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Removal of spin degeneracy irp-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 i6001)- and (113)-oriented p-Si/Si,_,Geg, 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.
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I. INTRODUCTION wherey, ,, is the real part oD, ,, andy, , is a second-rank
pseudo-tensor composed of the antisymmetric imaginary part
The spin degrees of freedom of charge carriers and itef D, ,,. The second term on the right-hand side of E).

manipulation has become a topical issue in basic resear@un be expressed usingE X E*) .= e,PE3 with Eq ande

and material science under the perspective of spin-basggbing the electric field amplitudéE| and the unit vector
electronic devices. One particular aspect, which we want t@yinting in the direction of light propagation, respectively.
address in this contribution, is the generation of spin-Because of the factd?;, indicating the degree of circular
polarized carriers in semiconductor quantum structures. Thiﬁolarization, this term is identified with the circular photo-
aspect is specific for the semiconductor material and can b&alvanic effect(CPGB, while the first term of Eq(2) con-
considered without technological problems such as spin ingipytes also for linearly polarized light and hence represents
jection, inherent with the paradigmatic spin transistor prohe |inear photogalvanic effe¢tPGE). Both effects require
pose_d by Datta and DasRecently it has been demonstrated nonvanishing components of the tenddy,, which exist
that in quantum well structures based on IlI-V compounds, gnly in systems without a center of inversion, i.e., in bulk Si
directed current inseparably linked to spin-polarized carriergyy Ge hoth effects are absent. However, it is important to
and spin-split electronic states can be created by circularlyote that both effects become possible due to symmetry re-
polarized light employing nonlinear optical propert?e%. duction in QW structures based on these materials. This is
This effect belongs to the class of photogalvanic effectgjemonstrated by the experiments presented below where the
known for bulk semiconductofs. inversion symmetry was broken by preparation of composi-

The nonlinear optical response of matter under excitatioRionally stepped QW’s and asymmetric doping of composi-
by light with frequenciesn; and , is described in lowest tionally symmetric QW's.

order by a third rank tensor. The response is at the sum or
difference frequency)= w;,* w,. Special cases, with light
from one intense light sourcesE w,= w,), are second har-
monic generation  =2w) and the photogalvanic effect  The measurements were carried outmtype SiGe QW
(2=0). The latter is the generation of a directed currentstructures MBE grown o1001)- and (113-oriented Si sub-

Il. EXPERIMENT

(double index summation understgod strates. Two groups of001)-grown asymmetric samples,
whose potential profiles are sketched in Fige) Bnd Xb),
i, =Dy ,,E(0)E,(— ) (1) were fabricated in the following manner. One of the groups
pys . of samples was compositionally stepfdédg. 1(a)] compris-

by applying light with the electric fieIcEM(t)=EM(w)ei“’t

andE;(w)zEM(— w). Forj, to be real the third rank tensor (a) I (_b) _ @ _
D, ., has to be symmetric with respect to complex conjuga- —‘ E, : 1HE
tion together with interchange @f andv. Thus by decom- \_\ E, ! THE
position of D, ,,, into real and imaginary part$eing sym- | A
metric and antisymmetric, respectively, under interchange of L : : : :

the indicesu andv) j, can be separated according to

FIG. 1. Potentials profiles of investigated sampl@s:composi-

jx:Xxw[EM(w)Et(w)‘*‘EZ(“’)EV(‘U)]/Z tionally stepped QW,(b) asymmetrically doped compositionally
symmetric QW, andc) symmetric QW. The vertical dashed lines
Hin(EXE®),, (2)  indicate the doping.
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FIG. 3. Spectral dependence of CP@HIl dots) due to direct
transitions betweehhl andlh1 valence subbands compared to the
absorption spectrum obtained at 10 K. The absorption has been
determined by transmission measurements making use a multiple-
reflexion wave guide geometry shown in the inset. Results are plot-
ted for (001)-grown and asymmetrically doped SiGe QW's.

FIG. 2. Photogalvanic currenj in (001)-grown and asymmetri-
cally doped SiGe QW'’s normalized by the light poweand mea-
sured at room temperature as a function of the phase angide
data were obtained under oblique incidefzg=30° of irradiation
at A =10.6um. The full line is fitted after Eq(3). The inset shows
the geometry of the experiment.

. , . . devices was measured via the voltage drop across &50
ng ter; 5?56[8'0-755?25(4 nm%sbff’ G%d45(2'4 nrrfl)] load resistor in a closed circuit configuration. The voltage
Sseparated by 6 nm ot barriers. Theé second group ot asymy., e corded with a storage oscilloscope. The measured cur-
me.tnc structures haq a single QW OB%G.Q)-ZF’ composmon rent pulses of 100 ns duration reflect the corresponding laser
which was doped with boron from one side ofiig. 1(b)]. pulses
;hesei strllJ)ctures arf(_e of ttlj@'%v ptcr)]int grouptsymme.try Whicsh Witﬁ illumination by MIR radiation of the C®laser in

as also been confirmed by the present experiment. Stru¢a~o . . : , -
tures of the lower symmetrg, were (113 grown with a fOO]) oriented samples with asymmetric QW'’s a current sig

s S : nal proportional to the helicityP;, is observed under ob-
Si/S7sG& o5 nm)/Si single QW one—S|d¢ .boron doped. lique incidence indicating the CPG(Fig. 2. We note that
As a reference sample (@01 grown compositionally sym-

i d ricallv b doned multiple OW st the samples were unbiased, thus the irradiated samples rep-
tme ”E.anl syn}m.e rlcgy orog ope \r/nvuh 'piQ S rléc'resent a current source. The current follows the temporal
Al\j”re[h lg. Ac)] 0 IS'Xtyh 3-7?%-3( n_m) S 1as e(?n %Se * structure of the laser pulse intensity and changes sign if the
1 Cgllei?'rrszarirr]\peeasch aQW rzre] dcv?/g;zrstfdr}zgleast :)00; (t):rtn &ircular polarization is switched from left to right handed.

. . . For(110) as well as fo 100y crystallographic directions the
perature. For(001)-oriented samples two pairs of Ohmic (110 K100 cry grap

int tacts in th ter of th le ed th photocurrent flows perpendicular to the wavevector of the
point contacts In the center of th€ sample edges with COMg,cigent light. The wavelength dependence of the photocur-

necting lines along| [110] andyl|| [110] have been pre- rent obtained between 9.2 and 108 corresponds to the
pared(see inset in Fig. 2 Two additional pairs of contacts spectral behavior of direct intersubband absorption between
have been formed in the corners of the samples corresponghe Jowest heavy hole and light hole subbands measured in
ing to the(100) directions. For(113-oriented samples two transmission(see Fig. 3
pairs of contacts were centered along opposite sample edges |n the FIR range a more complicated dependence of the
pointing in the directiong| [110] andy| [332] (see inset current as a function of helicity has been observed001)-
in Fig. 5. grown asymmetric QW’s as well as {113-grown samples

A high power pulsed midinfrareMIR) TEA-CO, laser the observed dependence of the current on the phase angle
and a far-infraredFIR) NH5 laser have been used as radia-may be described by the sum of two terms, one being
tion sources delivering 100 ns pulses with radiation poler osin 2p and the other:sin 2¢p cos 2p. In Fig. 4 experimental
up to 100 kW. Several lines of the Gaser between 9.2 and data and a fit to these functions are shown for a step bunched
10.6 um and of the NH laseP between \=76 and (113-grown SiGe sample. The first termsin 2p is again
280 wm have been used for excitation in the MIR and FIR caused by CPGE. The second tewsin 2p cos 2p vanishes
range, respectively. The MIR radiation induces direct opticafor circularly polarized radiationd=45°+m 90°, mis in-
transitions between heavy hole and light hole subbands whileegey. This makes the assumption likely that this term is
the FIR radiation causes indirect optical transitions in thecaused by the linear photogalvanic effeaiith the electric
lowest heavy-hole subband. The laser light polarization wa$ield vector projected on thg direction. In order to prove
modified from linear to circular using a Fresnel rhombus andhat, the photocurrent has been investigated in response to a
quartz\/4 plates for MIR and FIR radiation, respectively. linearly polarized radiation. Indeed the LPGE could be ob-
The helicity of the incident light was varied according to served with the current along both tkeand they direction.
P.ire=Sin2p where ¢ is the angle between the initial plane Figure 5 presents the measured dependengg afdj,, as
of linear polarization and the optical axis of the polarizer. Fora function of the anglex between the plane of linear polar-
investigation of the LPGE linearly polarized radiation hasization and the axig. The solid and the dashed curves in Fig.
been used. In this case is the angle between the electric 5 show the fit afterjsin 2« and j, <[ x , — x_cos 2], re-
field vector and thex direction (see inset in Fig. b The  spectively. Herey, and y_ are constants.
currentj generated by the polarized light in the unbiased For both spectral ranges witfD01)-grown samples a
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FIG. 4. Photogalvanic current iL13-grown SiGe QW’s nor- FIG. 5. Photocurrent in response to linear polarized radiation

malized by the light poweP as a function of the phase angje for x andy directions as a function of the anglebetween the plane
The results were obtained under normal incidence of irradiation aof linear polarization and the axis The results were obtained in

\=280um at room temperature. The full line is fitted after £6). (113-grown SiGe QW's under normal incidence of irradiation at
Broken and dotted lines showocsin 2p and j,ocsin 2p-cos 2p, N=280um at room temperature. The broken line and the full line
respectively. are fitted after Eq(5).

variation of the angle of incidend®, in the incidence plane WO elements, the identity and one mirror reflection plane
around®,=0 changes the sign of the current. At normal @(110)- Asymmetric @hl)-grown QW's retain the point-
incidence the current vanishes. This is observed for both th@roup symmetryCs and thus allow CPGE and LPGE as is
CPGE and the LPGE. Fdd13-grown samples the current the case for zinc blende—based QW's grown @i13-
does not change its sign by the variation@f and assumes oriented ;ubstrate;. The samples used in our experiments
its maximum at®,=0. (see previous sectiomaveC,, or Cs symmetry for(001)- or

In symmetrically(001)-grown and symmetrically doped (113-grown structures, respectively. o
SiGe QW's no photogalvanic current has been observed in CPGE and LPGE depend in a characteristic way on the
spite of the fact that these samples, in order to increase thegular configuration of the experimental setspe previous

sensitivity, contain substantially more QW’s than the asym-Section. One angle ¢) is used to describe the changing
metric structure described above. polarization of the incident light between linear

(¢=0,90°,180°,..) and circular (¢=45°,135°,...),

the second ¢) describedfor linear polarization the angle
I1l. PHENOMENOLOGICAL DESCRIPTION between the plane of linear polarization and xhexis. Mak-
ing use of the sample symmetry we derive these characteris-
&ic angular dependencies of the photocurijgnof Eq. (2) on
¢ andea. In doing so we identify the coordinatesy,z with
{he directions[110], [lI(2h)] and [hhl], respectively,
where[ hhl] ([001] or[113] in our casgis the growth axis of

Several point groups are relevant in connection with th
photogalvanic experiments usif@01)- and (113-oriented
Si/Si,_,Ge, QW structures on which we report here. We
consider structures with ideal abrupt interfaces. The poin

symmetry of a singlé001)-oriented heterointerface between . X AR
semiconductors with a diamond lattice is,Qthe same as the QW structure. Due to carrier confinementzidirection

for zinc blende heterointerfadesThe symmetry of(001)- the photocurrent in QW's has nonvanishing components only

Qi ; , i dy. Then, in a system of £ symmetry, the tensoy
grown Si/(Si_.Ge,),/Si QW's depends on the numbewof N X and : ; . .
atomic layers fxormir?g the well. It iB,, for evenn andD ,q describing the CPGE is characterized by two linearly inde-

for oddn. In contrast tdD,4 the point grouD,;, has a center pendent componentg,, and yy and the second term of Eq.
of inversion and thus forbids the second order response irﬁ-z) reduces to
cluding both LPGE and CPGE as well as second-harmonic LA 2 . = 2
generation. An electric fieldexternal or built-in along the Ix= Yxy®yPeircBor Iy = Yy@xPeircEo &)
growth direction reduces the symmetry frdny, or Doq to  with P,.= sin 2p. A photocurrent can be induced in this case
C,, . The point groupC,, includes the twofold rotation axis only under oblique incidenc&s in Fig. 2 because for nor-
C,[[001] and the mirror planes (s10),o(110) - In r€al(00D-  1ay incidencep | [001] and hencee,=e,=0.
grown QW’s with monoatomic height fluctuations such as e C. symmetry allows CPGE and LPGE for normal
steps, islands, and terraces, the Id€g) symmetry increases . . ~ . .
to C,, upon averaging over a certain in-plane afege Ref. |nC|dence<—:1|[hh'I] because in this case the tensgrand x

4o have the additional nonzero componems, Xxxy= Xxyx:

6). For symmetrical QW’s with built-in electric fields or d | d lincid h
asymmetrical QW’s(due to doping or different profiles of Xyxx» @ndyyyy. As aresult, under normal incidence, one has

the left and right interfacesthe macroscopic symmetry is = P E2+ E.E* +E.E*
C,, as for a single heterojunction. It should be noted here, b= YaaParcEat oo BEy BB,
that second harmonic generation has been detectéDi- jy:nyxl Ex|2+nyy| Ey|2, (4)

grown Si/SiGe QW'. If an interface is grown along the
low-symmetry axigz||[hhI] with [hh1]#[001] or [111], the WhereES=|EX|2+|Ey|2. In particular, for linearly polarized
point group become€; (see, e.g., Ref.)8&nd contains only light
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Jx=E2xyusin 2, j,=E3(x,+x_cos2), (5  Vector. Microscopically different mechanisms can lead to

k-linear terms, which will be discussed here briefly.
where x.=(xyxx* Xyyy)/2. In the experimental setup,

where the laser light is linearly polarized alorgnd an/4

. A. Electric-field induced Rashba-like terms
plate is placed between the laser and the sample, @js.

reduce to In the context of spin related phenomena in QW structures
most frequently the so-called Rashba t&tris addressed,
ix=E3(vxat XxxyCOS 2p)sin 2¢, which is a prototype spin-orbit coupling term. It has axial
(6) symmetry and can exist as well in systems invariant under
jy=Ed(x++x-C0S 2p). C,, andC,. Within thek-p theory the Rashba term can be

understood as resulting from the couplings between conduc-
The dependencies of Ed8), (5), and(6) agree well with the  tion and valence band states mediated by the momentum
experimental results for different SiGe QW's as shown ingperator k-p coupling and the space coordinaiein the
Figs. 2, 4, and 5. The tensong and x describe different electric confinement potentidl=eFz (F being the electric
physical mechanisms and, therefore, may depend differentlfield). The matrix element of the latter can be expressed by
on the excitation wavelength, material parameters, and temhe momentum matrix elemept, divided by the gap energy
perature. In the present samples, for MIR excitation, the CONE,. It can be shown that, for the light holes in the basis
tribution of y to the photocurrent is larger than thatptFig.  |Ih1,1/2),]lh1,—1/2) (as for the corresponding conduction
2) whereas for FIR excitation both effects CPGE and LPGEelectron statgsthe 2x 2 Hamiltonian linear irk is given by
are of the same order of magnitude. This difference may be
caused by the different optical excitation mechanisms: for 0 —ky—iky
MIR excitation direct transitions between subsequent sub- B¢ _, . 0 }:_,BF(O'xky_o-ykx)u (8)
bands dominate while in the FIR only free carrier absorption Y X

within a subband is possible. with
IV. MICROSCOPIC THEORY 1 [Ipelt)?
The principal microscopic origin of a photon helicity 0™=g

driven current is the removal of spin degeneracy in the subyp,q expressiori8) is invariant underC.., . The Rashba-like
band states due to the reduced symmetry of the quantum Well, g for heavy- and light-hole subband states have been
structure’® For systems consisting of material components e ssed in Ref. 11.

which have inversion symmetrhere Si and Ge with dia-
mond structurgand, as a consequence, only spin degenerate

electron states, it has to be shown that spin degeneracy can ~ B- Linear-k terms due to heavy-light hole mixing

be removed due to the symmetr€4, or C;) of the inves- The tetrahedral orientation of the chemical bonds, sticking
tigated SiGe structures. It is caused by the appearance olt from an atom at the (001) interface to pairs of different
k-linear terms in the Hamiltonian atoms on either side, reduce the microscopic symmetry and
give rise to a mixing of heavy- and light-hole states even at
HM = B1mo K, (7)  zero in-plane wave vectdf.This mechanism, originally con-

. - sidered for interfaces between zinc blende compound semi-
wherek is the wave vector, the real coefficienig, fqrrr_l &  conductors, exists as well for the SiGe interface. It can be
pseudotensasubjected to the same symmetry restrictions ag,gsigered in the envelope-function approach in the form of
7) and theo, are the Pauli spin matrices. In this section 5 s ¢,nctional coupling Hamiltonian

several scenarios will be presented which could contribute to

Bim in SiGe QW's with symmetrie€,, or C. As discussed 52
in Ref. 3 the coupling between the carrier spin)(and wave Hin=——=t_n{J1,35}8(z—z¢), (10)
vector (K,,) together with the spin-controlled dipole selection moao\/§

rules yields a net current under circularly polarized excita- o o

tion. Depending on the photon energy this spin photocurrenwhere{J;,J,}=(J;J,+J,J;)/2 is the symmetrized product

can be either due to direct or indirect intersubband transiof 4xX4 matrices of the angular momentum components in

tions. The former(latter is realized in our experiments pre- the basis of thd=3/2 states. In the given fornag being the

sented in Fig. AFig. 4). lattice constant anthy the mass of the free electrptyy, is a
Spin degeneracy results from the simultaneous presenecimensionless coupling parameter andthe position of the

of time reversal and spatial inversion symmetry. If one ofinterface along the growth axis. For a Si/{SiGe,),/Si QW

these symmetries is broken the spin degeneracy is lifted. lwith odd n the coefficients(%) andt{) at the left and right

our SiGe QW systems the spatial inversion symmetry is brointerfaces differ in sign as they do in zinc blende—based

ken (the point groupsC,, and C, do not contain the inver- QW's.!2 However, in diamond-based structures interfaces

sion operatioh and, as a consequence, spin-dependent ancan be shifted not only by an integer number of mooe

k-linear terms appearing in the electron Hamiltonian lead tdecular layers(as in case of binary zinc blende systerhat

a splitting of the electronic subbands at finite in-plane waveby any number of moratomiclayers. A shift of the interface
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by one monoatomic layer interchanges the role of axeserms are possible undéx,, andCs. Some of these, which
[110] and[110] and results in sign reversal of_,. Thus can be regarded as generalized Rashba terms, give rise to

the general relation k-linear contributions in the hole subbands.
For asymmetrical lfhl)-grown QW'’s the relevant terms
t(L) :(_1)n+1t(R) (11) . ~ .
I~h I=h are odd ink, andJ,, e.g., for hole states those proportional

is valid. The mixing due td4,_,, leads to a wave function at 10 JKy,J K} ,J kk? I3k, , whereJ, is the z component of
the bottom of the lowest heavy-holélfl) subband, which the angular momentum operator in the coordinate system
has the form x|[110], y[[11 (2h], Z|[hhI]. These terms result in hole sub-
(hh)_ . _ band dispersions of the form

eV =C(z)|Tg,£3/2xiS(2)|Tg,+ 1/12), (12
whereC(z),S(z) are real functions. In SiGe QW'’s with odd Eujk= Egki,Bka, (15)

n C(2) is even and5(z) is odd with respect to reflection in \whereg?, is the hole subband dispersion calculated without
the central plane of the QW layé¢see for details Ref. 22 i _jinear terms.

Now we take the contribution The 4x 4-Luttinger Hamiltonian, describing the valence
band dispersion of bulk Si or Ge close to the center of the
0 kk. 0 0 o
Brillouin zone
J3h2ys| kk, 0 0 0
Kk (13 0 h? .
Mo | 0 0 S Hry(k) = HE00 (73— 720 (k)

0 0 —kk. 0

. o . lit i hericall i
to the bulk Luttinger Hamiltonian proportional to can be split into a spherically symmetric part

kk. (ki=Kky*iky), consider it as a perturbation and cal- 42 5 R

culate its matrix elements between the states of(E2). The H(FC;)(k)= 2—[ Y1t —3’2) Laxa—27,(3-k)?
. . Mg 2

result presented in the form of ax2 matrix reads

0 K (1444 is the 4X4 unit matriy and an anisotropic term with

ky O

2
HD _2\3h%ys
hh1 Mo

d
}’ Q:fs(z)d—zc(z)dz. A o
(14) U(k):;,; (30,35 KoK

In the same way one can derielinear terms for higher Tne eigenvalues of the former are isotropickinwhile the
heavy-hole subbands as well as for light-hole subbands. Itier term causes warping. In the coordinate systeyz

the latter case thke-linear Hamiltonian is proportional to the 5,4 fork=(0,0k,) this term can be written asee Ref. 14
matrix ’

N 1 o 1o .
0 ki U’ (k)= =1 (1+3 cos )| I2— = (I2+3%)| - (1—3 cogh)
=0k, — ok 2 z gl\vx vy
K. 0 xKx ™ OyRy -
We would like to emphasize that terms of this structure have X(ji_ji)] sin 6k + sin 6 cosf(3 co$6—1)
been discussed so far ongy for material systems with bulk
inversion asymmetryBIA ). Note, that for QW’s with even PSRN
y YBIA) Q x{3,,3 32, (16)

n the envelope function€(z),S(z) in Eq. (12) are of the
same parity and the integr vanishes in agreement with where ¢ is the angle between the axgshl] and[001]. We
the symmetry considerations. may now treat the subband problem by considering
H(F(;)(k||z) as leading term to calculate the subband energies
C. k-linear terms in asymmetrical (hhl)-grown QW’s at zero in-plané and consider
Invoking the theory of invariants, the Hamiltonian act-
ing in the twofold space of particles with spin 1/2 can be
represented in terms of four independext2 matrices(the
unit matrix and the Pauli spin matrigedn addition to the o
Rashba termwhich has this form there could be similar + (73— y2)sin @ cosé(3 cog6—1){J, I }KZ}
expressions but with higher powers of the wave veétor ) - ]
the electric fielgl The 4x4 Hamiltonian for holes, usually 2S5 & perturbation. Both terms vfcause a coupling between
described in the basis of angular momentum eigenstates witfeavy M==3/2)- and light M=+ ;/2)—hol0e states. The
J=3/2, M==*3/2, =1/2, requires for its most general form first term, representing the contributions Hfs)(k) propor-
16 independent matrices formed from angular momentuntional tok.k,, gives rise to this coupling for finite in-plane
matricesJ, ,Jy ,J,, their powers and products. Thus in com- k, while the second, taken from the warping term, describes
bination with tensor operators, composed of components dfieavy-light hole coupling even for zero in-plakénote that
the momentuni{or wave vector and the electric field, new under C¢ the angular momenturM ceases to be a good

) ﬁZ A A A
V=- m_O{Z'YZ[{‘]x okt 1y Jotky Ik,
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quantum number Treating ¥ in second order perturbation d€riving terms linear in the in-plane momentum of a QW
theory the cross terms between these tiwb coupling from cubic terms of the bulk band structure. Note that, as

mechanisms yielk-linear contributions* gk, to the hole compared withd,, the coefficientds is not relativistically

subband dispersion with small and contributions from the second term in B®) can
be of the same order der even exceedthe first term.
Yol v3— v2) [ B2\ ? The four scenarios presented in this section demonstrate
B= \/— E(0) _ E(0) (mo) 1S the possibility ofk-linear spin-splitting terms in the subband

Ihl hhl

dispersion of SiGe QW'’s due to the lovC§, or Cg) sym-

and metry of these structures. Of these only scenarimas been
discussed befotéfor GaAs based structures, while the oth-
ers B, C, andD) are new. Their relative importance for the
observed photocurrents, depending on the material param-
eters and on the geometry and composition of the individual
‘QW structure, could be evaluated only by a calculation of the
ensorsy andy. Such calculations are far beyond the scope
f the present investigation.

d d?
51:J thl(Z)d—Zle(Z)dZ,Sz: thl(Z)EFm(Z)dZ-
Note that in symmetric QW's the subband envelope func
tions F,p1(2) andF,1(2) are even. ThusS; and the split-
ting would vanish in this case in accordance with the genera
symmetry considerations.

D. Electric-field-induced terms proportional to J,k, V. CONCLUSIONS

As mentioned above we may consider also invariants con-

structed with the angular momentum matrices in the basis N OUr experiments, carried out for differepttype QW
J=3/2 and tensor components combinikg and electric structures based on the SiGe material system we have dem-

field F, (@=1,2,3): onstrated the possibility to create a photon helicity driven
stationary current due to the circular photogalvanic effect.
H(l):dl[\‘/l(pzk3+ F3k2)+\72(F3k1+ F1ks) Our experiments show the characteristic angular dependen-
A cies derived from the phenomenological formulation of the
+V3(F1ky+Fokq)] (17) linear and circular photogalvanic effects. The experiments

have been performed in different regimes of photon energies
allowing for direct and indirect intersubband transitions. The
3 A A experimental results prove the removal of spin degeneracy of
H=0g[J1(FaratFara) +Jo(Fakit Faa) hoFe subbands in asF;/mmetric SiGe QW’s.pWe agnalyze )t/he
+j3(F1K2+F2K1)], (18) symmetry of the QW’s under investigation and present dif-
ferent scenarios that can lead to spin-dependetfihear
with V;={J;,35— 33} and x;=k;(k3—k3) (and cyclic per- terms in the hole subband Hamiltonian, which are prerequi-
mutations of these expressiongransforming to the coordi- site for the appearance of the observed photocurrent. Our
nate systenx,y,z as before these terms provide a first-orderresults provide the important information that spin-related
perturbation correction to subband statesk) [calculated phenomena, which so far have been considered to be specific
without oddk terms and symmetric with respect to the mir- for QW structures based on zinc blende materials, exist also
ror reflection in the planehhl) as defined in Ref. I5The  in the SiGe QW systems. In particular spin sensitive bleach-

weighting factor for the spin-splitting term in the subband ing of absorption at direct intersubband transitions may be
reads recorded by the saturation of LPGE and CPGE at high power

levels allowing to conclude on spin relaxation times as most
recently demonstrated with GaAs QWS.

and

_ d .
B,=sindcosf(1—3 cogh)F, — 7(Vsk|.]z|vsk>

+dg(wsk| I K| ysk>) , (19) ACKNOWLEDGMENTS
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