due to a slight misalignment.

The dependence of the SH signal on the polarization c
figuration is plotted in Fig. 8. The curve with a twofold sym
metry inw has been measured in TM configuration, where
the curve with the fourfold symmetry has been obtained
TM/TE configuration. The qualitative features of the o
served w dependencies, i.e., the symmetries, the rela
strength of the maxima, the minima in TM/TM configuratio
not being zero, and the relative phase of the oscillation
configurations, are in agreement with the predictions of E
~7! and~8!. Finally, let us mention that the clear evidence
the C2n symmetry in the SH signal is an indication that t
contributions from the QW’s is strong~the MQW structure is

FIG. 7. Measured SH intensity in TM/TM configuration and
different wavelength, emitted by the MQW structure described
the text,~a! as a function of the anglew, and~b! as a function of the
incidence angleu. The 180° symmetry in~a! evidences the presenc
of the xzxx

(2) and xxxz
(2) components of the susceptibility tensor. Th

angleu in ~a! is equal to 55°.
e
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much thinner than the coherence length! and hence that the
experiments were done at frequencies close to those of
valence intersubband transitions.

V. DISCUSSION

The second-order susceptibility of the GaAs substrate
generally be taken as constant at wavelengths far fr
resonances.6 We did not find any literature values in th
wavelength range from 14 to 17mm. The closest measure
value has been obtained at 10.6mm.14 However, we expect
the second-order susceptibility of GaAs to be affected wh
approaching the two-LO-phonon resonance at 19mm ~65
meV!. By dividing Eq. ~7a! by 3xxyz

(2),GaAs we get an expres-
sion for the relative enhancement of the susceptibility co
ponents. Further, as mentioned above, thexzzz

(2),QW compo-
nent is expected to be smaller than the other ones, an
addition the internal angleu r of the refracted FEL beam is
always smaller than 17° (tan2Ur<0.07); therefore we can
neglect the term containingxzzz

(2),QW in Eq. ~7a!. We get for
the normalized SH intensity

I 2v
TM/TM

I v
2 }TTM

2 ~u,v!TTM~u,2v!A~u!

3US LSUB

sinz

z
ei z1LMQWhxyze

isxyzD cos2w

1LMQWhxxze
isxxzU2

sin2u rcos4u r ~10!

with

h i jkeis i jk[
~2x i jk

~2!,QW1xki j
~2!,QW!

3xxyz
~2!,GaAs . ~11!

The real quantitiesh i jk stand for the enhancement of th
second-order susceptibility of the MQW compared to t
substrate, and the phasess i jk for their relative phases.

The values ofhxyz, sxyz, hxxz, andsxxz were considered
to be parameters and have been obtained through a fit of
~10! to the experimental values. The least-squares fit

n

FIG. 8. SH intensity measured as a function of the anglew in the
two configurations TM/TM~dots! and TM/TE ~crosses!. The fun-
damental wavelength was 16mm and the angleu555°. The sym-
metry in w, the relative strength of the maxima, the offset of t
minima in TM/TM configuration, and the phase shift between bo
configurations are in agreement with the theoretical expectat
@the curves are fits to Eqs.~6! and ~8a!#.
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56 10 433SECOND-HARMONIC GENERATION INVOLVING . . .
been performed using the Levenberg-Marquardt metho15

Figure 9 shows examples of the fitted angular dependenc
the SH intensity at a wavelength of 16mm. The errors in the
fitting are essentially due to errors in the alignment. Again
can be seen that neglecting thehzzz related term in Eq.~7a!
is justified by theu dependence of the SH signal forw
545°, since the experimental data are well modeled by
~10!. The wavelength dependence of the fitting parameteh
and s are summarized in Fig. 10. We think that the po
agreement between experiment and theory forhxyz andsxyz
is due to the fact that in the experiment the contribution
the SH signal generated by thexxyz

(2),QW element of the QW’s
is difficult to distinguish from that generated by thexzxy

(2),GaAs

element of the substrate.
In a system with three equally spaced energy levels

double resonance forx (2) can be simplified to4

x~2!~v!}
m12m23m31

~\v2\V2 iG12!~2\v22\V2 iG13!
,

~12!

where\V is the energy difference between neighboring le
els involved in the transition,G i j is the damping of the tran
sitions, and the second-order susceptibility is proportiona
the product of the three dipole-matrix elementsm i j . At reso-
nance it depends ‘‘quadratically’’ on the damping consta
G i j that depend mainly on the sample quality. The theoret
predictions shown in Fig. 3@which have been calculated u
ing a more general model than the three-level model of

FIG. 9. Measured~dots! and fitted ~lines! SH signal for
TM/TM, emitted by a 462 mm-thick sample of a
4~GaAs!-14~Al0.5Ga0.5As!-12~AlAs! MQW structure grown on a
GaAs substrate. The wavelength of the exciting FEL light was k
at 16 mm. The fits have been obtained using Eq.~10!. The lower
part shows thew dependence foru555°, the upper part shows th
u dependence forw50° ~crosses!, w545° ~triangles! andw590°
~circles!.
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~12!# have been obtained assuming all damping consta
equal to 3 meV. The maximum value for the sum of t
susceptibility components (2xxxz

(2),QW1xzxx
(2),QW) was pre-

dicted to be 2.531025 esu, and to occur at 0.073 eV. Com
pared to 3xxyz

(2),GaAs54.531028 esu ~at l510.6mm! of
GaAs,14 this corresponds to an enhancement factorh of 560.
This predicted enhancement for our valence-band structu
about a factor of 48 weaker than the ones measured
samples using conduction intersubband transitions,5 differ-
ences in the damping constants have been accounted for
main reasons for this difference lie in the warping of the bu
HH valence band and the coupling between HH and
occurring in the QW’s. These effects, which are absent
conduction subbands, result in the reduction of the inters
band density of states and affect the enhancement as m
tioned above. This disadvantage is partly compensated by
absence of the small factor tan2ur (<0.07) for the non-
xzzz

(2)-like susceptibility components, leading to a secon
harmonic efficiency of the valence intersubband transitio
that is only about 3.4 times lower than that of the conduct
subbands. Further, larger damping constants result i
broadening of the resonances and reduced magnitude
x (2).7 Our sample has considerably larger linewidths than
above-mentioned 3 meV, as can be seen from the PL s
trum in Fig. 4. If we correct the predicted magnitude for
damping constant of 14 meV~PL linewidth, lower limit! we
would @according to Eq.~12!# expect an enhancement of n
more than 25. The enhancement of 16 we deduce from
SH measurements lies close to this value and is about tw
the enhancement measured in single resonant valence-
structures.7,8

VI. CONCLUSIONS

We demonstrated SH generation inp-doped
GaAs/AlxGa12xAs asymmetrically stepped MQW structure

t

FIG. 10. Calculated and measured nonlinear susceptibility of
MQW structure described in the text. The fitted enhancement
tors hxxz and hxyz as well as the phasessxxz and sxyz ~dots! are
compared to the calculated values of (2xxxz

(2),QW1xzxx
(2),QW) and

(2xxyz
(2),QW1xzxy

(2),QW) ~solid curves!.
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The experiments were done with the light emitted by a F
close to 16mm, exploiting the enhancement of the secon
order susceptibility when the energy of the incoming photo
is close to that of the transitions between the first heavy-h
first light-hole, and second heavy-hole subbands. We m
sured the directional, wavelength, and polarization dep
dence of the SH signal. The presence of thexxyz

(2),QW,xzxy
(2),QW

and xxzx
(2),QW,xzxx

(2),QW elements in the second-order suscep
bility tensor has been verified, in agreement with theoret
predictions. This contrasts with SH generation experime
involving conduction subbands where thexzzz

(2),QW element is
dominant. The measured maximum enhancement of 16
the second-order susceptibility of the QW’s with respect
that of bulk GaAs agrees with the theoretical expectati
with the quality of the investigated samples taken in
acoount. Possible devices making use of valence inter
band transitions, compared to those using conduction in
P

.
n

.

s

A
. B
L
-
s
e,
a-
n-

-
l

ts

of
o
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subband transitions, benefit from the possibility to work w
TE polarized input fields that are easy to transmit into
MQW structure, and from the possibility to generate SH o
put having a polarization which is different fom that of th
input wave.
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