
PHYSICAL REVIEW B 68, 035319 ~2003!
Resonant inversion of the circular photogalvanic effect inn-doped quantum wells
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We show that the sign of the circular photogalvanic effect can be changed by tuning the radiation frequency
of circularly polarized light. Here resonant inversion of the photogalvanic effect has been observed for direct
intersubband transition inn-type GaAs quantum well structures. This inversion of the photon helicity driven
current is a direct consequence of the lifting of the spin degeneracy due tok-linear terms in the Hamiltonian in
combination with energy and momentum conservation and optical selection rules.
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I. INTRODUCTION

Effects caused by spin-orbit interaction in compou
semiconductor heterojunctions have been the subject
growing number of investigations recently.1,2 In two-
dimensional systems based on quantum wells~QW’s! the
electron spin couples to the electron motion and results,
der optical orientation with circularly polarized light, in sp
photocurrents.3 The direction and magnitude of this sp
photocurrent depend on the degree of circular polarizatio
the incident light.4 This phenomenon belongs to the class
photogalvanic effects5 and represents here a circular pho
galvanic effect~CPGE!.

It was shown in Ref. 3 that the CPGE in zinc-blen
structure based QW’s is caused by spin orientation of carr
in systems where the spin degeneracy of the band structu
lifted by k-linear terms in the Hamiltonian.6,7 In this case
homogeneous irradiation of QW’s with circularly polarize
light results in an asymmetric distribution of photoexcit
carriers ink space which leads to the current. So far th
effect has been observed only for indirect intrasubband t
sitions in n- and p-type QW’s ~Drude absorption! and for
direct inter-subband heavy-hole–light-hole transitions
p-type QW’s.3,8

Here we report on an observation of a resonant invers
of the CPGE at direct transitions between size quantized
bands inn-type QWs. This effect demonstrates in a ve
direct way the spin splitting of subbands ink space in zero
electric and magnetic field due to spin-orbit interaction. W
show that the sign of the spin driven circular photogalva
current can be reversed by tuning the radiation freque
This inversion of the photon helicity driven current is a d
rect consequence ofk-linear terms in the subband structu
in combination with conservation laws and optical select
rules.

II. EXPERIMENTAL RESULTS

Direct intersubband transitions between the lowest (e1)
and the second (e2) conduction subband inn-type GaAs
QW’s have been obtained by applying a line tunable pul
transversely excited atmospheric pressure (TEA)-CO2 laser.
0163-1829/2003/68~3!/035319~6!/$20.00 68 0353
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The laser yields strong linearly polarized emission at wa
lengthsl between 9.2 and 10.8mm corresponding to photon
energies\v ranging from 135 to 114 meV. The quantu
well widths were chosen to be'8 nm, so that the separatio
of the subbandse1 ande2 matches the photon energy ran
of the laser.9,10 Molecular-beam-epitaxy grown~001!- and
~113!-orientedn-type GaAs/AlGaAs QW samples of 8.8, 8.
and 7.6 nm width with free-carrier densities ranging betwe
231011 cm22 and 131012 cm22 were investigated at room
temperature. The~113!-oriented samples have been grow
on GaAs~113!A substrates employing growth conditions u
der which Si dopants are predominantly incorporated
donors11 as confirmed by Hall measurements.

On each sample a pair of contacts along a line paralle
the x direction has been attached@see Fig. 1~c!#. We use
Cartesian coordinates for~001!-oriented samplesxi@11̄0#,
yi@110#, zi@001# and for ~113!-oriented samplesx8

5xi@11̄0#, y8i@332̄#, z8i@113#. Right handed (s1) and
left handed (s2) circularly polarized radiation was achieve
by using a Fresnel rhomb. In order to correlate the spec
dependence of the CPGE current to the absorption of
QW’s, optical transmission measurements were carried
using a Fourier transform infrared spectrometer. The curr
j generated by circularly polarized light in the unbiased d
vices was measured via the voltage drop across a 50V load
resistor in a closed circuit configuration@see Fig. 1~c!#. The
voltage in response to a laser pulse was recorded wit
storage oscilloscope.

Illuminating the unbiased QW structures with circular
polarized radiation results in a current signal due to CP
which is proportional to the helicityPcirc of the radiation.
The signal follows the temporal structure of the laser pu
and changes sign if the circular polarization is switched fr
s1 to s2 . Typical signal traces are shown in Fig. 1 com
pared to records of a linear photon drag detector.12 In ~001!-
oriented samples, belonging to the point groupC2v , the
CPGE current is only observed under oblique incidence
radiation, as expected from symmetry.3 For illumination
along they direction the helicity dependent photocurre
flows in thex direction perpendicular to the wave vector
the incident light. This is observed in experiment. In Fig.
©2003 The American Physical Society19-1
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the photocurrent as a function of photon energy is plotted
s1 ands2 polarized radiation together with the absorpti
spectrum. The data are presented for a~001!-grown n-GaAs
QW of 8.2 nm width measured at room temperature. T
current for both, left and right handed circular polarizatio

FIG. 1. Oscillographic traces obtained through excitation w
l510.6mm radiation of~113!-grown n-GaAs QW’s. ~a! and ~b!
show CPGE signals obtained fors1 ands2-circular polarization,
respectively. For comparison in~d! a signal pulse of a fast photo
drag detector is plotted. In~c! the measurement arrangement
sketched. For~113!-grown samples being ofCs symmetry radiation
was applied at normal incidence and the current was detected i

directionxi @11̄0#. For ~001!-grown QW’s oblique incidence with
light propagating along@110# direction was used and the curre

was detected inxi @11̄0# direction.

FIG. 2. Photocurrent in QW’s normalized by the light powerP
as a function of the photon energy\v. Measurements are presente
for n-type ~001!-grown GaAs/AlGaAs QW’s of 8.2 nm width~sym-
metry classC2v) at T5293 K. Oblique incidence ofs1 ~squares!
ands2 ~circles! circular polarized radiation with an angle of inc
denceQ0520° was used. The currentj x was measured perpendicu
lar to the direction of light propagationy. The dotted line shows the
absorption measurement using a Fourier transform infrared s
trometer.
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changes sign at a frequencyv5v inv . This inversion fre-
quencyv inv coincides with the frequency of the absorptio
peak ~see Fig. 2!. The absorption peak frequency andv inv
depend on the sample width according to the variation of
subband energy separation. This has been verified by m
suring QW’s of different widths. Spin orientation induce
CPGE and its spectral sign inversion have also been dete
in a ~113!-orientedn-GaAs QW which belongs to the poin
group Cs . In this case the helicity dependent signal is o
served in thex direction at normal incidence of radiatio
alongz8.

III. MICROSCOPIC MODEL

The physical origin of the effect is sketched in Fig. 3 f
Cs symmetry and in Fig. 4 forC2v symmetry. For both sym-
metries the degeneracy ink space is lifted. First we conside
the simplest case ofCs symmetry relevant for~113!-oriented
samples. Thesz8kx contribution to the Hamiltonian, respon
sible for the effect under normal incidence, splits the elect
spectrum into spin sublevels with the spin componentss5
61/2 along the growth directionz8. As a result of optical
selection rules right-handed circular polarization under n
mal incidence induces direct optical transitions between
subbande1 with spins521/2 ande2 with spins511/2.
For monochromatic radiation optical transitions occur only
a fixedkx where the energy of the incident light matches t
transition energy as is indicated by the arrow in Fig. 3~a!.
Therefore optical transitions induce an imbalance of mom
tum distribution in both subbands yielding an electric cu
rent. However, a nonequilibrium distribution of carriers
the upper subband rapidly relaxes due to the very effec
relaxation channel of LO-phonon emission, because the
ergy separation«21 betweene1 and e2 at kx50 is well
above the energy of LO phonons inn-GaAs QW’s («LO

he

c-

FIG. 3. Microscopic picture describing the origin of the inve
sion of the photocurrent inCs point group samples. The essenti
ingredient is the splitting of the conduction band due tok-linear
terms. Right handed circularly polarized radiations1 induces di-
rect spin-flip transitions~vertical arrows! from e1 subband withs
521/2 to e2 subband withs511/2. As a result an unbalance
occupation of thekx states occurs yielding a spin polarized phot
current.~a! For transitions withkx

2 left to the minimum ofe1 (s
521/2) subband the current indicated byj x is negative.~b! At
smaller\v the transition occurs atkx

1 , now right to the subband
minimum, and the current reverses its sign.
9-2
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535.4 meV). Therefore the contribution of thee2 subband
to the electric current vanishes and the magnitude and d
tion of electron flow is determined by the momentum dis
bution of carriers in the lowest subband.

Figures 3~a! and 3~b! show what happens when, as in o
experiment, the energy of the incident light is varied fro
energies above«21 to values below«21. Here «21 is the
subbands’ energy separation atk50. At large photon energy
\v.«21, excitation occurs at negativekx resulting in a cur-
rent j x shown by arrow in Fig. 3~a!. A reduced photon fre-
quency shifts the transition towards positivekx and reverses
the direction of the current@Fig. 3~b!#. The inversion of the
current’s sign occurs at a photon frequencyv inv correspond-
ing to the transition at the minimum ofe1 (s521/2). The
model suggests that the magnitude of the spin splitting
scribed by the Rashba and Dresselhaus terms6,7 could easily
be derived from the energy shift\v inv2«21. However, our
measurements show, that the broadening of the optical t
sition in real QW’s is too large to obtain this energy shift. O
the other hand the model clearly shows that withoutk-linear
terms in the band structure neither an inversion nor a cur
would exist. Similar arguments hold forC2v symmetry@rel-
evant for ~001!-oriented samples# under oblique incidence
~see Fig. 4! although the simple selection rules are no long
valid.13 This is pointed out in more detail at the end of t
next section.

IV. MICROSCOPIC THEORY

The theory of the circular photogalvanic effect is dev
oped by using the spin density matrix technique.5 Generally
the total electric current that appears in a structure un
intersubband excitation consists of the contributions from
e1 ande2 subbands

j5 j(1)1 j(2), ~1!

FIG. 4. Microscopic picture describing the origin of the inve
sion of the photocurrent inC2v point group samples.~a! Excitation
at oblique incidence withs1 radiation of\v less than the energy
subband separation«21 induces direct spin-conserving transition
~vertical arrows! at kx

2 and kx
1 . The rates of these transitions a

different as illustrated by different thickness of the arrows. T
leads to a photocurrent due to an asymmetrical distribution of
riers in k space if the splittings of thee1 and e2 subbands are
nonequal.~b! Increase of the photon energy shifts more intens
transitions to the right and less intensive to the left resulting i
current sign change.
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which in the relaxation time approximation are given
standard expressions

j(n)5e(
k

tp
(n)Tr@ v̂ (n)~k!ṙ (n)~k!#. ~2!

Heree is the electron charge,n51,2 labels the subbanden,
tp

(n) is the momentum relaxation time in the subbanden,

ṙ (n)(k) is the generation of the density matrix, andv̂ (n) is the
velocity operator in the subband given by

v̂ (n)5\21¹kĤ
(n). ~3!

For the sake of simplicity we will consider a parabolic ele
tron spectrum for the subbands and take a Hamiltonian of
form

Ĥ (n)5« (n)1
\2k2

2m*
1Ĥ1k

(n) , ~4!

where « (n) is the energy of size quantization,Ĥ1k
(n) is the

spin-dependentk-linear contribution, andm* is the effective
mass equal for both subbands.

It is convenient to write the generation matrices in t
basis of spin eigenstatesxnks of the HamiltoniansĤ (n). For
the case of intersubband transitionse1→e2 the correspond-
ing equations have the form~see Ref. 14!

ṙss8
(1)

~k!52
p

\ (
s9

M s9,s8~k!Ms9,s
* ~k!@ f ksd~«2ks92«1ks

2\v!1 f ks8d~«2ks92«1ks82\v!#, ~5!

ṙss8
(2)

~k!5
p

\ (
s9

f ks9Ms,s9~k!Ms8,s9
* ~k!@d~«2ks2«1ks9

2\v!1d~«2ks82«1ks92\v!#,

Heres, s8 ands9 are the spin indices,f ks is the equilibrium
distribution function in the subbande1 ~the subbande2 is
empty in equilibrium!, «nks is the electron energy, an
M s9,s8(k) is the matrix element of intersubband optical tra
sitions (e1,k,s8)→(e2,k,s9). The latter is given by
M s9,s8(k)5x2ks9

† M̂x1ks8 , where M̂ is a 232 matrix de-
scribing the intersubband transitions in the basis of fixed s
statessz561/2,

M̂52
eA

cm*
p21F ez L~ex2 iey!

2L~ex1 iey! ez
G , ~6!

A is the amplitude of the electro-magnetic wave related
light intensity byI 5A2v2nv /(2pc), e is the unit vector of
the light polarization,nv is the refraction index of the media
c is the light velocity, andp21 is the momentum matrix ele
ment between the envelope functions of size quantiza
w1(z) andw2(z) in the subbandse1 ande2,

p2152 i\E w2~z!
]

]z
w1~z!dz. ~7!
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The parameterL originates fromk•p admixture of valence
band states to the electron wave function and is given b

L5
«21D~2«g1D!

2«g~«g1D!~3«g12D!
, ~8!

where«g is the energy of the band gap, andD is the energy
of spin-orbit splitting of the valence band. As one can s
from Eq.~6!, the parameterL determines the absorbance f
the light polarized in the interface plane.

In ideal QW’s the circular photocurrentj may be obtained
from Eqs. ~1!–~5!. However, in real structures the spectr
width of the intersubband resonance is broadened du
fluctuation of the QW width and hence exceeds the spec
width of the absorption spectrum of an ideal structure. T
broadening can be taken into account assuming that the
ergy separation between subbands«21 varies in the QW
plane. Then by convolution of the photocurrentj(«21) with
the distribution functionF(«21) we obtain

j̄5E j~«21!F~«21!d«21. ~9!

The function F(«21) for broadening may be expanded
powers of«212\v and by considering only the first tw
terms we obtain

F~«21!'F~\v!1F8~\v!~«212\v!. ~10!

Taking into account the HamiltonianĤ1k
(n) to be linear ink,

the averaged current is finally given by

j̄5ene

p

\2
@tp

(2)F~\v!1~tp
(1)2tp

(2)!F8~\v!«̄#

3Tr@M̂†~¹kĤ1k
(2)!M̂2M̂ ~¹kĤ1k

(1)!M̂†#, ~11!

wherene is the 2D carrier density, and«̄ is the mean value o
the electron energy. For a degenerate 2D electron ga«̄

5«F/2 and for a non-degenerate gas«̄5kBT, where«F is
the Fermi energy,kB is the Boltzmann constant, andT is the
temperature. We note, that the distribution functionF(\v)
describes the spectral behavior of the absorbance taking
account both inhomogeneous and homogeneous broade
For the absorption spectrum in Fig. 2, the full width at h
maximum~FWHM! is about 15 meV which corresponds
1–2 monolayer fluctuations of the QW thickness. The hom
geneous broadening at room temperature can be estimat
\W12 whereW12 is the rate of optical phonon induced tra
sitions e2→e1. By using the available estimations ofW12
~Ref. 15! we can conclude that the homogeneous broaden
is almost by an order of magnitude smaller than the obser
FWHM. We also note that, due to the nonparabolicity of t
3D electron spectrum and the difference of effective mas
in the well and barrier materials, the electron in-plane eff
tive masses in thee1 ande2 subbands differ which leads t
an additional broadening of the absorption spectrum. T
03531
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may lead to an asymmetry of the absorption peak and a s
redshift of the photocurrent inversion point.

A. Cs-symmetry and normal incidence

In ~113!-grown QW structures ofCs symmetry the CPGE
occurs under normal incidence of the radiation. In this c
the k-linear contribution to the Hamiltonian responsible f
the effect is given bybz8x

(n) sz8kx . Here bz8x
(n) are the coeffi-

cients being different for thee1 and e2 subbands. The
k-linear term splits the electron spectrum into spin sublev
with the spin componentss561/2 along the growth direc-
tion z8 ~see Fig. 3!. Thus the electron parabolic dispersion
the subbandse1 ande2 has the form

«n,k,61/25« (n)1
\2~kx

21ky8
2

!

2m*
6bz8x

(n) kx . ~12!

For direct intersubband transitions under normal incide
selection rules allow only the spin-flip transitions (e1,
21/2)→(e2,1/2) for s1 photons and (e1,1/2)→(e2,
21/2) for s2 photons.13 Due to these selection rules to
gether with energy and momentum conservation laws
optical intersubband transition under, for example,s1 pho-
toexcitation is only allowed for the fixed wave vectorkx
given by

kx5
\v2«21

bz8x
(2)

1bz8x
(1) . ~13!

Velocities of electrons in thee2 subband and of ‘‘holes’’ in
the e1 subband generated by this transition are given by

vx
(1)5\kx /m* 2bz8x

(1) /\, vx
(2)5\kx /m* 1bz8x

(2) /\.
~14!

This unbalanced distribution of carriers ink space induces an
electric current

j x5 j x
(1)1 j x

(2)52e
h iI

\v
~vx

(1)tp
(1)2vx

(2)tp
(2)!Pcirc , ~15!

whereI is the light intensity andh i is the absorbance or th
fraction of the energy flux absorbed in the QW due to t
intersubband transitions under normal incidence. Note
the magnitude of the photocurrentj x

(2) , corresponding to the
second term in the bracket of Eq.~15! and stemming from
photoelectrons in thee2 subband is smaller thanu j x

(1)u be-
causetp

(2)!tp
(1) as described above. The resonant invers

of the circular photocurrent is clearly seen from Eqs.~13!–
~15! becauseh i is positive andvx

(n) changes its sign at a
particular frequency.

For a degenerate 2D electron gas at low temperature
find that the dependence of the absorbanceh i on \v and
bz8x

(n) is given by

h i

\v
}

1

ubz8x
(2)

1bz8x
(1) u F «̃F2

\2

2m* S \v2«21

bz8x
(2)

1bz8x
(1) D 2G 1/2

, ~16!
9-4
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where«̃F5«F2m* @bz8x
(1) /(A2\)#2.

Taking into account the broadening we finally obtain f
the averaged circular photocurrent

j̄ x5
e

\
~bz8x

(2)
1bz8x

(1)
!F tp

(2)h̄ i~\v!

1~tp
(1)2tp

(2)!«̄
dh̄ i~\v!

d\v
G IPcirc

\v
, ~17!

where h̄ i}F(\v) is the calculated absorbance neglecti
k-linear terms but taking into account the broadening.

B. C2v symmetry and oblique incidence

In the case ofC2v point symmetry which is relevant fo
~001!-oriented QW’s the current flows only at oblique inc
dence and is caused byk-linear contributions to the electro
effective Hamiltonian given by

H 1k
(n)5bxy

(n)sxky1byx
(n)sykx . ~18!

The coefficientsbxy
(n) and byx

(n) are related to the bulk
inversion asymmetry~BIA ! or Dresselhaus term7,16 and
structure-inversion asymmetry~SIA! or Rashba term6 by

bxy
(n)5bBIA

(n) 1bSIA
(n) , byx

(n)5bBIA
(n) 2bSIA

(n) . ~19!

The circular photocurrent due to intersubband transit
in ~001!-grown QW’s in the presence of broadening can
calculated following Eq.~11! yielding

j x52L
e

\
~byx

(2)2byx
(1)!Ftp

(2)h'~\v!

1~tp
(1)2tp

(2)!«̄
dh'~\v!

d\v G IPcirc

\v
êy , ~20!

where ê is the unit vector directed along the light propag
tion andh' is the absorbance for the polarization perpe
dicular to the QW plane. The current in they direction can be
obtained by interchanging the indicesx andy in Eq. ~20!.

The origin of the spin orientation induced CPGE caus
by direct intersubband transitions inC2v-symmetry systems
is illustrated in Fig. 4 fors1 radiation. InC2v symmetry the
sykx contribution to the Hamiltonian splits the subbands
kx direction in two spin branches withs561/2 oriented
alongy ~see Fig. 4!. Due to selection rules the absorption
circularly polarized radiation, which yields an in-plane sp
polarization, is spin conserving.5 The asymmetric distribu-
tion of photoexcited electrons resulting in a current is cau
by these spin-conserving but spin-dependent transitions@see
Eq. ~20!#. This is in contrast to spin-flip processes occurri
in ~113!-grown QW’s described above. It turns out that und
S.
.
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oblique excitation by circularly polarized light the rates
intersubband transitions are different for electrons with
spin oriented coparallel and antiparallel to the in-plane dir
tion of light propagation.17 The difference is proportional to
the productuM iM'u, whereM i and M' are the absorption
matrix elements for in-plane and normal light polarizatio
This is depicted in Fig. 4 by vertical arrows of differen
thickness. In systems withk-linear spin splitting such pro-
cesses lead to an asymmetrical distribution of carriers ik
space, i.e., to an electrical current. Similar toCs symmetry
the variation of the photon energy leads to the inversion
the current direction@see Figs. 4~a! and 4~b!#. Since the cir-
cular photogalvanic effect in QW structures ofC2v symme-
try is caused by spin-dependentspin-conservingoptical tran-
sitions, the photocurrent described by Eq.~20! in contrast to
Eq. ~17! is proportional to the difference of subband sp
splittings.

V. CONCLUSIONS

Our experiments show that direct inter-subband tran
tions in n-type GaAs QW’s result in a spin orientation in
duced CPGE. The central observation is a change of the
of the CPGE current close to resonance of intersubband t
sitions. The theoretical results give a detailed description
all features observed in experiment. The sign inversion
lows for Cs symmetry from Eq.~17! and forC2v symmetry
from Eq. ~20!. If tp

(2)!tp
(1) the first term on the right hand

side in square brackets of both equations is vanishingly sm
compared to the second one. Therefore the photocurre
proportional to the derivative of the absorbance and is zer
the frequency of the absorption peak as observed in exp
ment. Thus the assumption that the momentum relaxatio
the upper subband is much faster than in the lower subb
is satisfied.

Comparing theory with experiment we also note that
C2v symmetry the spin splitting ink space is different for the
e1 ande2 subbands. Equation~20! shows that for equal spin
splitting byx

(2)5byx
(1) , the current vanishes. ForCs symmetry

in contrast, the spin-orientation induced CPGE current
proportional to the sum of the subband spin splittings a
therefore exist forbzx

(2)5bzx
(1) . The observation of the CPGE

for direct intersubband transitions allows one to extend
method of spin-sensitive bleaching, previously demonstra
for p-type QW’s,18 and therefore to investigate electron sp
relaxation times in n-type QW’s for monopolar spin
orientation.18,19

ACKNOWLEDGMENTS

We acknowledge financial support from the DFG, t
RFBR, the INTAS and the programs of the RAS.
g-
1S.A. Wolf, D.D. Awschalom, R.A. Buhrman, J.M. Daughton,
von Molnar, M.L. Roukes, A.Y. Chtchelkanova, and D.M
Treger, Science294, 1488~2001!.

2Semiconductor Spintronics and Quantum Computation, edited by
D.D. Awschalom, D. Loss, and N. Samarth, in the seriesNano-
science and Technology, edited by K. von Klitzing, H. Sakaki,
and R. Wiesendanger~Springer, Berlin, 2002!.

3S.D. Ganichev, E.L. Ivchenko, S.N. Danilov, J. Eroms, W. We
9-5



E.

-

s

d

h

n

p.

in-
m-

ly-

n-

.
ev.

.
re

S. D. GANICHEV et al. PHYSICAL REVIEW B 68, 035319 ~2003!
scheider, D. Weiss, and W. Prettl, Phys. Rev. Lett.86, 4358
~2001!.

4S.D. Ganichev, E.L. Ivchenko, H. Ketterl, W. Prettl, and L.
Vorobjev, Appl. Phys. Lett.77, 3146~2000!.

5E.L. Ivchenko and G.E. Pikus,Superlattices and Other Hetero
structures. Symmetry and Optical Phenomena~Springer, Berlin
1997!.

6Y.A. Bychkov and E.I. Rashba, Pis’ma Zh. E´ksp. Teor. Fiz.39, 66
~1984! @Sov. Phys. JETP39, 78 ~1984!#.

7M.I. D’yakonov and V.Yu. Kachorovskii, Fiz. Tekh. Poluprov.20,
178 ~1986! @Sov. Phys. Semicond.20, 110 ~1986!#.

8S.D. Ganichev, E.L. Ivchenko, and W. Prettl, Physica E~Amster-
dam! 14, 166 ~2002!.

9W. Hilber, M. Helm, K. Alavi, and R.N. Pathak, Superlattice
Microstruct.21, 85 ~1997!.

10S. Tsujino, M. Ru¨fenacht, H. Nakajima, T. Noda, C. Metzner, an
H. Sakaki, Phys. Rev. B62, 1560~2000!.

11N. Sakamoto, K. Hirakawa, and T. Ikoma, Appl. Phys. Lett.67,
1444 ~1995!.

12S.D. Ganichev, Ya.V. Terent’ev, and I.D. Yaroshetskii, Pis’ma Z
Tekh. Phys.11, 46 ~1985! @Sov. Tech. Phys. Lett.11, 20 ~1985!#.

13R.J. Warburton, C. Gauer, A. Wixforth, J.P. Kotthaus, B. Brar, a
03531
.

d

H. Kroemer, Phys. Rev. B53, 7903~1996!.
14E.L. Ivchenko, Yu.B. Lyanda-Geller, and G.E. Pikus, Zh. Ex

Teor. Fiz.98, 989 ~1990! @Sov. Phys. JETP71, 550 ~1990!#.
15A.M. Alcalde and G. Weber, Phys. Rev. B56, 9619~1997!.
16In the above analysis we considerk-linear spin splitting of the

conduction subbands. Generally speaking, in the range of
plane wave vectors involved in the experiments at room te
perature, the higher powers ofk can play a role in the spin
splitting. The contribution ofk-cubic bulk-inversion asymmetry
terms to the circular photocurrent can be included by multip
ing the coefficientbBIA

(n) by the factor@12k2/(4^kz
2&n)#,5 where

k25kx
21ky

2 and^kz
2&n52^enu]2/]z2uen&. This will lead to cor-

rections in Eq.~20! proportional tok̄2/^kz
2&n , where k̄ is the

mean value ofk, but leave the inversion point unchanged whe
evertp

(2)!tp
(1) .

17E.L. Ivchenko and S.A. Tarasenko, JETP~to be published!.
18S.D. Ganichev, S.N. Danilov, V.V. Bel’kov, E.L. Ivchenko, M

Bichler, W. Wegscheider, D. Weiss, and W. Prettl, Phys. R
Lett. 88, 057401~2002!.

19S.D. Ganichev, E.L. Ivchenko, V.V. Bel’kov, S.A. Tarasenko, M
Sollinger, D. Weiss, W. Wegscheider, and W. Prettl, Natu
~London! 417, 153 ~2002!.
9-6


