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Removal of spin degeneracy inp-SiGe quantum wells demonstrated by spin photocurrents
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Spin photocurrents requiring a system lacking inversion symmetry, become possible in SiGe based quantum
well ~QW! structures due to their built-in asymmetry. We report on circular and linear photogalvanic effects
induced by infrared radiation in~001!- and ~113!-oriented p-Si/Si12xGex QW structures and analyze the
observations in view of the possible symmetry of these structures. The circular photogalvanic effect arises due
to optical spin orientation of free carriers in QW’s with spin-split subbands. It results in a directed motion of
free carriers in the plane of the QW. We discuss possible microscopic mechanisms that could remove the spin
degeneracy of the electronic subband states.

DOI: 10.1103/PhysRevB.66.075328 PACS number~s!: 73.40.Gk, 72.30.1q, 71.55.2i, 03.65.Sq
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I. INTRODUCTION

The spin degrees of freedom of charge carriers and
manipulation has become a topical issue in basic rese
and material science under the perspective of spin-ba
electronic devices. One particular aspect, which we wan
address in this contribution, is the generation of sp
polarized carriers in semiconductor quantum structures. T
aspect is specific for the semiconductor material and can
considered without technological problems such as spin
jection, inherent with the paradigmatic spin transistor p
posed by Datta and Das.1 Recently it has been demonstrat
that in quantum well structures based on III-V compounds
directed current inseparably linked to spin-polarized carr
and spin-split electronic states can be created by circul
polarized light employing nonlinear optical properties.2,3

This effect belongs to the class of photogalvanic effe
known for bulk semiconductors.4

The nonlinear optical response of matter under excita
by light with frequenciesv1 and v2 is described in lowes
order by a third rank tensor. The response is at the sum
difference frequencyV5v16v2. Special cases, with ligh
from one intense light source (v5v15v2), are second har
monic generation (V52v) and the photogalvanic effec
(V50). The latter is the generation of a directed curre
~double index summation understood!

j l5DlmnEm~v!En~2v! ~1!

by applying light with the electric fieldEm(t)5Em(v)eivt

andEm* (v)5Em(2v). For j l to be real the third rank tenso
Dlmn has to be symmetric with respect to complex conju
tion together with interchange ofm andn. Thus by decom-
position of Dlmn into real and imaginary parts~being sym-
metric and antisymmetric, respectively, under interchange
the indicesm andn) j l can be separated according to

j l5xlmn@Em~v!En* ~v!1Em* ~v!En~v!#/2

1 iglk~E3E* !k , ~2!
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wherexlmn is the real part ofDlmn andglk is a second-rank
pseudo-tensor composed of the antisymmetric imaginary
of Dlmn . The second term on the right-hand side of Eq.~2!

can be expressed usingi (E3E* )k5êkPcircE0
2 with E0 andê

being the electric field amplitudeuEu and the unit vector
pointing in the direction of light propagation, respective
Because of the factorPcirc , indicating the degree of circula
polarization, this term is identified with the circular phot
galvanic effect~CPGE!, while the first term of Eq.~2! con-
tributes also for linearly polarized light and hence represe
the linear photogalvanic effect~LPGE!. Both effects require
nonvanishing components of the tensorDlmn which exist
only in systems without a center of inversion, i.e., in bulk
or Ge both effects are absent. However, it is important
note that both effects become possible due to symmetry
duction in QW structures based on these materials. Thi
demonstrated by the experiments presented below where
inversion symmetry was broken by preparation of compo
tionally stepped QW’s and asymmetric doping of compo
tionally symmetric QW’s.

II. EXPERIMENT

The measurements were carried out onp-type SiGe QW
structures MBE grown on~001!- and ~113!-oriented Si sub-
strates. Two groups of~001!-grown asymmetric samples
whose potential profiles are sketched in Figs. 1~a! and 1~b!,
were fabricated in the following manner. One of the grou
of samples was compositionally stepped@Fig. 1~a!# compris-

FIG. 1. Potentials profiles of investigated samples:~a! composi-
tionally stepped QW,~b! asymmetrically doped compositionall
symmetric QW, and~c! symmetric QW. The vertical dashed line
indicate the doping.
©2002 The American Physical Society28-1
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ing ten QW’s @Si0.75Ge0.25(4 nm)/Si0.55 Ge0.45(2.4 nm)#
separated by 6 nm Si barriers. The second group of as
metric structures had a single QW of Si0.75Ge0.25composition
which was doped with boron from one side only@Fig. 1~b!#.
These structures are of theC2v point group symmetry which
has also been confirmed by the present experiment. S
tures of the lower symmetryCs were ~113! grown with a
Si/Si0.75Ge0.25(5 nm)/Si single QW one-side boron dope
As a reference sample a~001! grown compositionally sym-
metric and symmetrically boron doped multiple QW stru
ture @Fig. 1~c!# of sixty Si0.7Ge0.3(3 nm) QW has been used
All these samples had free carrier densities of abou
31011 cm22 in each QW and were studied at room tem
perature. For~001!-oriented samples two pairs of Ohm
point contacts in the center of the sample edges with c
necting lines alongxi @11̄0# and yi @110# have been pre-
pared~see inset in Fig. 2!. Two additional pairs of contact
have been formed in the corners of the samples corresp
ing to the^100& directions. For~113!-oriented samples two
pairs of contacts were centered along opposite sample e
pointing in the directionsxi @11̄0# andyi @332̄# ~see inset
in Fig. 5!.

A high power pulsed midinfrared~MIR! TEA-CO2 laser
and a far-infrared~FIR! NH3 laser have been used as rad
tion sources delivering 100 ns pulses with radiation poweP
up to 100 kW. Several lines of the CO2 laser between 9.2 an
10.6 mm and of the NH3 laser5 between l576 and
280 mm have been used for excitation in the MIR and F
range, respectively. The MIR radiation induces direct opti
transitions between heavy hole and light hole subbands w
the FIR radiation causes indirect optical transitions in
lowest heavy-hole subband. The laser light polarization w
modified from linear to circular using a Fresnel rhombus a
quartz l/4 plates for MIR and FIR radiation, respectivel
The helicity of the incident light was varied according
Pcirc5sin 2w wherew is the angle between the initial plan
of linear polarization and the optical axis of the polarizer. F
investigation of the LPGE linearly polarized radiation h
been used. In this casea is the angle between the electr
field vector and thex direction ~see inset in Fig. 5!. The
current j generated by the polarized light in the unbias

FIG. 2. Photogalvanic currentj x in ~001!-grown and asymmetri-
cally doped SiGe QW’s normalized by the light powerP and mea-
sured at room temperature as a function of the phase anglew. The
data were obtained under oblique incidenceQ0530° of irradiation
at l510.6mm. The full line is fitted after Eq.~3!. The inset shows
the geometry of the experiment.
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devices was measured via the voltage drop across a 5V
load resistor in a closed circuit configuration. The volta
was recorded with a storage oscilloscope. The measured
rent pulses of 100 ns duration reflect the corresponding la
pulses.

With illumination by MIR radiation of the CO2 laser in
~001!-oriented samples with asymmetric QW’s a current s
nal proportional to the helicityPcirc is observed under ob
lique incidence indicating the CPGE~Fig. 2!. We note that
the samples were unbiased, thus the irradiated samples
resent a current source. The current follows the tempo
structure of the laser pulse intensity and changes sign if
circular polarization is switched from left to right hande
For ^110& as well as for̂ 100& crystallographic directions the
photocurrent flows perpendicular to the wavevector of
incident light. The wavelength dependence of the photoc
rent obtained between 9.2 and 10.6mm corresponds to the
spectral behavior of direct intersubband absorption betw
the lowest heavy hole and light hole subbands measure
transmission~see Fig. 3!.

In the FIR range a more complicated dependence of
current as a function of helicity has been observed. In~001!-
grown asymmetric QW’s as well as in~113!-grown samples
the observed dependence of the current on the phase anw
may be described by the sum of two terms, one be
}sin 2w and the other}sin 2w cos 2w. In Fig. 4 experimental
data and a fit to these functions are shown for a step bunc
~113!-grown SiGe sample. The first term}sin 2w is again
caused by CPGE. The second term}sin 2w cos 2w vanishes
for circularly polarized radiation (w545°1m 90°, m is in-
teger!. This makes the assumption likely that this term
caused by the linear photogalvanic effect2 with the electric
field vector projected on they direction. In order to prove
that, the photocurrent has been investigated in response
linearly polarized radiation. Indeed the LPGE could be o
served with the current along both thex and they direction.
Figure 5 presents the measured dependence ofj x and j y , as
a function of the anglea between the plane of linear pola
ization and the axisx. The solid and the dashed curves in F
5 show the fit afterj x}sin 2a and j y}@x12x2cos 2a#, re-
spectively. Herex1 andx2 are constants.

For both spectral ranges with~001!-grown samples a

FIG. 3. Spectral dependence of CPGE~full dots! due to direct
transitions betweenhh1 andlh1 valence subbands compared to t
absorption spectrum obtained at 10 K. The absorption has b
determined by transmission measurements making use a mult
reflexion wave guide geometry shown in the inset. Results are p
ted for ~001!-grown and asymmetrically doped SiGe QW’s.
8-2
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REMOVAL OF SPIN DEGENERACY INp-SiGe . . . PHYSICAL REVIEW B 66, 075328 ~2002!
variation of the angle of incidenceQ0 in the incidence plane
aroundQ050 changes the sign of the current. At norm
incidence the current vanishes. This is observed for both
CPGE and the LPGE. For~113!-grown samples the curren
does not change its sign by the variation ofQ0 and assumes
its maximum atQ050.

In symmetrically ~001!-grown and symmetrically dope
SiGe QW’s no photogalvanic current has been observe
spite of the fact that these samples, in order to increase
sensitivity, contain substantially more QW’s than the asy
metric structure described above.

III. PHENOMENOLOGICAL DESCRIPTION

Several point groups are relevant in connection with
photogalvanic experiments using~001!- and ~113!-oriented
Si/Si12xGex QW structures on which we report here. W
consider structures with ideal abrupt interfaces. The po
symmetry of a single~001!-oriented heterointerface betwee
semiconductors with a diamond lattice is C2v ~the same as
for zinc blende heterointerfaces!. The symmetry of~001!-
grown Si/(Si12xGex)n /Si QW’s depends on the numbern of
atomic layers forming the well. It isD2h for evenn andD2d
for oddn. In contrast toD2d the point groupD2h has a center
of inversion and thus forbids the second order response
cluding both LPGE and CPGE as well as second-harmo
generation. An electric field~external or built-in! along the
growth direction reduces the symmetry fromD2h or D2d to
C2v . The point groupC2v includes the twofold rotation axis
C2i@001# and the mirror planess (110) ,s (11̄0) . In real~001!-
grown QW’s with monoatomic height fluctuations such
steps, islands, and terraces, the localC2v symmetry increases
to C4v upon averaging over a certain in-plane area~see Ref.
6!. For symmetrical QW’s with built-in electric fields o
asymmetrical QW’s~due to doping or different profiles o
the left and right interfaces! the macroscopic symmetry i
C2v as for a single heterojunction. It should be noted he
that second harmonic generation has been detected in~001!-
grown Si/SiGe QW’s.7 If an interface is grown along the
low-symmetry axiszi@hhl# with @hhl#Þ@001# or @111#, the
point group becomesCs ~see, e.g., Ref. 8! and contains only

FIG. 4. Photogalvanic current in~113!-grown SiGe QW’s nor-
malized by the light powerP as a function of the phase anglew.
The results were obtained under normal incidence of irradiatio
l5280mm at room temperature. The full line is fitted after Eq.~6!.
Broken and dotted lines showj x}sin 2w and j x}sin 2w•cos 2w,
respectively.
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two elements, the identity and one mirror reflection pla
s (11̄0) . Asymmetric (hhl)-grown QW’s retain the point-
group symmetryCs and thus allow CPGE and LPGE as
the case for zinc blende–based QW’s grown on~113!-
oriented substrates. The samples used in our experim
~see previous section! haveC2v or Cs symmetry for~001!- or
~113!-grown structures, respectively.

CPGE and LPGE depend in a characteristic way on
angular configuration of the experimental setup~see previous
section!. One angle (w) is used to describe the changin
polarization of the incident light between linea
(w50, 90°, 180°,. . . ) and circular (w545°, 135°,. . . ),
the second (a) describes~for linear polarization! the angle
between the plane of linear polarization and thex axis. Mak-
ing use of the sample symmetry we derive these charact
tic angular dependencies of the photocurrentj l of Eq. ~2! on
w anda. In doing so we identify the coordinatesx,y,z with
the directions @11̄0#, @ l l (2h)# and @hhl#, respectively,
where@hhl# ~@001# or @113# in our case! is the growth axis of
the QW structure. Due to carrier confinement inz direction
the photocurrent in QW’s has nonvanishing components o
in x andy. Then, in a system of C2v symmetry, the tensorg
describing the CPGE is characterized by two linearly ind
pendent componentsgxy andgyx and the second term of Eq
~2! reduces to

j x5gxyêyPcircE0
2 , j y5gyxêxPcircE0

2 ~3!

with Pcirc5sin 2w. A photocurrent can be induced in this ca
only under oblique incidence~as in Fig. 2! because for nor-
mal incidence,ê i@001# and henceêx5êy50.

The Cs symmetry allows CPGE and LPGE for norm
incidenceêi@hhl# because in this case the tensorsg and x
have the additional nonzero componentsgxz , xxxy5xxyx ,
xyxx , andxyyy . As a result, under normal incidence, one h

j x5gxzPcircE0
21xxxy~ExEy* 1EyEx* !,

j y5xyxxuExu21xyyyuEyu2, ~4!

whereE0
25uExu21uEyu2. In particular, for linearly polarized

light

FIG. 5. Photocurrentj in response to linear polarized radiatio
for x andy directions as a function of the anglea between the plane
of linear polarization and the axisx. The results were obtained in
~113!-grown SiGe QW’s under normal incidence of irradiation
l5280mm at room temperature. The broken line and the full li
are fitted after Eq.~5!.
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S. D. GANICHEV et al. PHYSICAL REVIEW B 66, 075328 ~2002!
j x5E0
2xxxysin 2a, j y5E0

2~x11x2cos 2a!, ~5!

where x65(xyxx6xyyy)/2. In the experimental setup
where the laser light is linearly polarized alongx and al/4
plate is placed between the laser and the sample, Eqs~4!
reduce to

j x5E0
2~gxz1xxxycos 2w!sin 2w,

~6!
j y5E0

2~x11x2cos 2w!.

The dependencies of Eqs.~3!, ~5!, and~6! agree well with the
experimental results for different SiGe QW’s as shown
Figs. 2, 4, and 5. The tensorsg and x describe different
physical mechanisms and, therefore, may depend differe
on the excitation wavelength, material parameters, and t
perature. In the present samples, for MIR excitation, the c
tribution of g to the photocurrent is larger than that ofx ~Fig.
2! whereas for FIR excitation both effects CPGE and LP
are of the same order of magnitude. This difference may
caused by the different optical excitation mechanisms:
MIR excitation direct transitions between subsequent s
bands dominate while in the FIR only free carrier absorpt
within a subband is possible.

IV. MICROSCOPIC THEORY

The principal microscopic origin of a photon helicit
driven current is the removal of spin degeneracy in the s
band states due to the reduced symmetry of the quantum
structure.3,9 For systems consisting of material componen
which have inversion symmetry~here Si and Ge with dia
mond structure! and, as a consequence, only spin degene
electron states, it has to be shown that spin degeneracy
be removed due to the symmetry (C2v or Cs) of the inves-
tigated SiGe structures. It is caused by the appearanc
k-linear terms in the Hamiltonian

H (1)5b lms lkm , ~7!

wherek is the wave vector, the real coefficientsb lm form a
pseudotensor~subjected to the same symmetry restrictions
g) and thes l are the Pauli spin matrices. In this sectio
several scenarios will be presented which could contribut
b lm in SiGe QW’s with symmetriesC2v or Cs . As discussed
in Ref. 3 the coupling between the carrier spin (s l) and wave
vector (km) together with the spin-controlled dipole selectio
rules yields a net current under circularly polarized exc
tion. Depending on the photon energy this spin photocurr
can be either due to direct or indirect intersubband tra
tions. The former~latter! is realized in our experiments pre
sented in Fig. 2~Fig. 4!.

Spin degeneracy results from the simultaneous prese
of time reversal and spatial inversion symmetry. If one
these symmetries is broken the spin degeneracy is lifted
our SiGe QW systems the spatial inversion symmetry is b
ken ~the point groupsC2v andCs do not contain the inver-
sion operation! and, as a consequence, spin-dependent
k-linear terms appearing in the electron Hamiltonian lead
a splitting of the electronic subbands at finite in-plane wa
07532
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vector. Microscopically different mechanisms can lead
k-linear terms, which will be discussed here briefly.

A. Electric-field induced Rashba-like terms

In the context of spin related phenomena in QW structu
most frequently the so-called Rashba term10 is addressed,
which is a prototype spin-orbit coupling term. It has ax
symmetry and can exist as well in systems invariant un
C2v andCs . Within thek•p theory the Rashba term can b
understood as resulting from the couplings between cond
tion and valence band states mediated by the momen
operator (k•p coupling! and the space coordinatez in the
electric confinement potentialV5eFz (F being the electric
field!. The matrix element of the latter can be expressed
the momentum matrix elementpcv divided by the gap energy
Eg . It can be shown that, for the light holes in the ba
u lh1,1/2&,u lh1,21/2& ~as for the corresponding conductio
electron states!, the 232 Hamiltonian linear ink is given by

bFF 0 2ky2 ikx

2ky1 ikx 0 G52bF~sxky2sykx!, ~8!

with

bF5
1

3
eFS upcvu\

m0Eg
D 2

. ~9!

The expression~8! is invariant underC`v . The Rashba-like
terms for heavy- and light-hole subband states have b
discussed in Ref. 11.

B. Linear-k terms due to heavy-light hole mixing

The tetrahedral orientation of the chemical bonds, stick
out from an atom at the (001) interface to pairs of differe
atoms on either side, reduce the microscopic symmetry
give rise to a mixing of heavy- and light-hole states even
zero in-plane wave vector.12 This mechanism, originally con
sidered for interfaces between zinc blende compound se
conductors, exists as well for the SiGe interface. It can
considered in the envelope-function approach in the form
a d-functional coupling Hamiltonian

Hl -h5
\2

m0a0A3
t l 2h$Ĵ1 ,Ĵ2%d~z2zi f !, ~10!

where$Ĵ1 ,Ĵ2%5( Ĵ1Ĵ21 Ĵ2Ĵ1)/2 is the symmetrized produc
of 434 matrices of the angular momentum components
the basis of theJ53/2 states. In the given form (a0 being the
lattice constant andm0 the mass of the free electron! t l -h is a
dimensionless coupling parameter andzi f the position of the
interface along the growth axis. For a Si/(Si12xGex)n/Si QW
with odd n the coefficientst l -h

(L) and t l -h
(R) at the left and right

interfaces differ in sign as they do in zinc blende–bas
QW’s.12 However, in diamond-based structures interfac
can be shifted not only by an integer number of monomo-
lecular layers~as in case of binary zinc blende systems! but
by any number of monoatomiclayers. A shift of the interface
8-4
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by one monoatomic layer interchanges the role of a

@11̄0# and @110# and results in sign reversal oft l 2h . Thus
the general relation

t l 2h
(L) 5~21!n11t l 2h

(R) ~11!

is valid. The mixing due toHl 2h leads to a wave function a
the bottom of the lowest heavy-hole (hh1) subband, which
has the form

w63/2
(hh1)5C~z!uG8 ,63/2&6 iS~z!uG8 ,71/2&, ~12!

whereC(z),S(z) are real functions. In SiGe QW’s with od
n C(z) is even andS(z) is odd with respect to reflection in
the central plane of the QW layer~see for details Ref. 12!.
Now we take the contribution

A3\2g3

m0 F 0 kzk2 0 0

kzk1 0 0 0

0 0 0 2kzk2

0 0 2kzk1 0

G ~13!

to the bulk Luttinger Hamiltonian proportional t
kzk6 (k65kx6 iky), consider it as a perturbation and ca
culate its matrix elements between the states of Eq.~12!. The
result presented in the form of a 232 matrix reads

Hhh1
(1) 5

2A3\2g3

m0
QF 0 k2

k1 0 G , Q5E S~z!
d

dz
C~z!dz.

~14!

In the same way one can derivek-linear terms for higher
heavy-hole subbands as well as for light-hole subbands
the latter case thek-linear Hamiltonian is proportional to th
matrix

F 0 k1

k2 0 G5sxkx2syky .

We would like to emphasize that terms of this structure h
been discussed so far only for material systems with b
inversion asymmetry~BIA !.16 Note, that for QW’s with even
n the envelope functionsC(z),S(z) in Eq. ~12! are of the
same parity and the integralQ vanishes in agreement wit
the symmetry considerations.

C. k-linear terms in asymmetrical „hhl …-grown QW’s

Invoking the theory of invariants,13 the Hamiltonian act-
ing in the twofold space of particles with spin 1/2 can
represented in terms of four independent 232 matrices~the
unit matrix and the Pauli spin matrices!. In addition to the
Rashba term~which has this form! there could be similar
expressions but with higher powers of the wave vector~or
the electric field!. The 434 Hamiltonian for holes, usually
described in the basis of angular momentum eigenstates
J53/2, M563/2, 61/2, requires for its most general form
16 independent matrices formed from angular momen
matricesJx ,Jy ,Jz , their powers and products. Thus in com
bination with tensor operators, composed of component
the momentum~or wave vector! and the electric field, new
07532
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terms are possible underC2v andCs . Some of these, which
can be regarded as generalized Rashba terms, give ris
k-linear contributions in the hole subbands.

For asymmetrical (hhl)-grown QW’s the relevant terms
are odd inkx and Ĵz , e.g., for hole states those proportion
to Ĵzkx ,Ĵzkx

3 ,Ĵzkxky
2 ,Ĵz

3kx , whereĴz is the z component of
the angular momentum operator in the coordinate sys
xi@ 1̄10#, yi@ l l (2h#, zi@hhl#. These terms result in hole sub
band dispersions of the form

En j k5Enk
0 6bnkx , ~15!

whereEnk
0 is the hole subband dispersion calculated witho

k-linear terms.
The 434-Luttinger Hamiltonian, describing the valenc

band dispersion of bulk Si or Ge close to the center of
Brillouin zone

HG8
~k!5HG8

(0)~k!2
\2

m0
~g32g2!Û~k!,

can be split into a spherically symmetric part

HG8

(0)~k!5
\2

2m0
F S g11

5

2
g2D14x422g2~ Ĵ•k!2G

(14x4 is the 434 unit matrix! and an anisotropic term with

Û~k!5 (
aÞb

$Ĵa ,Ĵb%kakb .

The eigenvalues of the former are isotropic ink, while the
latter term causes warping. In the coordinate systemx,y,z
and fork5(0,0,kz) this term can be written as~see Ref. 14!

Û8~kz!5
1

2 H ~113 cos 2u!F Ĵz
22

1

2
~ Ĵx

21 Ĵy
2!G2~123 cos2u!

3~ Ĵx
22 Ĵy

2!J sin2ukz
21sinu cosu~3 cos2u21!

3$Ĵy ,Ĵz%kz
2 , ~16!

whereu is the angle between the axes@hhl# and @001#. We
may now treat the subband problem by consider
HG8

(0)(kuuz) as leading term to calculate the subband energ

at zero in-planek and consider

V̂52
\2

m0
$2g2@$Ĵx ,Ĵz%kx1$Ĵy ,Ĵz%ky#kz

1~g32g2!sinu cosu~3 cos2u21!$Ĵy ,Ĵz%kz
2%

as a perturbation. Both terms ofV̂ cause a coupling betwee
heavy (M563/2)- and light (M561/2)-hole states. The
first term, representing the contributions ofHG8

(0)(k) propor-

tional to k6kz , gives rise to this coupling for finite in-plan
k, while the second, taken from the warping term, descri
heavy-light hole coupling even for zero in-planek ~note that
under Cs the angular momentumM ceases to be a goo
8-5
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quantum number!. Treating V̂ in second order perturbatio
theory the cross terms between these twol -h coupling
mechanisms yieldk-linear contributions6bkx to the hole
subband dispersion with

b52A3
g2~g32g2!

Elh1
(0)2Ehh1

(0) S \2

m0
D 2

S1S2

and

S15E Fhh1~z!
d

dz
Flh1~z!dz,S25E Fhh1~z!

d2

dz2
Flh1~z!dz.

Note that in symmetric QW’s the subband envelope fu
tions Fhh1(z) and Flh1(z) are even. Thus,S1 and the split-
ting would vanish in this case in accordance with the gen
symmetry considerations.

D. Electric-field-induced terms proportional to Ĵzkx

As mentioned above we may consider also invariants c
structed with the angular momentum matrices in the ba
J53/2 and tensor components combiningka and electric
field Fa (a51,2,3):

H (1)5d1@V̂1~F2k31F3k2!1V̂2~F3k11F1k3!

1V̂3~F1k21F2k1!# ~17!

and

H (3)5d3@ Ĵ1~F2k31F3k2!1 Ĵ2~F3k11F1k3!

1 Ĵ3~F1k21F2k1!#, ~18!

with V̂15$Ĵ1 ,Ĵ2
22 Ĵ3

2% andk15k1(k2
22k3

2) ~and cyclic per-
mutations of these expressions!. Transforming to the coordi-
nate systemx,y,z as before these terms provide a first-ord
perturbation correction to subband statesunsk& @calculated
without odd-k terms and symmetric with respect to the m
ror reflection in the plane (hhl) as defined in Ref. 15#. The
weighting factor for the spin-splitting term in the subbandn
reads

bn5sinu cosu~123 cos2u!FzS 2
d1

2
^nskuĴz

3unsk&

1d3^nskuĴzk̂z
2unsk& D , ~19!

with u as defined before andk̂z
252]z

2 . The procedure used
to obtain bn , Eq. ~19!, is similar to that of Ref. 16 when
E.

W

07532
-

al

n-
is

r

deriving terms linear in the in-plane momentum of a Q
from cubic terms of the bulk band structure. Note that,
compared withd1, the coefficientd3 is not relativistically
small and contributions from the second term in Eq.~19! can
be of the same order as~or even exceed! the first term.

The four scenarios presented in this section demonst
the possibility ofk-linear spin-splitting terms in the subban
dispersion of SiGe QW’s due to the low (C2v or Cs) sym-
metry of these structures. Of these only scenarioA has been
discussed before11 for GaAs based structures, while the ot
ers (B, C, andD) are new. Their relative importance for th
observed photocurrents, depending on the material par
eters and on the geometry and composition of the individ
QW structure, could be evaluated only by a calculation of
tensorsx andg. Such calculations are far beyond the sco
of the present investigation.

V. CONCLUSIONS

In our experiments, carried out for differentp-type QW
structures based on the SiGe material system we have d
onstrated the possibility to create a photon helicity driv
stationary current due to the circular photogalvanic effe
Our experiments show the characteristic angular depen
cies derived from the phenomenological formulation of t
linear and circular photogalvanic effects. The experime
have been performed in different regimes of photon energ
allowing for direct and indirect intersubband transitions. T
experimental results prove the removal of spin degenerac
hole subbands in asymmetric SiGe QW’s. We analyze
symmetry of the QW’s under investigation and present d
ferent scenarios that can lead to spin-dependentk-linear
terms in the hole subband Hamiltonian, which are prereq
site for the appearance of the observed photocurrent.
results provide the important information that spin-relat
phenomena, which so far have been considered to be spe
for QW structures based on zinc blende materials, exist a
in the SiGe QW systems. In particular spin sensitive blea
ing of absorption at direct intersubband transitions may
recorded by the saturation of LPGE and CPGE at high po
levels allowing to conclude on spin relaxation times as m
recently demonstrated with GaAs QW’s.17
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