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Abstract

PII: S0953-8984(03)59369-9

Spin photocurrents generated by homogeneous optical excitation with circularly
polarized radiation in quantum wells (QWSs) are reviewed. The absorption of
circularly polarized light results in optical spin orientation due to the transfer of
the angular momentum of photons to electrons of a two-dimensional electron
gas. It is shown that in QWs belonging to one of the gyrotropic crystal classes
a non-equilibrium spin polarization of uniformly distributed electrons causes
a directed motion of electrons in the plane of the QW. A characteristic feature
of this electric current, which occurs in unbiased samples, is that it reverses its
direction upon changing the radiation helicity from left-handed to right-handed

and vice versa.

Two microscopic mechanisms are responsible for the occurrence of an
electric current linked to a uniform spin polarization in a QW: the spin
polarization-induced circular photogalvanic effect and the spin-galvanic effect.
In both effects the current flow is driven by an asymmetric distribution of

spin-polarized carriers in k-space of systems with lifted spin degeneracy

due

to k-linear terms in the Hamiltonian. Spin photocurrents provide methods
to investigate spin relaxation and to reach a conclusion as regards the in-

plane symmetry of QWs. The effect can also be utilized to develop

fast

detectors for determining the degree of circular polarization of a radiation
beam. Furthermore, spin photocurrents under infrared excitation were used

to demonstrate and investigate monopolar spin orientation of free carriers.

Contents
1. Introduction 936
2. Homogeneous spin orientation-induced photocurrents 938
2.1. Removal of spin degeneracy 938
2.2. The circular photogalvanic effect 942
2.3. The spin-galvanic effect 948
2.4. The spin orientation-induced circular photogalvanic effect versus the spin-
galvanic effect 952
0953-8984/03/200935+49$30.00  © 2003 IOP Publishing Ltd  Printed in the UK R935


http://stacks.iop.org/JPhysCM/15/R935

R936 Topical Review

3. Methods 953
3.1. Samples 953
3.2. The experimental technique 955

4. Experimental results and discussion 956
4.1. The spin polarization-induced circular photogalvanic effect 956
4.2. The spin-galvanic effect 961
4.3. Monopolar spin orientation 968
4.4. The spin-controlled non-linearity of the spin orientation-induced CPGE 969

5. Spin-independent photocurrents under homogeneous excitation 971
5.1. The linear photogalvanic effect 973
5.2. The photon drag effect 975

6. Spin photocurrents caused by inhomogeneities 977

7. Summary 978
Acknowledgments 979
References 979

1. Introduction

The spin of electrons and holes in solid-state systems is an intensively studied quantum
mechanical property showing a large variety of interesting physical phenomena. Lately, there
has been much interest in the use of the spin of carriers in semiconductor heterostructures
together with their charge to realize novel concepts such as spintronics and several schemes of
quantum computation (for a review see [1]). The necessary conditions for realizing spintronic
devices are high spin polarizations in low-dimensional structures and large spin splitting of
subbands in k-space due to k-linear terms in the Hamiltonian. The latter is important for the
ability to manipulate spins with an external electric field by the Rashba effect [2]. Significant
progress has been achieved recently in the injection of spin-polarized electrons (or holes),
in demonstrating the Rashba splitting, and also in using the splitting for manipulating the
spins [1].

One of the most frequently used and powerful methods of generation and investigation
of spin polarization is optical orientation [3]. Optical generation of an unbalanced spin
distribution in a semiconductor may lead to a spin photoconductive effect as well as to a spin
photocurrent. In the spin photoconductive effect the optical spin orientation yields a change
of conductivity which, upon application of an external voltage bias, results in a spin-polarized
current [4-6]. On the other hand, spin photocurrents reviewed here occur without an external
bias. They are electric currents which are driven by optically generated spin polarization.

A spin photocurrent was proposed for the first time in [7] (see also [8]) and thereafter
observed in bulk AlGaAs [9]. In these works it was shown that an inhomogeneity of the spin
polarization of electrons results in a surface current due to spin—orbit interaction. A gradient
of spin density was obtained by making use of the strong fundamental absorption of circularly
polarized light at the band edge of the semiconductor. This and other spin photocurrents caused
by inhomogeneous spin orientation will be briefly outlined in section 6.

In the present article we review a new property of the electron spin in a homogeneous
spin-polarized two-dimensional electron gas: its ability to drive an electric current if some
general symmetry requirements are met. Recently it was demonstrated that an optical
excitation of quantum well (QW) structures with circularly polarized radiation leads to a current
whose direction and magnitude depend on the degree of circular polarization of the incident
light [10]. This effect belongs to the class of photogalvanic effects which were intensively
studied in semiconductors (for a review see [11-14]) and represents a circular photogalvanic
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effect (CPGE). The CPGE can be considered as a transfer of the photon angular momentum
into a directed motion of a free charge carrier. It is an electronic analogue of mechanical
systems which transmit rotatory motion into a linear one, such as a screw thread or a propeller.
The CPGE was independently predicted by Ivchenko and Pikus [15] and Belinicher [16] and
then observed in bulk tellurium [17, 18] (for reviews see [13, 14]). In tellurium the current
arises due to spin splitting of the valence band edge at the boundary of the first Brillouin zone
(‘camel back’ structure) [19]. While neither bulk zinc-blende structure materials such as GaAs
and related compounds nor bulk diamond structure crystals such as Si and Ge allow this effect,
in QW structures a CPGE is possible due to a reduction of symmetry.

It was shown in [20] that in zinc-blende structure-based QW structures a CPGE is caused
by optical spin orientation of carriers in systems with band splitting in k-space due to k-linear
terms in the Hamiltonian. Here k is the two-dimensional electron wavevector in the plane of
the QW. In this case homogeneous irradiation of QWs with circularly polarized light results in
anon-uniformdistribution of photoexcited carriers in k-space due to optical selection rules and
energy and momentum conservation, which leads to a current [20-26]. The carrier distribution
in the real space remains uniform.

Furthermore, a thermalized but spin-polarized electron gas can drive an electrical
current [27, 28]. Recently it was demonstrated that a homogeneous spin polarization obtained
by any means, not necessarily optical, yields a current, if the same symmetry requirements as
allow k-linear terms in the Hamiltonian are met [29]. This phenomenon is referred to as the
spin-galvanic effect. While electrical currents are usually generated by electric or magnetic
fields or gradients, in this case a uniform non-equilibrium population of electron spins gives
rise to an electric current. The microscopic origin of the spin-galvanic effect is an inherent
asymmetry of spin-flip scattering of electrons in systems with removed k-space spin degeneracy
of the band structure. This effect has been demonstrated by optical spin orientation [29-31]
and therefore also represents a spin photocurrent.

Both the spin orientation-induced CPGE and the spin-galvanic effect in QWs occur
upon one-photon excitation yielding an electric charge current linked to a spin polarization.
However, a pure spin current may be obtained upon simultaneous one- and two-photon coherent
excitation of appropriate polarization as recently demonstrated for bulk GaAs [32, 33]. This
phenomenon may be attributed to a photogalvanic effect where the reduced symmetry is caused
by the coherent two-frequency excitation [34] which may also occur in QWs [35].

Spin photocurrents occurring upon homogeneous excitation have been observed in
n- and p-type QWs based on various semiconductor materials for very different types of optical
excitation achieved by application of several lasers at wavelengths ranging from the visible
to the far-infrared. There is particular interest in spin photocurrents generated by infrared
radiation because, in contrast to the case for conventional methods of optical spin orientation
using inter-band transitions [3], only one type of charge carrier is excited yielding monopolar
spin orientation [29, 36—41]. Therefore infrared spin orientation allows one to study spin
relaxation without electron—hole interaction and exciton formation under conditions close to
the case for electrical spin injection [29, 38, 39]. Finally, spin photocurrents have found
technical application as room temperature detectors which allow one to determine and monitor
the state of polarization of terahertz radiation with picosecond time resolution [42].

This article is organized in the following way. In section 2 an overview of mechanisms
yielding photocurrents for homogeneous spin orientation in QWs is given. First the removal
of spin degeneracy due to spin—orbit interaction in QWs is discussed and then it is shown that
spin splitting in k-space is the basic reason for the different mechanisms of spin photocurrents
in QWs. Section 3 gives a short account of the experimental technique. In section 4 the
experimental results are presented and discussed on the basis of the theoretical background.
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Section 5 sketches several kinds of spin-independent photocurrent in comparison to spin
photocurrents, and experimental methods are introduced allowing one to distinguish between
spin-dependent and spin-independent currents. Finally, in section 6 we present several
mechanisms of spin generation due to inhomogeneities.

2. Homogeneous spin orientation-induced photocurrents

Light propagating through a semiconductor and acting upon mobile carriers can generate a dc
electric current without external bias. The irradiated sample represents a current source. Here
we consider photocurrents which appear due to optically induced homogeneous spin orientation
of carriers in homogeneous samples. The microscopic origin of these currents is the conversion
of spin polarization of carriers into directed motion. The fingerprint of spin photocurrents is
their dependence on the helicity of the radiation field. The current reverses its direction by
switching the polarization of light from right-handed circular to left-handed circular and vice
versa. The experimental data can be described by simple analytical expressions derived from a
phenomenological theory which shows that the effect can only be present in gyrotropic media.
This requirement rules out effects depending on the helicity of the radiation field in bulk non-
optically active materials such as bulk zinc-blende structure and diamond structure crystals.
The reduction of dimensionality as realized in QWs makes spin photocurrents possible. The
effect is quite general and has so far been observed in GaAs [10, 20, 29, 38], InAs [20, 29, 30],
BeZnMnSe [43] QW structures, and in asymmetric SiGe QWs [23].

On a microscopical level, spin photocurrents are the result of spin orientation in systems
with k-linear terms in the Hamiltonian which may also occur only in gyrotropic media. In
general, two mechanisms contribute to spin photocurrents: photoexcitation and scattering of
photoexcited carriers. The first is the spin orientation-induced CPGE which is caused by the
asymmetry of the momentum distribution of carriers excited in optical transitions which are
sensitive to the light circular polarization due to selection rules [20]. The second mechanism
is the spin-galvanic effect which is a result of spin relaxation. In general this effect does not
need optical excitation but may also occur due to optical spin orientation [29]. The current
caused by the CPGE is spin polarized and decays with the momentum relaxation time of free
carriers, whereas the spin-galvanic effect-induced current is unpolarized but decays with the
spin relaxation time.

2.1. Removal of spin degeneracy

2.1.1. k-linear terms in the effective Hamiltonian. Quantum phenomena in semiconductors
are highly sensitive to subtle details of the carrier energy spectrum, so even a small spin
splitting of energy bands may result in measurable effects. Spin-dependent terms linear in
the wavevector k in the effective Hamiltonian remove the spin degeneracy in k-space of the
carrier spectrum. The presence of these terms in QWs gives rise to spin photocurrents, yields
beating patterns in Shubnikov—de Haas oscillations [2, 44, 45], determines spin relaxation in
QWs [1, 46, 47], results in spin-polarized tunnelling [48-51], and allows the control of spin
orientation by external fields [1, 2, 52—58].

In the general case, the terms linear in k appear because the symmetry of heterostructures
is lower than the symmetry of the corresponding bulk materials. Spin degeneracy of electron
bands in semiconductors and subbands of heterostructures results because of the simultaneous
presence of time reversal and spatial inversion symmetry. In the present case of low-
dimensional heterostructures and QWs, the spatial inversion symmetry is broken. However, in
order to obtain spin photocurrents depending on the helicity of radiation and spin orientation,
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inversion asymmetry is a necessary, but not a sufficient condition. In fact, the materials must
belong to one of the gyrotropic crystal classes which have second-rank pseudo-tensors as
invariants. As a consequence, spin-dependent k-linear terms caused by spin—orbit interaction
appear in the electron Hamiltonian leading to a splitting of electronic subbands in k-space. As
long as the time reversal symmetry is not broken by the application of an external magnetic
field, the degeneracy of Kramers doublets is not lifted, so still e(k, 1) = ¢(—k, |). Here ¢ is
the electron energy and the arrows indicate the spin orientation.

The principal sources of k-linear terms in the band structure of QWs are the bulk
inversion asymmetry (BIA) of zinc-blende structure crystals and possibly a structural
inversion asymmetry (SIA) of the low-dimensional quantizing structure (see [1, 2, 23, 46—
80] and references therein). In addition, an interface inversion asymmetry (ITA) may
yield k-linear terms caused by non-inversion symmetric bonding of atoms at heterostructure
interfaces [1, 23, 81-87]. BIA induces k-linear terms in the 2D Hamiltonian, known as
Dresselhaus terms, due to the absence of an inversion centre in the bulk crystal. The Dresselhaus
terms originate from the k-cubic terms in the Hamiltonian of a bulk material [88]. Averaging
these cubic terms along the quantization axis in the case of low subband filling with carriers
gives rise to the terms linear in k. These terms are present in QWs based on zinc-blende
structure material and are absent in SiGe heterostructures. IIA may occur in zinc-blende
structure-based QWs [81-86] where the well and the cladding have different compositions of
both anions and cations, such as in InAs/GaSb QWs as well as in SiGe [23, 87]. IIA yields
BIA-like terms in the effective Hamiltonian [23, 87]; thus on a phenomenological level a
separation between BIA and IIA is not necessary.

The SIA contribution to the removal of spin degeneracy is caused by the intrinsic
heterostructure asymmetry which need not be related to the crystal lattice. These k-linear
terms in the Hamiltonian were first recognized by Rashba and are called Rashba terms [2, 89].
SIA may arise from different kinds of asymmetry of the heterostructures such as non-equivalent
normal and inverted interfaces, asymmetric doping of QWs, asymmetrically shaped QWs, and
external or built-in electric fields, and may also exist in QWSs prepared from materials with
inversion symmetry such as Si and Ge [23, 86]. It is the SIA term which allows control of the
spin polarization by externally applied electric fields [2]. Therefore these spin—orbit coupling
terms are important for spintronics and in particular for the spin transistor [90].

In the unperturbed symmetric case, we will assume a doubly degenerate subband. Then
the spin—orbit coupling in the non-symmetric structure has the form

H' =" Bunoikn (1
Im

where f,, is a second-rank pseudo-tensor and o; are the Pauli matrices. The Pauli matrices
occur here because of time reversal symmetry.

In equation (1), BIA, IIA, and SIA can be distinguished by decomposing o;k,, into a
symmetric and an anti-symmetric product:

o1km = {01, kn} + (01, kin] (2)
with the symmetric term

{01, kim} = 501k + 0nks) 3)
and the anti-symmetric term

(01, kn] = 501k — Owk). €

Now the perturbation can be written as

A =3 (B (0rkn} + B orkn ) ©)
Im
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where B;, and B, are symmetric and anti-symmetric pseudo-tensors projected out of the full
tensor by the symmetric and anti-symmetric products of o;k,,, respectively. The symmetric
term describes BIA as well as possible ITA terms, whereas the anti-symmetric term is caused
by SIA.

2.1.2. Spin splitting of energy bands in zinc-blende structure-based QWs. The pseudo-tensor
Bin as a material property must transform following the identity representation of the point
group symmetry of the QW. The point group is determined by the crystallographic orientation
and the profile of growth and doping of the QWs. The three point groups Dyq4, Cay, and C
are particularly relevant for zinc-blende structure-based QWs [14]. Hereafter, the Schonflies
notation is used to label the point groups. In the international notation they are labelled as
42m, mm?2, and m, respectively. The D,q point group symmetry corresponds to perfectly grown
(001)-oriented QWs with symmetric doping. In such QWs only BIA and ITA terms may exist.
The symmetry of (001)-grown QWs reduces from Dyq4 to Cy, if an additional asymmetry is
present due to e.g. non-equivalent interfaces, asymmetric growth profiles, and asymmetric
doping, resulting in SIA. The relative strength of BIA, IIA, and SIA depends on the structure
of the QW. In structures of strong growth direction asymmetry such as heterojunctions, the
SIA term may be larger than the BIA and IIA terms. The last point group is Cg, which contains
only two elements: the identity and one mirror reflection plane. It is realized for instance in
(113)-oriented and miscut (001)-oriented samples.

The non-zero components of the pseudo-tensor S, depend on the symmetry and the
coordinate system used. For (001) crystallographic orientation-grown QWs of D4 and C,,
symmetry, the tensor elements are given in the coordinate system (xyz) with x || [1101,
y || [110], z || [001]. The coordinates x and y are in the reflection planes of both point
groups perpendicular to the principal twofold axis; z is along the growth direction normal to
the plane of the QW. In Dyq the pseudo-tensor B, is symmetric, B, = f,,. In the above
coordinate system there are two non-zero components, f,, and By, with 8,, = B,, = ;x
For zinc-blende structure-type crystals, it has been shown that the BIA and IIA terms in the
Hamiltonian have the same form; thus, IIA enhances or reduces the strength of the BIA-like
term.

Therefore we obtain!

H' = Hpja+ Hija = Byy(0xky + oyky). (6)

In Gy, the tensor By, is non-symmetric, yielding additional terms in H’ caused by SIA, so now
H = HBIA + HUA + HSIA The form of HBIA and HUA remains unchanged by the reduction
of symmetry from D4 to Cyy. The SIA term in C,, assumes the form

Hsia = Bey(0cky — 0yky). )

Itis clear that the form of this term is independent of the orientation of cartesian coordinates
in the plane of the QW. The strength of spin splitting was experimentally derived e.g. from
beatings of Shubnikov—de Haas oscillations in various III-V compound-based QWs [2, 44, 45].
It has been found to be in the range of 107! to 10~ eV cm~! and was attributed to SIA.

The point group C; is discussed using the example of (113) orientation-grown QWs
because they are available and spin because the photocurrents in them have already been
intensively investigated®. In this case, we use the coordinates x’ = x | [110], as above,
Yo [332], 7/ || [113]. Direction x is normal to the reflection plane, the only non-identity

' For coordinates along cubic axes, x || [100] and y || [010], we have non-zero components By, and By, with
,Byy = _,Bxx which yields H = Hpia+Hpjpa = ,Bxx(o'xkx — O'yky).
2 The miscut (001)-oriented samples investigated in [10] also have Cs symmetry.
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Figure 1. A schematic 2D band structure with k-linear terms for Cy symmetry. The energy &
is plotted as a function of k, and ky in (a) with only one type of inversion asymmetry, BIA or
SIA, respectively, and in (b) for equal strengths of the BIA and SIA terms in the Hamiltonian.
The bottom plate shows the distribution of spin orientations at the 2D Fermi energy for different
strengths of the BIA and SIA terms.

symmetry element of this group, and 7z’ is along the growth direction. The reduction of the
symmetry to C results in an additional term in the Hamiltonian:

H' = B0k, (8)

In order to illustrate band structures with a k-linear term in figure 1, we plotted the energy
¢ as a function of k, and k, for C;, symmetry. The upper plate of figure 1 shows the band
structure with only one type of inversion asymmetry, BIA or SIA (figure 1(a)), and the band
structure at equal strength of the BIA (including ITA) and SIA (figure 1(b)). In the illustration
we assume positive coefficients B, , 8, = 0. In the case of BIA only (8;,, = 0) or SIA
only (B;,, = 0), the band structure is the result of the revolution around the energy axis of
two parabolas symmetrically displaced with respect to k = 0. A constant-energy surface is
a pair of concentric circles; however, the spins are oriented differently for BIA and SIA. The
distribution of spin orientation in k-space, obtained by the procedure of [68], is indicated by
arrows in the bottom plate of figure 1. The distribution of spins for a pure BIA term is shown
in figure 1(c). If only the SIA term is present (figure 1(d)), then the spins are always oriented
normal to the wavevector k. This is a consequence of the vector product in the Rashba spin—
orbit interaction [2]. If the strengths of BIA and SIA are the same, then the 2D band structure
consists of two revolution paraboloids with revolution axes symmetrically shifted in opposite
directions with respect to k = 0 (figure 1(b)). Now the spins are oriented along £k, as shown
in figure 1(e). In figure 1(f) we have shown a constant-energy surface and the direction of

Spil’lS for ﬂlam 75 ﬁlin'
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Figure 2. A microscopic picture of the spin orientation-induced CPGE for direct transitions in the
C; point group taking into account the splitting of subbands in k-space. o,-excitation induces direct
transitions (solid arrows) (a) between the valence and conduction band (from hh1l (m; = —3/2)
to el (mgy = —1/2)) and (b) between size-quantized subbands in the conduction band (from el
(mg = —1/2) to e2 (my = +1/2)). Spin splitting together with optical selection rules results in
an unbalanced occupation of the positive (k}) and negative (k) states yielding a spin-polarized
photocurrent. For o_-excitation both the spin orientation of the charge carriers and the current
direction get reversed. In each plate, arrows indicate the current due to an imbalance of carriers.
Currents are shown for one subband only.

Finally, we briefly discuss QWSs prepared on SiGe. As both Si and Ge possess inversion
centres, there is no BIA; however, both ITA, with a BIA-like form of the Hamiltonian, and SIA
may lead to k-linear terms [23, 79, 86, 87]. The symmetry of Si/(Si;_,Ge,),/Si QW depends
on the number n of monatomic layers in the well. In the case of (001) crystallographic
orientation-grown QW structures with an even number 7, the symmetry of QWs is Dy, which
is inversion symmetric and does not yield k-linear terms. An odd number of n, however,
interchanges the [110] and [110] axes of the adjacent barriers and reduces the symmetry to
Dy4 with the same implication as treated above for zinc-blende structure QWs [23].

2.2. The circular photogalvanic effect

2.2.1. The microscopic model. Inter-band transitions: The spin orientation-induced CPGE
is most easily conceivable for both n- and p-type materials from the schematic band structure
shown in figure 2(a) [20]. We assume direct inter-band transitions in a QW of C; symmetry. For
the sake of simplicity we take into account a one-dimensional band structure consisting only
of the lowest conduction subband el and the highest heavy-hole subband hh1. The splitting
in the conduction band is given by &.1 +1,2(k) = [(hzkf/Zmel) =+ Beik, + &¢] and that in the
valence band by &;,;,1,+3/2 (k) = —[(hzk)%/thh]) =+ Bunikx], where g, is the energy gap.

For absorption of circularly polarized radiation of photon energy hw, energy and
momentum conservation allow transitions only for two values of k,.. By the selection rules, the
optical transitions occur from my; = —3/2 to —1/2 for right-handed circular polarization (o)
and from m; = 3/2 to 1/2 for left-handed circular polarization (o_). Here the m, are the spin
quantum numbers of the electron states. The corresponding transitions for e.g. o,-photons
occur at

2 2
IS =+%<ﬁel +ﬁhm>i\/‘;—4(ﬂel +ﬁhm>2+h—‘j<hw—eg), )

and are shown in figure 2(a) by the solid vertical arrows. Here u = (meimpp1)/(me1 + mpp1)
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is a reduced mass. The ‘centre of mass’ of these transitions is shifted from the point k, = 0
by (Be1 + ,8/1/11)(11/712). Thus the sum of the electron velocities in the excited states in the
conduction band, ve; = hi(ky +kF —2k™") /mey = 2/[h(mer +mun)1(Bunimans — Bermer), is
non-zero. The contributions of k-photoelectrons to the current do not cancel each other except
in the case of B.1m.1 = Burnimun1 Which corresponds to equal splittings of the conduction and
the valence band. We note that the group velocity is obtained when it is taken into account
that the k are to be counted from the conduction subband minima k™" because the current is
caused by the difference of the group velocities within the subband. The same consideration
applies for holes in the initial states in hh 1. Consequently, a spin-polarized net current in the x-
direction results. Changing the circular polarization of the radiation from o, to o_ reverses the
current because the ‘centre of mass’ of these transitions is now shifted to — (8.1 + Bun1) (0 /hz).

Inter-subband transitions: In the longer-wavelength range, infrared or far infrared, the
current is caused by inter-subband or intra-subband transition. For direct transition between
size-quantized states in the valence or conduction band, for example el and e2 in n-type
materials, the model is very similar to that of the inter-band transitions discussed above [24].
In figure 2(b) we sketch this situation for QWs of C; symmetry. The contribution ok, to
the Hamiltonian splits the electron spectrum into spin sublevels with the spin components
my = +1/2 along the growth direction z’. As a result of optical selection rules, right-handed
circular polarization under normal incidence induces direct optical transitions between the
subband el with spin my; = —1/2 and e2 with spin m; = +1/2. For monochromatic radiation,
optical transitions occur only at a fixed k¥, where the energy of the incident light matches
the transition energy, as is indicated by the arrow in figure 2(b). Therefore optical transitions
induce an imbalance of momentum distribution in the two subbands yielding an electric current
in the x-direction with contributions from el and e2. As in n-type QWs the energy separation
between el and e2 is typically larger than the energy of longitudinal optical phonons w; o, the
non-equilibrium distribution of electrons in e2relaxes rapidly due to emission of phonons. As a
result, the contribution of the e2 subband to the electric current vanishes. Thus the magnitude
and the direction of the current are determined by the group velocity and the momentum
relaxation time 7, of photogenerated holes in the initial state of the resonant optical transition
in the el subband with m; = —1/2.

Intra-subband transitions (Drude absorption): Now we consider indirect intra-subband
transitions. This situation is usually realized in the far-infrared range where the photon
energy is not high enough to excite direct inter-subband transitions. Due to energy and
momentum conservation, intra-subband transitions can only occur by absorption of a photon
and simultaneous absorption or emission of a phonon. This process is described by virtual
transitions involving intermediate states and will be discussed in more detail in section 4.3.2.
It can be shown that transitions via intermediate states within one and the same subband do
not yield spin orientation and do not contribute to the spin photocurrent. However, spin-
selective indirect optical transitions excited by circularly polarized light with both initial and
final states in the conduction band can generate a spin current if virtual processes involve
intermediate states in different subbands [20]. Figure 3 sketches the underlying mechanism
for o, -polarization. For the sake of simplicity, only the spin splitting of the valence band is taken
into account. The two virtual transitions shown represent excitations which, for o, -helicity,
transfer electrons from states with negative k, to states with positive k.. The current resulting
from a free electron transition (solid arrow) in the conduction band e1 occurs due to transitions
involving intermediate states in the valence subbands. Two representative virtual transitions
for o,-excitation are illustrated in figure 3. One is an optical transition from my; = +1/2 to
+3/2 (dashed line, downward arrow) and a transition involving a phonon from m; = +3/2
back to the conduction band (dash—dotted line, upward arrow). The other is a phonon transition
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Figure 3. A microscopic picture of the origin of the spin orientation-induced CPGE for indirect
(Drude) transitions in Cg point group samples.

from the conduction band to the m; = —3/2 intermediate state in hh1 and an optical transition
from my = —3/2 to —1/2. While the first route depopulates preferentially initial states of
spin my = +1/2 for k,; < 0, the second one populates preferentially final state of m; = —1/2

states for ks > 0 [20]. This, together with the unbalanced occupation of the k-space, causes
a spin-polarized photocurrent. Switching the helicity from o, to o_ reverses the process and
results in a spin photocurrent in the opposite direction.

2.2.2. Phenomenology. Onthe macroscopic level the CPGE can be described by the following
phenomenological expression [14]:

Jr=_vud(E x EY),, (10)
"
(E x E*), = é,E} Peire (11

where: j is the photocurrent density; -y is a second-rank pseudo-tensor; E is the complex
amplitude of the electric field of the electromagnetic wave; Eo, P.iyc, € = q/q, and q are
the electric field amplitude, the degree of circular polarization, the unit vector pointing in the
direction of light propagation, and the light wavevector inside the medium, respectively. The
photocurrent is proportional to the radiation helicity P.;,. and can be observed only under
circularly polarized excitation. The helicity of the incident radiation is given by

I = lo _ n 20 (12)
Io, + 1,
where ¢ is the phase angle between the x- and y-components of the electric field vector. P,
varies from —1 (left-handed circular, o_) to +1 (right-handed circular, o).

In general, in addition to the circular photogalvanic current given in equation (10), two
other photocurrents can be simultaneously present, namely the linear photogalvanic effect
(LPGE) and the photon drag effect. Both effects were observed in low-dimensional structures.
They do not require spin orientation and will be summarized in section 5.

As aresult of tensor equivalence the second-rank pseudo-tensor =y is subjected to the same
symmetry restriction as (3 responsible for the k-linear terms in the Hamiltonian, discussed in

Pcirc =
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Figure 4. The SIA- and BIA-induced CPGE generated in samples of C,, symmetry under oblique
incidence of circularly polarized light with excitation along [100].

detail above. Thus, y;,, depends in the same way as f,, on the symmetry and the coordinate
system. In the various crystal classes of importance here, the same elements of 8, as of y;,,
are non-zero.

In the following we analyse equation (10) for D,g4, Cyy, and C in the coordinate systems
(xyz) and (xy’z’). Due to carrier confinement in the growth direction, the photocurrent in
QWs has non-vanishing components only in the plane of a QW.

For the point group D4 the non-zero components of v are y,, and yy, with Yy, = y,.
We denote the only independent element by y @ = Yxy; then the current in a QW is given by

jx = V(O)éyE(z) Pcircv jy = V(O)éxE(z) Pcirc (13)

where ES is the square of the electric field amplitude in vacuum, proportional to the radiation
power P.

Equations (13) shows that in this configuration we get a transverse effect if the sample
is irradiated along a (110) crystallographic orientation, corresponding to é, = 1, ¢, = 0 or
éx = 0, e, = 1. The current j is perpendicular to the direction of light propagation é. If
the radiation is shone in along a cubic axis (100), with &, = ¢, = 1/\/5, then the current is
longitudinal, flowing along the same cubic axis because j, = j,. Putting all of this together,
we see from equations (13) that rotating € in the plane of the QW anticlockwise yields a
clockwise rotation of j.

Reducing the symmetry from D,q to Cyy, the tensor vy describing the CPGE is characterized
by two independent components ¥y, and Yy, # Yxy. We define y D = y,, and y® = y,,;
then the photocurrent is determined by

jx = y(l)éyE(%PcirCa jy = V(Z)éxE(%Pciro (14)

If € is along (110) with the result that ¢, = 1 and é, = 0 or &, = 0 and ¢, = 1, then the
current again flows normal to the light propagation direction. In contrast to the case for Dyg
symmetry, the strengths of the current are different for the radiation propagating along x and
y. This is due to the non-equivalence of the crystallographic axes [110] and [110] because of
the twofold rotation axis in Cp, symmetry. If the sample is irradiated with € parallel to (100)
corresponding to &, = é, = 1/ /2, the current is neither parallel nor perpendicular to the light
propagation direction (see figure 4). The current includes an angle v with the x-axis given by
tan ¥ = yxy/¥yx = Byx/Bxy. The last equation follows from tensor equivalence.

Another conclusion from equations (13) and (14) is that in QWs of the higher symmetries
D»q and C,y the photocurrent can only be induced under oblique incidence of irradiation. For
normal incidence, € is parallel to [001] and hence the current vanishes as ¢, = ¢, = 0. In
contrast to this result, in QWs of Cg symmetry a photocurrent also occurs for normal incidence
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of the radiation on the plane of the QW because the tensor « has an additional component y,.'.
The current here is given by

jx = (ny’éy’ + sz’éz’)E(%PcirCa jy’ = Vy’xéxE(%Pcirc- (15)

At normal incidence, é, = é,, = 0 and é,, = 1, the current in the QW flows perpendicular to
the mirror reflection plane of Cs which corresponds to the x-coordinate parallel to [110].

Now we will take a closer look at the dependence of the photocurrent on the angle of
incidence ® which is determined by the value of the projection of € on the x-axis or y-axis
(see equations (13) and (14)) or on the z’-axis (equations (15)). We have for the excitation in
the plane of incidence parallel to (yz)

éx =1,t,8in O, (16)
and in the plane of incidence parallel to (y'z")
éy = tpl;cos O, (17)

where © is the refraction angle defined by sin ® = sin ®g/+/&*, ¢* is the dielectric constant
of the QW material, and the transmission coefficients ¢, ; for linear p and s polarizations are
given, using Fresnel’s formula, by

4 cos? O
(cos @ + v/&* — sin” Bp) (e* cos O + v/ &* — sin® Op)

For ¢y in the left equation of equations (15) we obtain é,, = 7,1, sin ® for the excitation in the
plane of incidence parallel to (y'z).

The measurement of the CPGE with respect to the angle of incidence and the
crystallographic direction is important for determining the in-plane symmetry of the QW.
Indeed, only in Cs symmetry does the CPGE occur at normal incidence (see equations (15)),
and Dy4 and C,, symmetries may be distinguished by excitation along a (100) axis, because
in this case only D,y does not allow a transverse effect.

Ity =

(18)

2.2.3. Microscopic theory. Inter-band transitions: The microscopic theory of the spin
orientation-induced CPGE in QWs was worked out for inter-band excitation in [21, 25, 26]
and is briefly sketched here following [21]. We consider the asymmetry of the momentum
distribution of holes excited under direct inter-band optical transitions in p-doped (113)-grown
QWs of Cs symmetry. We recall that in this case normally incident radiation of circular
polarization induces a current in the x-direction. Let us denote the free hole states in a QW as
[vmgk), where v and m; are the hole subband and spin branch indices, respectively. If only
terms even in k are taken into account in the effective Hamiltonian of holes, all hole subbands
(v, k) are doubly degenerate. Allowing terms odd in k in the Hamiltonian results in a subband
spin splitting, so the hole energy €,,,, . becomes dependent on the spin branch index m,. The
photocurrent density is given by a standard expression

o=y u (mgk) fom,k, (19)
vmgk

where e is the elementary charge (for holes e > 0), u,(vm;k) is the group velocity
n! (0€ym, i/ k), and f,, 1 1s the non-equilibrium steady-state distribution function. Note that
the energy €,k is invariant and the velocity u,(vm,k) changes its sign under the time inversion
operation K transforming a spinor v into K ¥ = ioyl/Af (oy is one of the Pauli matrices) [14].
Therefore only the anti-symmetric part of the distribution function £, . = (fom,k— fom, —k)/2
contributes to j,. Here |vm,, —k) is obtained from |vm k) by application of the operator K.
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In the momentum relaxation time approximation under direct optical transitions we have

Je=e > Womm, (k e)lu,(Vmk) )" — u (vmk)Ti], (20)

vivmimgk
where e is the light polarization unit vector and r,ﬁ") is the hole momentum relaxation time in
the subband v. The probability rate for the transition |[vm k) — |v'm/k) is given by Fermi’s
golden rule

2
Womgom, (ks €) = —= My om, () (., v )8 (Evmi e = Evmyke — F), 2n

vmgk

where M, vm, (k) is the inter-subband optical matrix element proportional to the amplitude
of the electromagnetic field E( and fvomx & 1s the distribution function in equilibrium. For the
sake of simplicity, it is assumed that the light intensity is low enough to allow us to ignore a
photoinduced redistribution of the symmetrical part f:m e = Somk + fom,—x) /2.

The most important result of the microscopic theory is that both the initial and final
states of the carriers involved in the optical transition contribute to the circular photogalvanic
current, with different strengths and directions. The partial currents are proportional to the
group velocity, being dependent on k, the momentum relaxation time 7, and the occupation of
the initial states described by the distribution function. Therefore the direction of total current
depends on the details of the experimental conditions and may change its sign on varying the
radiation frequency, temperature, etc. An interesting feature of the spin orientation-induced
CPGE at inter-band excitation was pointed out in [25, 26], where it was shown that varying
the frequency around the fundamental band edge results in sign inversion of the current due to
the STA contribution but not to BIA.

Inter-subband transitions: The microscopic theory of the spin orientation-induced CPGE
was also developed for direct inter-subband transitions in n-type QWs for both C, and
C,y symmetry; the finding was that the current is proportional to the derivative of the
absorbance [24]. For the typical condition of inter-subband transitions in n-type QWs that
the momentum relaxation time of photoexcited carriers in the e2 subband, 'L’p(z), is much less
than that in the e1 subbands, t[(,”, it was obtained that for C; symmetry

o~ (B2 + B TR0

dhw

where 7, is the absorbance, I is the radiation intensity, A and {7 are the components of
3 in the el and e2 subbands, respectively. An analogous equation was obtained for QWs of
C,y symmetry. In contrast to spin-flip processes occurring for C; symmetry described above,
in Cy, symmetry due to selection rules the absorption of circularly polarized radiation is spin
conserving [14]. The asymmetric distribution of photoexcited electrons resulting in a current
is caused by these spin-conserving but spin-dependent transitions. It was shown in [24, 91] that
under oblique excitation by circularly polarized light the rates of inter-subband transitions are
different for electrons with the spin oriented parallel and anti-parallel to the in-plane direction
of light propagation. This is depicted in figure 5(a) by vertical arrows of different thicknesses.
In systems with k-linear spin splitting, such processes lead to an asymmetrical distribution of
carriers in k-space, i.e. to an electrical current. Also, for this symmetry the photocurrent is
proportional to the derivative of the absorption and is given by

C o p@ _ p) dni2(hw)
Je~ (BR = B =
Since the CPGE in QW structures of C,, symmetry is caused by spin-dependent spin-
conserving optical transitions, the photocurrent described by equation (23) in contrast to
equation (22) is proportional to the difference of subband spin splittings.

V1 Peireéy, (22)

TV 1 Peireéy. (23)
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Figure 5. Microscopic pictures of the (a) CPGE and (b) spin-galvanic effect for inter-subband
excitation in Ca, point group samples. In (a) the current j, is caused by the imbalance of optical
transition probabilities at k; and k} decaying with the momentum relaxation time z,,. Excitation
with o, -radiation with 71 @ less than the energy subband separation at k = 0, &7, induces direct spin-
conserving transitions (vertical arrows) at k; and k. The rates of these transitions are different,
as illustrated by the different thicknesses of the arrows (reversing the angle of incidence mirrors
the thicknesses of the arrows). This leads to a photocurrent due to an asymmetrical distribution of
carriers in k-space if the splittings of the el and e2 subbands are unequal. Increasing the photon
energy shifts more intense transitions to the left and less intense ones to the right, resulting in a
current sign change. In (b) the current occurs after thermalization in the lowest subband which
results in spin orientation in the el subband. This spin-galvanic current is caused by asymmetric
spin-flip scattering. The rate of spin-flip scattering depends on the value of the initial and final
k-vectors. Thus transitions sketched as dashed arrows yield an asymmetric occupation of the two
subbands and hence a current flow which decays with the spin relaxation time 7. The magnitude
of the spin polarization, and hence the current, depends on the initial absorption strength but not
on the momentum k of the transition. Therefore the shape of the spectrum of the spin-galvanic
current follows the absorption.

2.2.4.  One- and two-photon excitation. ~One more spin photocurrent related to the
photogalvanic effect was proposed in [32] and has most recently been observed in bulk
GaAs [33]. The generation of the photocurrent is based on quantum interference of one- and
two-photon excitation [92] which represents a coherent photogalvanic effect [34]. Irradiation of
a semiconductor sample with coherent superposition of a laser beam of frequency w satisfying
€4/2 < hw < &4 andits second harmonic may yield an electric current if there are definite phase
relations of the radiation fields. Tuning of the phase relation among the coherent beams allows
control of the current. In order to obtain a spin photocurrent, appropriate polarization of both
beams is required. If the radiation fields at w and 2w have either the same circular polarization
or orthogonal linear polarizations, quantum interference under injection distinguishes carriers
of opposite spin which results in a net spin flux. It is possible to obtain spin photocurrent
without electric current flow. The asymmetry of the spin population in k-space appears as a
consequence of spin—orbit coupling. The photocurrent is mediated by a fourth-rank tensor and
thus needs no symmetry restriction as in the case of the one-photon excitation photogalvanic
effect. It may be present in materials with a centre of inversion. So far, coherent control of a
spin photocurrent has been observed in bulk semiconductors (GaAs) [33] but it may also be
possible in QWs and in asymmetric superlattices [35].

2.3. The spin-galvanic effect

The picture of spin photocurrents given so far involved the asymmetry of the momentum
distribution of photoexcited carriers, i.e. the spin orientation-induced CPGE. In addition to the
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CPGE a spin-driven current may also occur even after momentum relaxation of photoexcited
carriers. It is due to an asymmetry of spin-flip scattering of non-equilibrium spin-polarized
carriers as shown in figure 5(b). This current is caused by the spin-galvanic effect and will be
described in the following.

2.3.1. Phenomenology. The spin-galvanic effect is caused by spin relaxation of a uniform
non-equilibrium spin polarization in QWs of gyrotropic symmetry [29]. While this effect may
occur for any method of spin orientation, e.g. electric spin injection, optical spin polarization
is also possible, resulting in a spin photocurrent. Phenomenologically, an electric current can
be linked to the electron’s averaged spin polarization .S by

joz = Z QaySy' (24)
Y

Like in the case of k-linear terms and the CPGE, here we have again a second-rank pseudo-
tensor @ with the same symmetry restrictions as 3 and ~. Therefore in zinc-blende structure
QWs, non-zero components of Q, exist, in contrast to the case for the corresponding bulk
crystals [27, 28]. Due to tensor equivalence we have the same non-zero components of the
tensor Q and their relations, as discussed above for 3 and . For Cy, symmetry of (001)-grown
QWs only two linearly independent components, O, and Q,,, may be non-zero, so

jx = QxySyv jy = nySx- (25)

Hence, a spin polarization-driven current needs a spin component lying in the plane of QWs.
In Dyg symmetry there is only one independent tensor component Q,, = Q,,. In the C,
symmetry of (113)-oriented QWs an additional tensor component Q.. may be non-zero and
the spin-galvanic current may be driven by spins oriented normally to the plane of the QWs.

2.3.2.  The microscopic model. — Microscopically, the spin-galvanic effect is caused
by asymmetric spin-flip relaxation of spin-polarized electrons in systems with k-linear
contributions to the effective Hamiltonian [29]. Figure 6(a) sketches the electron energy
spectrum along k, with the spin-dependent term 8,0k, resulting from BIA and SIA. In this
case oy is a good quantum number. Spin orientation in the y-direction causes unbalanced
population of spin-down and spin-up subbands. The current flow is caused by k-dependent
spin-flip relaxation processes. Spins oriented in the y-direction are scattered along k, from the
more highly filled, e.g. spin subband |+1/2),, to the less filled spin subband, |—1/2),. Four
quantitatively different spin-flip scattering events exist and are sketched in figure 6(a) as bent
arrows. The spin-flip scattering rate depends on the values of the wavevectors of the initial
and the final states [47]. Therefore spin-flip transitions, shown by solid arrows in figure 6(a),
have the same rates. They preserve the symmetric distribution of carriers in the subbands and,
thus, do not yield a current. However, the two scattering processes shown by broken arrows
are inequivalent and generate an asymmetric carrier distribution around the subband minima
in both subbands. This asymmetric population results in a current flow along the x-direction.
Within this model of elastic scattering the current is not spin polarized, since the same number
of spin-up and spin-down electrons move in the same direction with the same velocity.

It must be pointed out that the above one-dimensional model, which demonstrates clearly
how a spin-galvanic current can occur, somewhat simplifies the microscopic picture. The
probability of the spin-flip processes |+1/2, k;), — |—1/2, ky), shown by arrows in figure 6
is given by the product [v(k; — k:f)]z(k:f + k)? (see equation (30) of [47]). The amplitude
v(k s — k;) depends on k ; — k; and therefore the spin-flip process is asymmetric, as needed for
the occurrence of the current. However, for the one-dimensional model presented above, the
probability is given by [v(k,, — kj, )% (ky ks, )2. In the case of elastic scattering, as sketched
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Figure 6. The microscopic origin of the spin-galvanic current in the presence of k-linear terms
in the electron Hamiltonian. (a) A one-dimensional sketch: the term oyk, in the Hamiltonian
splits the conduction band into two parabolas with the spin m; = 41/2 in the y-direction. If one
spin subband is preferentially occupied, e.g., by spin injection (the |+1/2), states in the figure),
asymmetric spin-flip scattering results in a current in the x-direction. The rate of spin-flip scattering
depends on the value of the initial and final k-vectors. Thus transitions sketched as dashed arrows
yield an asymmetric occupation of the two subbands and hence a current flow. These transitions
are also shown in two dimensions (b) by dashed arrows at the scattering angle 6. If instead of the
spin-down subband the spin-up subband is preferentially occupied, the current direction is reversed.

in figure 6(a), the magnitudes of the initial and final wavevectors are equal, |k, | = lky,|;
thus k,, + k,, = 0 and the probability vanishes. A non-zero current is obtained for inelastic
scattering and for elastic scattering with k, # 0. The latter situation is depicted in figure 6(b).

Note that the reverse of the spin-galvanic effect, i.e. a spin polarization induced by an
electric current flow, has been theoretically considered in [93, 94].

The uniformity of spin polarization in space is preserved during the scattering processes.
Therefore the spin-galvanic effect differs from other experimental effects where the spin current
is caused by inhomogeneities. These effects will be discussed in section 6.

2.3.3. Microscopic theory. The microscopic theory of the spin-galvanic effect has been
developed in [31] for inter-subband transitions in n-type zinc-blende structure materials of
C,y symmetry. In this case the spin orientation (see figure 5(b)) is generated by resonant
spin-selective optical excitation (see figure 5(a)) followed by spin-non-specific thermalization.

The occurrence of a current is due to the spin dependence of the electron scattering matrix
elements My, ,. The 2 x 2 matrix A;[kf 1 can be written as a linear combination of the unit matrix
I and Pauli matrices as follows:

Mk’k = Ak,ki+0' . Bk’ks (26)

where A}, = Aww, B}, = Brr due to hermiticity of the interaction, and A_p/ _ = Agw,
B_j _;, = — By due to the symmetry under time inversion. The spin-dependent part of the
scattering amplitude in (001)-grown QW structures is given by [47]

o+ By = v(k — k)[o, (k;, +ky) —oy(kl + ki)l (27)

We note that equation (27) determines the spin relaxation time, z,, due to the Elliot—Yafet
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mechanism. The spin-galvanic current, for instance in the y-direction, has the form [31]

Wt By
jSGE,x = QxySy ~ ene)Tr—I:Sy, jSGE,y = nySx ~ en, hy T_I:Sx (28)

S S

Since scattering is the origin of the spin-galvanic effect, the spin-galvanic current, jsgg, is
determined by the Elliot—Yafet spin relaxation time. The relaxation time 7, is proportional to
the momentum relaxation time 7,. Therefore the ratio 7, /7, in equations (28) does not depend
on the momentum relaxation time. The in-plane average spin S, in equations (28) decays
with the total spin relaxation time t; (which may have a contribution from any spin relaxing
process). Thus the time decay of the spin-galvanic current following a pulsed photoexcitation
is determined by .

For the case where spin relaxation is obtained as a result of inter-subband absorption of
circularly polarized radiation, the current is given by

1
By Tyt minl

jSGE,x = QxySy ~e 7 - %Pcircééya

L (29)
. 18;5); Tpfs 7712[ A
JSGE,y = nySx ~ eT - %Pcircéex-

where 7, is the absorbance in the transitions between el and e2 subbands. The parameter
&, varying between 0 and 1, is the ratio of photoexcited electrons relaxing to the el subband
with and without spin flips. It determines the degree of spin polarization in the lowest subband
(see figure 4(b)) and depends on the details of the relaxation mechanism. Optical orientation
requires & # 0 [3, 91, 95]. Equations (29) show that the spin-galvanic current is proportional
to the absorbance and is determined by the spin splitting in the first subband, () or B()).

2.3.4. The spin-galvanic effect for optical orientation. Excitation of QWs by circularly
polarized light results in a spin polarization which, at the appropriate orientation of the electron
spins, causes a photocurrent due to the spin-galvanic effect. Because of the tensor equivalence,
the spin-galvanic current induced by circularly polarized light always occurs simultaneously
with the spin orientation-induced CPGE. The two effects can be separated by time-resolved
measurements because of the different relaxation mechanisms of the two currents. After
removal of light or under pulsed photoexcitation, the circular photogalvanic current decays
with the momentum relaxation time whereas the spin-galvanic current decays with the spin
relaxation time. On the other hand, as has been recently shown [31],in inter-subband transitions
the spin-galvanic effect may be separated from the CPGE making use of the spectral behaviour
at resonance. The optically induced spin-galvanic current reproduces the absorbance, whereas
the CPGE is proportional to the derivative of the absorbance and vanishes at the resonance
frequency. This will be discussed in more detail in section 4.2.2.

2.3.5. The spin-galvanic effect for optical orientation in the presence of a magnetic field.
Another possibility for investigating the spin-galvanic effect without contributions of the spin
orientation-induced CPGE to the current was introduced in [29]. This method is not limited to
resonant inter-subband optical excitation. The spin polarization was obtained by absorption
of circularly polarized radiation at normal incidence on (001)-grown QWs as depicted in
figure 7. For normal incidence the spin orientation-induced CPGE as well as the spin-galvanic
effect vanish because é, = ¢, = 0 (see equations (14)) and S, = S, = 0 (see equations (25)),
respectively. Thus, we obtain a spin orientation along the z-coordinate but no spin photocurrent.

The steady-state spin polarization Sy, is proportional to the spin generation rate S.. To
obtain an in-plane component of the spins, necessary for the spin-galvanic effect, a magnetic
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Figure 7. The optical scheme for generating a uniform in-plane spin polarization which causes
spin-galvanic photocurrent. Electron spins are oriented normal to the plane of the QWs by circularly
polarized radiation and rotated into the plane by Larmor precession in a magnetic field B, .

field B | x-axis has been applied. Due to Larmor precession, a non-equilibrium spin
polarization Sy is induced:
wrTs]

N T T
where 7, = /TsITsLs Ts|)» TsL Are the longitudinal and transverse electron spin relaxation times,
wy, is the Larmor frequency. The denominator in equation (30) yielding the decay of S, for
wy, exceeding the inverse spin relaxation time is well known from the Hanle effect [3, 96]

On a phenomenological level and at small magnetic fields, w; 7, < 1, this magnetic
field-induced spin photocurrent can be described by

Jo =) tapy Bi(E x EY), = tapy Bpéy EG Peire, 31
By By

where (g, is a third-rank tensor. As P, is a pseudo-scalar and B a pseudo-vector, [qg,
is an ordinary negative-parity third-rank tensor which is allowed in inversion asymmetric
materials only. Gyrotropy at zero magnetic field, as in the case of only an optical excited
spin-galvanic effect or the CPGE, is not necessary. We note that in non-gyrotropic p-type bulk
GaAs amagnetic field-induced CPGE was previously observed upon intra-band excitation [97].
However, this effect is not due to spin orientation and does not occur in p-type QWs due to
spatial quantization [98]. In QWs under normal incidence of the light and for a magnetic
field lying in the plane of a QW of C,, symmetry, which corresponds to the measurements in
section 4.2.1, the current is described by two independent components of the tensor p and can
be written as

(30)

jx = MXXZBXéZESPC[I’Ca jy = MyyszézE(%Pciro (32)

The current 5 and the magnetic field B are parallel (or anti-parallel) when the magnetic field
is applied along (110) and neither parallel nor perpendicular for B || (100). In D,y symmetry
QWs with symmetric interfaces, ft,rx; = —/[Lyy, and therefore the current is perpendicular to
the magnetic field for B || (100).

2.4. The spin orientation-induced circular photogalvanic effect versus the spin-galvanic
effect

The spin orientation-induced CPGE and the spin-galvanic effect have in common that the
current flow is driven by an asymmetric distribution of carriers in k-space in systems with lifted
spin degeneracy due to k-linear terms in the Hamiltonian. The crucial difference between the
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Figure 8. Potential profiles of SiGe QW samples: (a) a compositionally stepped QW, (b) an
asymmetrically doped compositionally symmetric QW, and (c) a symmetric QW. The vertical
dashed lines indicate the doping.

two effects is that the spin-galvanic effect may be caused by any kind of spin injection, while
the spin orientation-induced CPGE needs optical excitation with circularly polarized radiation.
Even if the spin-galvanic effect is achieved by optical spin orientation, as discussed here, the
microscopic mechanisms are different. The spin-galvanic effect is caused by asymmetric spin-
flip scattering of spin-polarized carriers and it is determined by the process of spin relaxation
(see figure 6). If spin relaxation is absent, the spin-galvanic current vanishes. In contrast, the
spin orientation-induced CPGE is the result of selective photoexcitation of carriers in k-space
with circularly polarized light due to optical selection rules and depends on the momentum
relaxation (see figure 2). In some optical experiments the observed photocurrent may represent
a sum of the two effects. For example, if we irradiate an (001)-oriented QW with obliquely
incident circularly polarized radiation, we obtain both selective photoexcitation of carriers in
k-space determined by momentum relaxation and a spin-galvanic effect due to an in-plane
component of non-equilibrium spin polarization. Thus both effects contribute to the current
occurring in the plane of the QWSs. The two mechanisms can be distinguished by time-resolved
measurements.

3. Methods

3.1. Samples

The experiments were carried out on GaAs, InAs, semimagnetic BeZnMnSe, and SiGe
heterostructures belonging to two different classes of symmetry. The more highly symmetric
structures were (001)-oriented QWs. While these structures can belong to two point groups,
either Doy or Cyy, our measurements showed that all samples available for the present work
correspond to the point group Cy,,. The structures of the lower-symmetry class Cg were (113)-
oriented QWs and QWs grown on (001) miscut substrates.

Zinc-blende structure-based QW samples were of n- and p-type GaAs/AlGaAs grown
by molecular beam epitaxy (MBE) with QW widths Ly of 4-20 nm [20, 24, 38], n-type
InAs/AlGaSb QWs with Ly = 15 nm [20, 99], as well as single n-type GaAs heterojunctions.
The free carrier densities, n, for electrons and p, for holes, ranged from 10'! to 2 x 10'? cm~2.
The mobility at 4.2 K in n-type samples was from 5 x 10° to 2 x 10° cm®> V™! s7! and in
p-type samples was about 5 x 10° cm? V~! 571,

Semimagnetic BeZnMnSe semiconductor heterostructures were grown by MBE on semi-
insulating GaAs substrates with (001) orientation [43, 100]. The heterostructures consisted of
a 500 nm thick Beg 03Zng.97Se layer, n doped to 2 x 10'® cm~3, followed by a 100 nm thick
Beo.05Zng goMng sSe layer, n doped to 6 x 10'8 cm=3.
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Figure 9. Oscilloscope traces obtained for pulsed excitation of (113)-grown n-type GaAs QWs
at A = 10.6 um. (a) and (b) show CPGE signals obtained for circular o,- and o_-polarization,
respectively. For comparison, in (d) a signal pulse for a fast-photon drag detector is plotted. In (c)
the measurement arrangement is sketched. For (113)-grown samples of Cs symmetry, radiation was
applied at normal incidence and the current detected in the direction x || [1 10]. For (001)-grown
QWs, oblique incidence was used in order to produce a helicity-dependent current.

The measurements on SiGe QWs were carried out on p-type structures, MBE grown on
(001)- and (113)-oriented Si substrates [23]. Both bulk Si and Ge have a centre of inversion;
therefore in order to obtain gyrotropy, asymmetric QWs were grown. Two groups of (001)-
grown asymmetric samples, whose potential profiles are sketched in figures 8(a) and (b), were
fabricated in the following manner: one of the groups of samples was compositionally stepped
(figure 8(a)), comprising ten QWSs of [Sig 75Geg 25(4 nm)/Sip s5Gep 45(2.4 nm)] separated by
6 nm Si barriers. The second group of asymmetric structures had a single QW of Sig 75Ge 25
composition which was doped with boron from one side only (figure 8(b)). These structures
are of the C,, point group symmetry, as was confirmed by the experiments described below.
Structures with the lower symmetry Cg were (113) grown with a Si/Sig 75Gep 25 (5 nm)/Si single
QW, one-side boron doped. As a reference sample, a (001)-grown compositionally symmetric
and symmetrically boron-doped multiple-QW structure (figure 8(c)) of sixty Sip7Geo3(3 nm)
QWs has been used. All these samples had free carrier densities p; of about 8 x 10'' cm~2 in
each QW.

The sample edges were oriented along the [1 10] and [332] directions for the (1 13)-grown
sample and along the [110] and [110] directions for the (001)-grown one. For (113)-oriented
samples, two pairs of ohmic contacts were centred along opposite sample edges, pointing in
the directions x || [110] and vl [332] (see figure 9 and the inset in figure 10, lower plate).
For (001)-oriented samples, two pairs of point contacts in the middle of the sample edges with
connecting lines along x || [1 10] and y’ || [110] were prepared (see the inset in figure 10,
upper plate). These samples had two additional pairs of contacts at the corners of the samples
corresponding to the (100) directions (see the inset in figure 10, upper plate).
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Figure 10. The photocurrent in QWs normalized by the light power P as a function of the phase
angle ¢ defining helicity. Measurements are presented for 7 = 293 K and A = 76 pum. The insets
show the geometry of the experiment. Upper panel: oblique incidence of radiation with an angle
of incidence ®) = —30° on n-type (001)-grown InAs/AlGaSb QWs (symmetry class Cay). The
current j, is perpendicular to the direction of light propagation. Lower panel: normal incidence of
radiation on p-type (113)A-grown GaAs/AlGaAs QWs (symmetry class Cs). The current j flows
along the [110] direction perpendicular to the mirror plane of Cy symmetry. Full curves show an
ordinate scale fit using equations (14) and (15) for the top and lower panel, respectively.

3.2. The experimental technique

For optical excitation, mid-infrared (MIR), far-infrared (FIR), and visible laser radiations were
used. Most of the measurements were carried out in the infrared with photon energies less than
the energy gap of the semiconductors investigated. For investigations of spin photocurrents,
infrared excitation has several advantages. First of all, below the energy gap the absorption
is very weak and therefore allows homogeneous excitation with marginal heating of the 2D
electron gas. Furthermore, in contrast to the case for inter-band excitation, there are no spurious
photocurrents due to other mechanisms such as the Dember effect, photovoltaic effects at
contacts, and Schottky barriers. Depending on the photon energy and QW band structure, the
MIR and FIR radiation induce direct optical transitions between size-quantized subbands in
n- and p-type samples or, at longer wavelength, indirect optical transitions (Drude absorption)
in the lowest subband.

A high-power pulsed MIR transversely excited atmospheric pressure carbon dioxide
(TEA-CO,) laser and a molecular FIR laser [101, 102] were used as radiation sources in
the spectral range between 9.2 and 496 um. The corresponding photon energies 7w lie in the
range of 135-2 meV. The radiation pulses (=100 ns) of power P up to 50 kW were focused
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to a spot of about 1 mm ? yielding a maximum intensity of about 5 MW cm~2. Such high
intensities are only needed for the saturation measurements described in section 4.4. The power
required to detect spin photocurrents is much lower. One series of measurements was carried
out making use of the frequency tunability of the free electron laser FELIX at FOM-Rijnhuizen
in The Netherlands [103]. The FELIX operated in the spectral range between 7 and 12 pum.
The output pulses of light from FELIX were chosen to be 3 ps long, separated by 40 ns, in a
train (or ‘macropulse’) of 5 us duration. The macropulses had a repetition rate of 5 Hz.

Typically, this laser emits linearly polarized radiation. The polarization was modified
from linear to circular using a Fresnel rhomb and /4 plates for MIR and FIR radiation,
respectively. The helicity P,;,. of the incident light was varied from —1 (left-handed circular,
o_) to +1 (right-handed circular, o) according to P.;,. = sin2¢ (see equation (12)). In the
present experimental arrangement, the phase angle ¢ corresponds to the angle between the
initial plane of polarization and the optical axis of the A/4 plate or the polarization plane of
the Fresnel rhomb.

For optical inter-band excitation, a cw Ti:sapphire laser was used, providing radiation of
A = 0.777 pm with about 100 mW power. In order to extract the helicity-dependent current the
linearly polarized laser beam was transmitted through a photoelastic modulator which yields
a polarization oscillating periodically between o, and o_ [29].

Samples were studied at room temperature or mounted in an optical cryostat which allowed
the variation of the temperature in the range of 4.2-293 K. The photocurrent j, was measured
in the unbiased structures via the voltage drop across a 50 €2 load resistor in a closed-circuit
configuration [10] (see figure 9(c)). The current in the case of the excitation by visible radiation
was recorded by a lock-in amplifier in phase with the photoelastic modulator.

The experiments on the spin-galvanic effect, which require an external magnetic field,
were performed at room temperature in a conventional electromagnet with the magnetic field
up to 1 T and at 4.2 K using a superconducting split-coil magnet with B up to 3 T.

4. Experimental results and discussion

4.1. The spin polarization-induced circular photogalvanic effect

4.1.1. General features. With illumination of QW structures by polarized radiation a current
signal proportional to the helicity P.;.. has been observed in unbiased samples [10, 20, 23, 43].
The irradiated QW structure represents a current source wherein the current flows in the QW.
Figure 9 shows measurements of the voltage drop across a 50 €2 load resistor in response to
100 ns laser pulses at A = 10.6 um. Signal traces are plotted in figure 9(a) for right-handed
circular polarization and in figure 9(b) for left-handed circular polarization, in comparison to
a reference signal (see figure 9(d)) obtained from the fast-photon drag detector [104, 105].
The signal follows the temporal structure of the applied laser pulses. In figure 10 the current
is shown as a function of the phase angle ¢. The current signal assumes a maximum for
circularly polarized radiation and changes sign if the polarization is switched from o, to o_.
In the case of linearly polarized radiation corresponding to ¢ = 0° or 90° the current vanishes.
The radiation-induced current and its characteristic helicity dependence reveal that we are
dealing with a CPGE. The effect is quite general and has been observed in all samples in the
temperature range of 4.2-293 K and over a wide spectral range.

In (001)-oriented samples a helicity-dependent signal is only observed under oblique
incidence [20, 21, 23]. For light propagating along the (110) direction the photocurrent
flows perpendicular to the wavevector of the incident light (see figure 10, upper plate).
This observation is in accordance with equations (14). For illumination along a cubic axis
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(100), both a transverse and longitudinal circular photogalvanic current are detected [22]. The
presence of a transverse current in this geometric configuration in all (001)-oriented samples,
except miscut ones, investigated so far unambiguously demonstrates that they belong to the
symmetry class Cy,. Indeed, in such a geometry (¢, = é, = 1/ \/5), the transverse effect is
only allowed for the C,, symmetry class and is forbidden for Dyq symmetry as can be seen
from equations (13) and (14) and the discussion following. In samples grown on a (113) GaAs
surface or on (001) miscut substrates representing the lower-symmetry class C, the CPGE has
been observed also under normal incidence of radiation [10, 20, 21, 23] as shown in the lower
plate of figure 10. This is in contrast to the case for (001)-oriented samples and in accordance
with the phenomenological theory of the CPGE for Cs (see equations (15)). For normal
incidence in this symmetry, the current always flows along the [110] direction perpendicular to
the plane of mirror reflection of the point group Cs. The solid curves in figure 10 are obtained
from the phenomenological picture outlined above which perfectly describes the experimental
observations.

In figure 11 we show the dependence of the photocurrent on the angle of incidence ® of
the right-handed circularly polarized laser beam. For (001)-oriented samples (C,, symmetry)
a variation of ®y in the plane of incidence normal to x changes the sign of the current j,
for normal incidence, ®p = 0, as can be seen in the upper panel of figure 11. The lower
panel of figure 11 displays the angular dependence for (113)-oriented QWs (Cg symmetry).
The currents measured as a function of the angle of incidence ® along any direction in the
plane of (001)-oriented samples and along x | [1 10] for (113)-oriented samples (figure 11)
are in very good agreement with the phenomenological expressions (14), (16), and (18) for
C,y and equations (15), (17), and (18) for Cy symmetry. Both figures show experimental data
compared to calculations which were fitted with one ordinate scaling parameter. The fact that
Jx 1s an even function of ® for (113)-oriented samples means that in the sample under study
the component y,. of 7 in equations (15) is much larger than y,, .

Microscopically, the CPGE can be the result of different optical absorption mechanisms
such as inter-band transitions, inter-subband transitions in QWs, and Drude absorption. The
CPGE for inter-band absorption (valence band to conduction band) has not been observed
experimentally so far. A strong spurious photocurrent due to other mechanisms such as the
Dember effect and photovoltaic effects at contacts mask the relatively weak CPGE. However,
application of polarization-selective measurements, such as modulation of the polarization,
should allow us to extract the CPGE current. In the infrared range, where the effects mentioned
above vanish, the CPGE has been observed experimentally. In QW structures, absorption
of infrared radiation may occur through indirect intra-subband optical transitions (Drude
absorption) and, for photon energies in resonance with the energy distance between size-
quantized subbands, through direct transitions between these subbands.

4.1.2. Inter-subband transitions in n-type QWs.  Absorption of radiation in the range of 9 to
11 pum in n-type GaAs samples of QW widths 8.2 and 8.6 nm is dominated by resonant direct
inter-subband optical transitions between the first and the second size-quantized subbands.
Figure 12 shows the resonance behaviour of the absorption measured in GaAs QWs obtained
by Fourier spectroscopy using a multiple-reflection waveguide geometry. Applying MIR
radiation from the CO, laser, which causes direct transitions in GaAs QWs, a current signal
proportional to the helicity P.;.. has been observed at normal incidence in (113)-oriented
samples and at oblique incidence in (001)-oriented samples, indicating a spin orientation-
induced CPGE [24]. In figure 12 the data are presented for a (001)-grown n-type GaAs QW
of 8.2 nm width measured at room temperature. It is seen that the current for both left- and
right-handed circular polarization changes sign at a frequency @ = w;,,. This inversion
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Figure 11. The photocurrent in QWs normalized by P as a function of the angle of incidence ®¢
for right-handed circularly polarized radiation o, measured perpendicular to the light propagation
direction (7 = 293 K, A = 76 um). Upper panel: n-type (001)-grown InAs/AlGaSb QWs (Cay).
Lower panel: p-type (113)A-grown GaAs/AlGaAs QWs (Cs). Full curves show an ordinate scale
fit using equations (14), (16) (upper plate) and (15), (17) (lower plate).

frequency w;,, coincides with the frequency of the absorption peak. The peak frequency
and w;,, depends on the sample width in agreement with the variation of the subband energy
separation. Experimental results shown in figure 12, in particular the sign inversion of the
spectral behaviour of the current, are in good agreement with microscopic theory developed
in [24] (see equations (22) and (23)). The spectral sign inversion of the CPGE has also been
detected in a (113)-oriented n-type GaAs QW which belongs to the point group Cs. In this case
the helicity-dependent signal is observed in the x-direction for normal incidence of radiation
along 7.

The inversion of the photon helicity-driven current is a direct consequence of k-linear terms
in the band structure of subbands together with energy and momentum conservation, as well
as optical selection rules for direct optical transitions between size-quantized subbands [24].
At large photon energy, iw > &3, and for QWs of C; symmetry, excitation occurs at positive
k, resulting in a current j, shown by an arrow in figure 2(b). Decreasing the photon frequency
shifts the transition towards negative k, and reverses the direction of the current. In the
framework of this model the inversion of sign of the current takes place at the photon energy
hwy, corresponding to optical transitions from the band minima. This shift of w;,, away from
the frequency of peak absorption cannot be resolved in experiments on currently available
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Figure 12. The photocurrent in QWs normalized by P as a function of the photon energy
hw. Measurements are presented for n-type (001)-grown GaAs/AlGaAs QWs of 8.2 nm width
(symmetry class Cpy) at 7 = 293 K and oblique incidence of radiation with an angle of incidence
®p = 20°. The absorption of the MIR laser radiation results in direct transitions between el and
e2 subbands. The current j, is perpendicular to the direction of the light propagation. The dotted
curve shows the absorption measured using a Fourier spectrometer.

samples because of the broadening of the absorption [24]. Similar arguments hold for C,,
symmetry (relevant for (001)-oriented samples) for oblique incidence (see figure 5(a)), although
the simple selection rules are no longer valid [14, 106]. By the selection rules, the absorption
of circularly polarized radiation is spin conserving but the rates of inter-subband transitions are
different for electrons with the spin oriented parallel and anti-parallel to the in-plane direction
of light propagation [91]. The asymmetric distribution of photoexcited electrons results in a
current which is caused by these spin-conserving but spin-dependent transitions [24].

4.1.3. Inter-subband transitions in p-type QWs. The helicity-dependent current of the spin
orientation-induced CPGE has also been observed in p-type GaAs QWs due to transitions
between heavy-hole (hh1) and light-hole (Ih1) subbands demonstrating spin orientation of
holes (see figure 10, lower plate) [10, 20, 38]. QWs with various widths in the range of 4—
20 nm were investigated. For direct inter-subband transitions, photon energies between 35
and 8 meV of FIR radiation corresponding to these QW widths were applied. Due to the
different effective masses of the light and heavy holes the absorption does not show narrow
resonances. Cooling the sample from room temperature to 4.2 K leads to a change of sign of the
spin orientation-induced CPGE but the sin 2¢ dependence is retained [10]. This temperature-
dependent change of sign of the photogalvanic current, which was also observed in n-type
samples for direct transitions, may be caused by the change of scattering mechanism from
impurity scattering to phonon-assisted scattering (see section 2.2.3).
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Figure 13. The photogalvanic current j, normalized by P in (001)-grown and asymmetrically
doped SiGe QWs and measured at room temperature as a function of the phase angle ¢. The data
were obtained for oblique incidence of irradiation at A = 10.6 um. The full line was fitted using
equations (14). The inset shows the geometry of the experiment.

4.1.4. Intra-subband transitions in QWs.  Optical absorption caused by indirect transitions in
n-type samples has been obtained by applying FIR radiation covering the range of 76-280 um
corresponding to photon energies from 16 to 4.4 meV. The experiments were carried out on
GaAs [20, 21], InAs [20], and semimagnetic ZnBeMnSe [43] QWs. The energy separation
between the el and e2 size-quantized subbands of those samples is much larger than the
FIR photon energies used here. Therefore the absorption is caused by indirect intra-subband
optical transitions. For illumination of (001)-grown QWs with obliquely incident FIR radiation
a current signal proportional to the helicity P.;.. has been observed (see figure 10, upper
plate), showing that Drude absorption of a 2D electron gas results in spin orientation and
a CPGE. A spin orientation-induced CPGE occurring upon intra-subband absorption was
also observed in p-type samples at long wavelengths [10, 21, 23], where the photon energies
are smaller than the energy separation between the first heavy-hole and the first light-hole
subbands.

4.1.5. The spin orientation-induced CPGE in SiGe QWs. In symmetrically (001)-grown
and symmetrically doped SiGe QWs no photogalvanic current has been observed, as expected
from the presence of inversion symmetry in both materials. However, in non-symmetric QWs
as described in section 3.1, a spin orientation-induced CPGE has been observed, caused by
the Rashba spin—orbit coupling due to built-in potential gradient in the QWs [23, 107]. A
spin orientation-induced CPGE is most clearly seen for hh1-lh1 inter-subband absorption in
(001)-oriented p-type QWs. For illumination with MIR radiation of the CO; laser a current
signal proportional to the helicity P... is observed for oblique incidence (figure 13). For
irradiation along (110) as well as along (100) crystallographic directions, the photocurrent
flows perpendicular to the propagation direction of the incident light. Therefore only a
transverse CPGE was observed. This means that the effect of a Dresselhaus-like k-linear
term yielding a longitudinal effect for (100) is negligible [107]. The wavelength dependence
of the photocurrent obtained between 9.2 and 10.6 um corresponds to the spectral behaviour
of direct inter-subband absorption between the lowest heavy-hole and light-hole subbands
measured in transmission (see figure 14).
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Figure 14. The spectral dependence of the spin orientation-induced CPGE (full dots) in (001)-
grown and asymmetrically doped SiGe QWs due to direct transitions between hh1 and lh1 valence
subbands at room temperature. The full curve shows the absorption spectrum obtained at 10 K. The
absorption has been determined by transmission measurements making use of a multiple-reflection
waveguide geometry shown in the inset.

In the FIR range a more complicated dependence of the current as a function of helicity
has been observed. In (001)-grown asymmetric QWs as well as in (113)-grown samples, the
dependence of the current on the phase angle ¢ may be described by the sum of two terms; one
of them is ocsin 2¢ and the other ocsin 2¢ cos 2¢. In figure 15 experimental data and fits to
these functions are shown for a step-bunched (001)-grown SiGe sample. The first term is due
to the spin orientation-induced CPGE and the second term is caused by a LPGE [23] which
will be discussed later (see section 5.1, equations (42)). For circularly polarized radiation
the linear photogalvanic term sin 2¢ cos 2¢ is equal to zero and the observed current is due
to the spin orientation-induced CPGE only. We would like to point out that, in agreement
with the symmetry, the same term may also be present in zinc-blende structure-based QWs
but has not yet been detected. The CPGE and LPGE have different microscopic physical
mechanisms. Variation of material parameters, excitation wavelengths, and temperature may
change the relative strengths of these effects. For both spectral ranges, MIR and FIR, the
angle of incidence dependence of the CPGE in SiGe structures is the same as shown above for
zinc-blende structure-based materials.

The experimental results described so far are due to an imbalance of photoexcited
spin-polarized electrons in k-space yielding a CPGE. After momentum relaxation of the
photoexcited carriers, the spin orientation-induced CPGE vanishes; however, a spin orientation
may still be present if the spin relaxation time is longer than the momentum relaxation time.
In such a case the spin-galvanic effect may contribute to the total current. In the next section
we present experimental results demonstrating a pure spin-galvanic effect without admixture
of a spin orientation-induced CPGE.

4.2. The spin-galvanic effect

4.2.1. The spin-galvanic effect in the presence of an external magnetic field. The spin
photocurrent due to the spin-galvanic effect has been experimentally investigated by the method
described in section 2.3.5 and is depicted in figure 7 [29, 30, 40, 41]. A homogeneous non-
equilibrium spin polarization perpendicular to the plane of the (001)-grown QWs has been
prepared by absorption of circularly polarized radiation normally incident. The measurements
were carried out on n-type GaAs and InAs samples. In this experimental configuration the spin
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Figure 15. The photogalvanic current in (113)-grown SiGe QWs normalized by the light power P
as a function of the phase angle ¢. The results were obtained at A = 280 pm for normal incidence
of irradiation at room temperature. The full curve was fitted using the left-hand equations of
equations (15) and (42) corresponding to the CPGE and the LPGE, respectively. Broken and
dotted curves show jy o sin 2¢ and j, o sin 2¢ cos 2¢, respectively.
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Figure 16. The spin-galvanic current j, normalized by P as a function of the magnetic field B
for normally incident circularly polarized radiation at room temperature for various samples and
wavelengths. Full symbols: A = 0.777 um, P = 100 mW. Triangles, squares, and circles
correspond to n-type and p-type multiple QWs, and an n-type GaAs/AlGaAs heterojunction,
respectively. Open squares: an n-type GaAs/AlGaAs heterojunction, A = 148 um, P = 20 kW.
The inset shows the geometry of the experiment where ¢, indicates the direction of the incoming
light.

polarization does not yield an electric current. However, on applying an in-plane magnetic
field, a spin-galvanic current has been observed in n-type materials for both visible and infrared
radiation (figures 16-20).

For low magnetic fields B where w; t; < 1 holds, the photocurrent increases linearly as
expected from equations (25) and (30). This is seen in the room temperature data of figures 16
and 17 as well as in the 4.2 K data in figure 18 for B < 1 T. The polarity of the current
depends on the direction of the excited spins (see figures 17 and 18; £=z-directions for right or
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Figure 17. The magnetic field dependence of the spin-galvanic current, normalized by P, achieved
by intra-subband transitions within the el conduction subband caused by excitation with radiation
of A = 280 um wavelength. Results are plotted for an (001)-grown GaAs single heterojunction at
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Figure 18. The spin-galvanic current j, as a function of the magnetic field B for normally
incident right-handed (open circles) and left-handed (solid circles) circularly polarized radiation at
A = 148 pum and radiation power 20 kW. Measurements are presented for an n-type GaAs/AlGaAs
single heterojunction at 7 = 4.2 K. Solid and dashed curves were fitted using equations (25)

and (30) using the same value of the spin relaxation time 7 and scaling of the ordinate.

left circularly polarized light, respectively) and on the direction of the applied magnetic field
(see figures 16—19; £ B, -directions). For a magnetic field applied along (110) the current is
parallel (anti-parallel) to the magnetic field vector. For B || (100), both the transverse and the
longitudinal effects are observed [30]. This observation as well as the helicity dependence of
the photocurrent current shown in figure 19 are in good agreement with the phenomenological

relation (see equations (32)).

Comparing the power sensitivity for visible and infrared excitation we find them to be of
the same order of magnitude as seen in figure 16. However, we note that the current contribution
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Figure 19. The spin-galvanic current normalized by P as a function of the phase angle ¢ in an
(001)-grown n-type InAs QW of 15 nm width at 7 = 4.2 K. The photocurrent excited by normally
incident radiation of A = 148 um is measured in the x-direction parallel (full circles) and anti-
parallel (open circles) to the in-plane magnetic field B,. Solid and dashed curves were fitted using
equations (32) using the same scaling of the ordinate.
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Figure 20. The spectral dependence of the spin-galvanic effect for (001)-grown n-type GaAs QWs
of 8.2 nm width at room temperature. Data (dots) are presented for optical excitation by normally
incident right-handed circularly polarized radiation. A magnetic field of By = 1 T was used. For
comparison the absorption spectrum is shown, by the full curve.

per photon is larger by two orders of magnitude for inter-band excitation than for intra-subband
absorption. This is due to the higher rate of spin generation by inter-band transitions. It may
be even larger, since the current is somewhat reduced by photogenerated carriers in the semi-
insulating substrate. For higher magnetic fields the current assumes a maximum and decreases



Topical Review R965

upon further increase of B, as shown in figure 18. This drop of the current is ascribed to
the Hanle effect [3]. The experimental data are well described by equations (25) and (30).
The observation of the Hanle effect demonstrates that free carrier intra-subband transitions can
polarize the spins of electron systems. The measurements allow us to obtain the spin relaxation
time t; from the peak position of the photocurrent, where w; 7, = 1 holds [29].

In p-type GaAs QWs under infrared excitation causing spin polarization of holes only, no
spin-galvanic effect could be detected [29, 30]. In contrast to the case for infrared experiments,
a current signal has been detected in p-type samples for visible excitation which polarizes both
electrons and holes (see figure 16). This current is due to the spin polarization of electrons
only, which are in this case the minority carriers generated by inter-band excitation. The
spin-galvanic effect in p-type material under inter- or intra-subband excitation could not be
observed because of the experimental procedure, which makes use of the Larmor precession
to obtain an in-plane spin polarization. This is because the in-plane g-factor for heavy holes
is very small [108], which makes the effect of the magnetic field negligible [29]. This result
does not exclude the possibility of a spin-galvanic effect in p-type materials, which might be
observable by means of hole injection with spins in the plane of the QW.

Spin photocurrents due to the spin-galvanic effect have been recorded for inter-band,
inter-subband, as well as for intra-subband transitions [29-31].

Inter-band transitions in n- and p-type GaAs have been investigated using circularly
polarized light from a Ti:sapphire laser at A = 0.777 um. In this experiment, electrons
are excited from the valence band to the conduction band yielding a spin polarization in the
conduction band by the selection rules.

Direct inter-subband transitions have been achieved in GaAs QWs of widths 8.2 and
8.6 nm for absorption of radiation in the range of 9-11 um wavelength [40, 41]. Applying
MIR radiation from a CO, laser, a spin-galvanic current has been observed for normal
incidence of radiation. In contrast to the case for the spin orientation-induced CPGE, the
wavelength dependence of the spin-galvanic effect obtained between 9.2 and 10.6 um repeats
the spectral behaviour of direct inter-subband absorption (see figure 20). This observation
is in agreement with the mechanism of the spin-galvanic effect and the microscopic theory
presented in section 2.3.3. The occurrence of a spin-galvanic current requires only a spin
polarization in the lower subband and asymmetric spin relaxation. In the present case the
spin orientation is generated by resonant spin-selective optical excitation followed by spin-
non-specific thermalization. Therefore the magnitude of the spin polarization and hence the
current depends on the absorption strength but not on the momentum k of optical transition as
in the case of the CPGE described in section 2.2.1.

We would like to emphasize that spin-sensitive e -2 inter-subband transitions in n-type
QWs have been observed for normal incidence when there is no component of the electric field
of the radiation normal to the plane of the QWs. Generally it is believed that inter-subband
transitions in n-type QWs can only be excited by infrared light polarized in the growth direction
z of the QWs [14]. Furthermore, such transitions are spin insensitive and, hence, do not lead
to optical orientation. Since the argument leading to these selection rules is based on the
effective mass approximation in a single-band model, the selection rules are not rigorous. The
mechanism which leads to spin orientation in this geometry will be discussed in section 4.3.1.

For indirect transitions the spin-galvanic effect, as in the case of the spin orientation-
induced CPGE, has been obtained in n-type GaAs and InAs QWs using FIR radiation (see
figures 16—19). The presence of the spin-galvanic effect, which is due to spin orientation
excitable at MIR and FIR wavelengths, gives clear evidence that direct inter-subband and
Drude absorption of circularly polarized radiations results in spin orientation. The mechanism
of this spin orientation is not obvious and will be introduced in section 4.3.2.
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4.2.2.  The spin-galvanic effect for optical excitation without external fields. In the
experiments described above an external magnetic field was used for reorientation of an
optically generated spin polarization. The spin-galvanic effect can also be observed for
optical excitation alone, without application of an external magnetic field. The necessary
in-plane component of the spin polarization is obtained for oblique incidence of the exciting
circularly polarized radiation. In this case, however, a spin orientation-induced CPGE may
also occur, interfering with the spin-galvanic effect. Nevertheless, a pure spin-galvanic current
may be obtained for inter-subband transitions in n-type GaAs QWs [31]. As shown above,
the spectrum of the CPGE changes sign and vanishes at the centre of resonance [24] (see
section 4.1.2 and equations (22) and (23)). In contrast, the optically induced spin-galvanic
current is proportional to the absorbance (equations (29)) and, hence, assumes a maximum at
the centre of the resonance [40,41] (see section4.2.1). Thus, if a measurable helicity-dependent
current is present at the centre of the resonance, it must be attributed to the spin-galvanic effect.

These experiments have been carried out making use of the spectral tunability of the free
electron laser ‘FELIX’ [103]. The photon energy dependence of the current was measured for
incidence in two different planes with components of propagation along the x- and y-directions.
In figure 21 the observed current, for both directions, is plotted as a function of photon energy
hw for o,-radiation together with the absorption spectrum. It can be seen that for a current
along x || [110], the spectral shape is similar to the derivative of the absorption spectrum, and
in particular there is a change of sign which occurs at the line centre of the absorption. When
the sample was rotated by 90° about z, the sign change of the current, now along y || [110],
disappears and its spectral shape follows more closely the absorption spectrum.

The spectral inversion of sign of the photocurrent in the x-direction indicates the CPGE,
which is proportional to the derivative of the absorption spectrum (see equations (22) and (23)).
In contrast with the case for the CPGE, the sign of the spin-galvanic current does not depend
on the wavelength (see section 4.2.1 and [40, 41]). This can be seen from figure 5(b) which
illustrates the origin of the spin-galvanic effect. All that is required is a spin orientation of the
lower subband, and asymmetrical spin relaxation then drives a current [29]. In our case the
spin orientation is generated by resonant spin-selective optical excitation followed by spin-non-
specific thermalization. The magnitude of the spin polarization, and hence the current, depends
on the initial absorption strength but not on the momentum k of the transition. Therefore there
is no sign change and the shape of the spectrum follows the absorption (see equations (29)
and [31, 40, 41]). The lack of a sign change for current along y || [110] in the experiment
shows that the spin-galvanic current dominates for this orientation.

The non-equivalence of the two orientations [110] and [1 10] is caused by the interplay
of the BIA and SIA terms in the Hamiltonian when rotating the wavevector in the QW plane.
Both currents, the CPGE and the spin-galvanic current, are due to the spin splitting of subbands
in k-space described by equation (1). The pseudo-tensors v and @ determining the current
are related to the transposed pseudo-tensor 3. They are subjected to the same symmetry
restrictions, so their irreducible components differ only by scalar factors. In C,, symmetry,
usually B,, # Bxy, and it is reasonable to introduce symmetric and anti-symmetric tensor

components Bg;, = (1/2)(B%) + ) and B3}, = (1/2)(BY — BY), where v = 1,2
indicates the e1 and e2 subbands respectively. A%, , and B, result from BIA and from SIA,
respectively.

Asdiscussed above and sketched in figure 5, both the CPGE and the spin-galvanic currents,
say in the x-direction, are caused by the band splitting in the k,-direction and therefore are

proportional to By, (for current in the y-direction one should interchange the indices x and y).
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Figure 21. The photocurrent in QWs normalized by the light power P for right-handed circularly
polarized radiation obliquely incident on n-type (001)-grown GaAs/AlGaAs QWs of 8.2 nm width
at T = 293 K as a function of the photon energy Ziw. Circles: current in the [110] direction in
response to irradiation parallel to [110]. Rectangles: current in the [110] direction in response
to irradiation parallel to [110]. The dotted curve shows the absorption measured using a Fourier
transform spectrometer.

Then the currents in the x- and y-directions read

v = Acrcel(BY) s — BS)) — (Byia — BS O Peircéy + Asr(Bgia — BSi) Sy (33)
and
Jy = AcrGal(BY s+ BS1s) — (Boia + BStO1Peircér + AscE(Byia + By s, (34)

where Acpgr and Aggg are factors related to vy and @, respectively, and the subscript SG E
indicates the spin-galvanic effect.

In the present case, S is obtained by optical orientation; its sign and magnitude are
proportional to P.;,.. and it is oriented along the in-plane component of €. The magnitude of
the CPGE is determined by the values of k in the initial and final states, and hence depends
on the spin splittings Spr4 and Bs;4 of the el and e2 subbands. In contrast, the spin-galvanic
effect is due to relaxation between the spin states of the lowest subband and hence depends
only on Bpr4 and Bsr4 forel.

The equations above show that in the directions y and x the spin-galvanic effect and the
CPGE are proportional to terms involving the sum and the difference respectively of BIA
and SIA terms. For our sample it appears that in the case where they add, the spin-galvanic
effect dominates over the CPGE, consistently with the lack of sign change for the current
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along the y-direction in figure 21. Conversely, when the difference of BIA and SIA terms is
concerned, the spin-galvanic effect is suppressed and the CPGE dominates. We emphasize
that at the maximum of absorption, where the spin orientation-induced CPGE is equal to zero
for both directions, the current obtained is caused solely by the spin-galvanic effect.

4.3. Monopolar spin orientation

Absorption of circularly polarized light in semiconductors may result in spin polarization of
photoexcited carriers. While this phenomenon of optical orientation caused by inter-band
transitions in semiconductors has been known of for a long time [8, 109—-111] and has been
widely studied [3], it is not obvious that free carrier absorption due to inter-subband and intra-
subband transitions can also result in a spin polarization. Observation of a spin polarization-
induced CPGE and the spin-galvanic effect in the MIR and FIR spectral ranges unambiguously
demonstrates that spin orientation may be achieved due to free carrier absorption. This optical
orientation may be referred to as ‘monopolar’ [36] because photon energies are much less
than the fundamental energy gap and only carriers of one type, electrons or holes, are excited.
Here we consider mechanisms of monopolar optical orientation due to direct inter-subband
transitions as well as by Drude-like intra-subband absorption for n- and p-type QWs based on
zinc-blende structure semiconductors.

Monopolar spin orientation in n-type QWs becomes possible if an admixture of valence
band states to the conduction band wavefunction and the spin—orbit splitting of the valence
band are taken into account [40, 41]. We emphasize that the rate of spin generation under
monopolar optical orientation depends strongly on the energy of the spin—orbit splitting of
the valence band, Ag,. This is due to the fact that the I'g valence band and the I'; spin—orbit
split-off band contribute to the matrix element of spin-flip transitions with opposite signs. For
p-type QWs, analogous mechanisms are responsible for the spin orientation.

The rate of generation of the electron spin polarization S due to optical excitation can be
written as

S = sl /hw) Pejre, (35)

where s is the average electron spin generated per absorbed photon of circularly polarized
radiation, and 7 is the fraction of the energy flux absorbed in the QW.

4.3.1. Direct transitions between size-quantized subbands. As equation (35) shows, the
spin generation rate S is proportional to the absorbance 75. In order to explain the observed
spin orientation for inter-subband transitions between el and e2 subbands in n-type QWs and,
in particular, the absorption of light polarized in the plane of a QW, the k - p admixture of
valence band states to the conduction band wavefunctions has to be taken into account [40, 41].
Calculations yield that inter-subband absorption of circularly polarized light propagating along
z induces only spin-flip transitions resulting in 100% optical orientation of photoexcited
carriers, i.e. s = 1. In this geometry the fraction of the energy flux absorbed in the QW
by transitions from the first subband el to the second subband e2 has the form
128a* A2 (264 + Ago)* (802 — E01)€e1 P11y

50 S(hw — ol + €2, 36
on 8g%(gg"'Aso)z(38g+2Aw)2 * (hw — €e1 + €e2) (36)

N2 =

where o is the fine-structure constant, n is a refraction index, n; is a free carrier density,
and ¢, and &, are the energies of the size-quantized subbands el and e2, respectively. The
S-function describes the resonant behaviour of the inter-subband transitions.
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In p-type QWs, optical orientation is caused by heavy-hole-to-light-hole absorption of
circularly polarized radiation and occurs for transitions with in-plane wavevector k # 0 due
to the mixing of heavy-hole and light-hole subbands [112].

4.3.2. Drude absorption due to indirect intra-subband transitions. In the FIR range where
the photon energy is not enough for a direct inter-subband transition in n- or in p-type samples,
the absorption of light by free carriers is caused by indirect intra-subband transitions where the
momentum conservation law is satisfied due to emission or absorption of acoustic or optical
phonons, static defects, etc (Drude-like absorption). We assume that the carriers occupy the
el subband. The intra-subband optical transitions in QWs involving both the electron—photon
interaction and momentum scattering are described as second-order processes with virtual
transitions via intermediate states. The compound matrix elements for such transitions with
the initial and final states in the same band have the standard form [40]

‘cml’rk’,vk Rvk,cmyk Rcm{k/,vk’ V vk ,cmgk
Mcm’ k' <—cm;k — » : (37)
s $ — —_ h :l: hQ -
Evk — Eck w Evk — Eck k—k'

v

Here ek, i, and ¢, are the electron energies in the initial |c, my, k), final |c, m), k'), and
intermediate |v) states, respectively, m; is the spin index, R is the matrix element for electron
interaction with the electromagnetic wave, V is the matrix element for electron—phonon or
electron—defect interaction, and 712,y is the energy of the phonon involved. The signs £
in equation (37) correspond to emission and absorption of phonons. A dominant contribution
to the optical absorption is caused by processes with intermediate states in the same subband.
This is the channel that determines the coefficient of intra-subband absorbance, . However,
such transitions conserve the electronic spin and, hence, do not lead to an optical orientation.

In order to obtain optical orientation due to intra-subband transitions for normal incidence,
we consider virtual inter-band transitions with intermediate states in the valence band [40, 41].
Figure 22 shows schematically the spin orientation in intra-band absorption of right-handed
circularly polarized light (o) for normal incidence. Because of the dipole selection rules for
inter-band optical transitions, the electron transitions with spin reversal from m; = —1/2 to
+1/2 are possible via intermediate states in the light-hole and spin—orbit-split subbands, while
the opposite processes, +1/2 — —1/2, are forbidden. As a result, spin orientation of electrons
occurs. At oblique incidence, the transitions via heavy-hole subbands also contribute to the
optical orientation.

For this particular mechanism of monopolar optical orientation, one can derive the
following expression for the spin generated per absorbed photon of e.g. right-handed circularly
polarized radiation:

V2 hoA?,

cv

(074 .
ch Sg(gg + Aso)(38g +2A40)

(38)

Here V. and V,, are the intra-subband and inter-band matrix elements, respectively, and they
depend on the mechanism of momentum scattering. Acoustic phonon-assisted and static
impurity processes are considered in [40, 41].

4.4. The spin-controlled non-linearity of the spin orientation-induced CPGE

Here we discuss the non-linear behaviour of the spin polarization-induced CPGE. It was
observed in [37, 38] that the photocurrent saturates with increasing light intensity. In fact,
in this case, the photogalvanic current normalized by the radiation intensity / is proportional
to the absorbance [21] and reflects the power dependence of the absorption coefficient.
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Figure 22. A sketch of the indirect intra-subband optical transitions (solid arrows) with intermediate
states in the valence band. Dashed and dotted arrows indicate the electron—photon interaction and
the electron momentum scattering.

The saturation effect on p-doped QW structures was investigated for direct inter-subband
optical transitions. The basic physics of spin-sensitive bleaching of absorption is sketched in
figure 23. Excitation with FIR radiation results in direct transitions between heavy-hole hhl
and light-hole 1h1 subbands. This process depopulates and populates selectively spin states in
hhl and 1h1 subbands. The absorption is proportional to the difference in population of the
initial and final states. At high intensities the absorption decreases, since the photoexcitation
rate becomes comparable to the rate of non-radiative relaxation to the initial state. By the
selection rules, spins of only one type are involved in the absorption of circularly polarized
light. Thus the absorption bleaching of circularly polarized radiation is governed by the energy
relaxation of photoexcited carriers and spin relaxation in the initial state (see figure 23(b)).
These processes are characterized by energy and spin relaxation times 7, and 7, respectively.
We note that during energy relaxation to the initial state in hh1, the holes lose their photoinduced
orientation due to rapid relaxation [113]. Thus, spin orientation occurs in the initial subband
hh1, only. In contrast to the case for circularly polarized light, absorption of linearly polarized
light is not spin selective and the saturation is controlled by the energy relaxation only (see
figure 23(c)). If , is larger than 7., the bleaching of the absorption becomes spin sensitive and
the saturation intensity of the circularly polarized radiation drops below the value for linear
polarization.

The difference between the absorption bleaching for circularly polarized radiation and
that for linearly polarized radiation has been observed experimentally employing the spin
orientation-induced CPGE (see section 2.2) and the LPGE (see section 5.1) [38]. Figure 24
shows that the photocurrent j, measured for p-type GaAs QWs depends on the intensity / as
Jjx o< I/(1 +1/I), where I is the saturation intensity. It has been shown that the saturation
intensities I; for circularly polarized radiation are generally smaller than that for linearly
polarized radiation (figure 25). The non-linear behaviour of the photogalvanic current has been
analysed in terms of excitation—relaxation kinetics taking into account both optical excitation
and non-radiative relaxation processes. It has been shown that the photocurrent j; p g induced
by linearly polarized radiation is described by j;pge/I o« (1 +1/ I.)~', where I, is the
saturation intensity controlled by the energy relaxation of the hole gas. The photocurrent
jepge induced by circularly polarized radiation is proportional to (1 + 1(1/Is + 1/14))~!
where I, = hwp, /(o dry) is the saturation intensity controlled by hole spin relaxation, «g
is the absorption coefficient at low intensities and d is the period of multiple QW structure.
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Figure 23. The microscopic picture of spin-sensitive bleaching: (a) a sketch of direct optical
transitions (full line) between hhl and Ih1 in p-type GaAs/AlGaAs QWs; ((b), (c)) sketches of the
process of bleaching for circularly and linearly polarized radiation, respectively. Dashed arrows
indicate energy (7.) and spin (t;) relaxation.

Using the experimentally obtained Iy, together with the absorption coefficient oy, calculated
following [114], spin relaxation times 7; have been derived (see figure 26) [38]. We note
that in the definition of I it was assumed that the spin selection rules are fully satisfied at the
transition energy. This is the case for optical transitions occurring close to k = 0 [113] realized
in the above experiment. If this is not the case, the mixture of heavy- and light-hole subbands
reduces the strength of the selection rules [73] and therefore reduces the efficiency of the spin
orientation. The mixing yields a multiplicative factor in I, increasing the saturation intensity
for constant spin relaxation time [37]. In [115] a substantial lowering of I, with decreasing
QW width was observed. This observation may indicate much slower spin relaxation times
for holes in narrow QWSs, as obtained theoretically in [113].

This result shows that spin relaxation of holes may be obtained by investigation of the
CPGE as a function of the radiation intensity. A substantial proportion of investigations of
the spin lifetime in semiconductor devices are based on optical spin orientation by inter-
band excitation and further tracing of the kinetics of polarized photoluminescence (for a
review see [1, 3, 116, 117]). These studies give important insight into the mechanisms of
spin relaxation of photoexcited free carriers. In contrast to these methods of optical spin
orientation, the monopolar spin orientation method allows one to study spin relaxation without
electron—hole interaction and exciton formation in conditions close to those for electric spin
injection [29, 38, 39]. Spin photocurrents provide experimental access to such investigations.

5. Spin-independent photocurrents under homogeneous excitation

When investigating spin photocurrents, one should take it into account that optical excitation
may generate other currents which are not the result of spin orientation. Spin photocurrents can
be recognized by their dependence on the helicity of the exciting radiation. Indeed, only spin
photocurrents change their direction when the state of polarization of radiation is switched from
right to left handed or vice versa. This allows one to extract the spin photocurrent contribution
from total photocurrents under visible excitation when spin-independent photocurrents, such
as in the case of the Dember effect or the photovoltaic effect at contacts, may occur; these are
substantially larger than spin photocurrents. In this situation the periodic modulation of the state
of polarization and synchronous detection of the current constitutes a convenient technique
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Figure 24. CPGE and LPGE currents j, normalized by the intensity / as a function of / for
circularly and linearly polarized radiation of A = 148 pm, respectively. The inset shows the
geometry of the experiment. The current j, is measured along [110] for radiation normally incident
on p-type (113)A-grown GaAs QW with Ly = 15nm at 7 = 20 K. The LPGE was obtained with
the electric field vector E oriented at 45° to the x-direction (see equations (44)). The measurements
were fitted to j, /I o 1/(I +1/I;) with one parameter /; for each state of polarization (full curve:
circular; broken curve: linear).
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Figure 25. The temperature dependence of the saturation intensity I; for linearly and circularly
polarized radiation of & = 148 um. The dependence is shown for a p-type GaAs/AlGaAs (113)A-
grown sample with a single QW of Ly = 15 nm width. The free carrier density and the mobility
were 1.66 x 10'" em™2 and 6.5 x 10° cm? V! s~ respectively.

for measuring spin photocurrents in itself. In the infrared spectral range these strong spin-
independent photocurrents do not occur. However, there are two other sources of photocurrents
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Figure 26. Experimentally determined spin relaxation times 7, for holes in p-type GaAs/AlGaAs
QWs as a function of temperature 7. Open triangles and full dots correspond to (113)A-grown
15 nm single and multiple (twenty) QWs, respectively. The free carrier densities for all samples
were about 2 x 10" cm~2 for each QW.

under homogeneous excitation which occur simultaneously and may be of the same order of
magnitude as spin photocurrents, but again do not require spin orientation. These are the
LPGE [13, 14] and the photon drag effect [118, 119]. These photocurrents are not changed
in sign or amplitude if the polarization is switched from o, to o_. Furthermore, both effects,
the LPGE and the photon drag effect, depend on the symmetry of the material in a different
way to spin photocurrents. Therefore in most cases it is possible to choose a crystallographic
orientation and an experimental geometry where only spin photocurrents occur. In other
cases the helicity dependence of the photocurrents allows one to distinguish between spin
photocurrents and spin-independent photocurrents. On the basis of the phenomenology,
we discuss spin-independent photocurrents in the following and present some experimental
examples.

By general symmetry arguments it can be shown that these spin-independent photocurrents
are given by

= o (EWEf+ EVER)/2+ Y Tisungs ELES. (39)
ny Spv
where x,,, and T5,, are components of a third-rank and a fourth-rank tensor, respectively,
and ¢; is the wavevector of the radiation in the sample.

The first term on the right-hand side of equation (39) is called the LPGE because it is
independent of the sign of the circular polarization and is usually measured using linearly
polarized radiation. The second term represents the photon drag effect, which yields a current
due to momentum transfer from photons to electrons.

5.1. The linear photogalvanic effect

The LPGE arises in homogeneous samples under homogeneous excitation due to an asymmetry
of the scattering of free carriers on phonons, static defects, or other carriers in non-
centrosymmetric media (for areview see [13, 14]). The LPGE was observed in some insulators
as early as the 1950s, but was correctly identified as a new phenomenon only in [120] and
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theoretically treated in [121]. For bulk materials such as GaAs, the LPGE was studied in
great detail (for a review see [11-14]). It has also been considered for and observed in low-
dimensional structures such as MOSFET Si structures [122, 123], [TI-V QWs [10, 21, 35, 124],
and asymmetric SiGe QWs [23]. Microscopically, the LPGE current consists of a so-called
ballistic contribution and a shift contribution [125-127]. The LPGE was successfully applied
as a fast detector of the degree of linear polarization [128, 129].

As shown by equation (39), the linear photogalvanic current is linked to the symmetrized
product £, E} by a third-rank tensor x;,,, which in turn is symmetric in the last two indices.
Therefore x;,,, is isomorphic to the piezoelectric tensor and may have non-zero components in
media lacking a centre of symmetry. Note that, in contrast to the case for spin photocurrents,
gyrotropy is not necessary. In zinc-blende structure-based QWs of C,, symmetry, taking into
account only the LPGE term of equation (39), we get

JLPGEx = Xxz (ExE} + E-EY), JLPGEy = Xyy(EyE] + EZE}). (40)
For higher-symmetry QWs of point group Dyq, the coefficients are linearly dependent and
Xxxz = —Xyyz- Equations (40) show that the LPGE occurs only for oblique incidence of

radiation, because a component of the electric field, £, along the z-axis is required.

We assume now irradiation of a QW of C,, symmetry with the plane of incidence parallel
to (yz). For linearly polarized light with an angle o between the plane of polarization defined
by the electric field vector and the x-coordinate parallel to [110], the LPGE current is given by

JLPGE.x = XaxelyEj sin 2a, JLpGEy = (X+ + x—cos2a)é,Ej,  (41)

where x+ = (Xxrz: £ Xyy2)/2. In the experimental set-up used for the measurement of the
helicity dependence of the spin photocurrents, the laser light is linearly polarized along x and
a A /4 plate is placed between the laser and the sample; equations (40) take the form

JLPGEx = Xxxz€y E§ cos 2¢ sin 2¢, Jrrcey = (X+ + x—cos2p)eé, E;. (42)

In addition to the current given by equations (40), the point group C, allows a LPGE current
for normal incidence of the radiation, because in this case the tensor x has the additional non-
ZETr0 COMPONENLS X xy = Xxy'x> Xy'xx> and X,yy. This current is given by

jLPGE,x = Xxxy’(ExE;/ + Ey/E:)a jLPGE,y/ = (Xy’xxlEx|2 + Xy’y/y/lEy/lz) (43)
yielding for linearly polarized light
JLPGEx = Xaxy €z E] sin2a, jrrcey = (X + x_cos2a)é, E5,  (44)

where x} = (Xxxxr£Xxyy)/2, and, for the experimental arrangement of the helicity dependence
measurements,

JLPGEx = Xxxy €z E} cos2¢ sin 2¢, JrpGe,y = (X, + x_ cos2¢p)é, EZ, (45)

The dependence of the LPGE current on the angle of incidence ® is determined by the
projections of the unit vector € which, as in the case of the CPGE, have the forms of
equations (16)—(18).

Equations (42) and (45) for the LPGE under excitation with elliptically polarized
radiation show that it may occur simultaneously with spin orientation-induced CPGE (see
equations (14) and (15)). However, in this case the LPGE is equal to zero for circularly
polarized radiation for all symmetries considered. Indeed, light is circularly polarized at
29 =m/2,3m/2, .. .; therefore for oL-radiation, cos 2¢ in equations (42) and (45) is equal to
zero and the LPGE current vanishes. For P.,. between —1 and +1, as in the measurements
of the helicity dependence of the photocurrent, the spin orientation-induced CPGE and LPGE
can be simultaneously present. However, measurements carried out on GaAs [10, 20-22],
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Figure 27. The linear photogalvanic current j normalized by P as a function of the angle o between
the plane of linear polarization and the axis x. Data are obtained for the x- and y’-directions under
normal incidence. The broken curve and the full curve were fitted using equations (44).

InAs [20, 21], and ZnSeMnTe [43] QWs over the whole wavelength range as well as on SiGe
QWs in the mid-infrared [23, 107] have shown that the contribution of the LPGE is negligible
(see figures 10 and 13).

The situation is different for SiGe QWs under FIR excitation where a spin orientation-
induced CPGE and LPGE with comparable strength have been detected [23, 107]. Figure 15
exhibits experimental data obtained on p-type SiGe (113)-grown QW structures. Broken and
dotted curves show the contributions of the circular photocurrent, j, o sin 2¢, and the linear
photocurrent, j, o sin 2¢ cos 2¢, respectively. The tensors «y and x describe different physical
mechanisms and, therefore, may depend differently on the material parameters, excitation
wavelength, and temperature. Obviously in most cases the contribution of ~y to the photocurrent
is larger than that of x.

The occurrence of a LPGE without a CPGE is demonstrated by measurements for linear
polarization, where the CPGE is zero, depicted in figure 27 for GaAs QWs and in figure 28
for SiGe QWs. It was also observed under excitation with elliptically polarized radiation
with P, varying from —1 to +1 in a geometrical direction where the CPGE is forbidden
by symmetry. This is demonstrated in figure 29 where a longitudinal current generated with
oblique incidence along the [110] direction is shown.

5.2. The photon drag effect

The photon drag effect arises due to a momentum transfer from photons to free carriers. This
effect was first observed in bulk semiconductors [130, 131] and has been investigated in various
materials such as Ge, Si, and GaP for a wide range of optical excitation mechanisms such as
inter-band transitions, direct and indirect transitions in free carrier absorption, and impurity
ionization (for a review see [118, 119]). It was also intensively studied for GaAs and InAs
QWs [21, 132-139]. The photon drag is of great technical importance for fast infrared and
FIR detection of short laser pulses [104, 105, 118, 119, 140].

The photon drag current described by the second term of the right-hand side of
equation (39) is mediated by a fourth-rank tensor T". Therefore there is no symmetry restriction
for this effect. In 75, the first index A runs over x and y only, because the current must be
confined in the plane of the QW.
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Figure 28. The linear photogalvanic current j normalized by P for the x- and y’-directions as a
function of the angle o between the plane of linear polarization and the axis x. The results were
obtained at room temperature with (113)-grown SiGe QWs for normal incidence of irradiation at
A = 280 um. The broken curve and the full curve were fitted using equations (44).

| (001)- grown
n- InAs QW

0° 45°

Figure 29. The linear photogalvanic current j, normalized by P as a function of the phase angle
¢ measured at / = 293 K and A = 76 um. The solid curve was fitted using equation (42).

For QWs of C,, symmetry the photon drag effect yields the current

JjPDx = Z Txx,u,uQxlEulz + Tiynyqy (Ex E; + E}’E;)a
it (46)
Jppy = Z TyyuquIE/L|2 + Tyxyxqx(Ex E; + EyE;)
U=X,y,Z
For C; symmetry this equation has the same form if y and z are replaced by the primed
coordinates. In more highly symmetric QWs of point group Dyq4, the number of independent
non-zero tensor components is reduced by

Txxxx = Lyyyy, Txxyy = Tyyxxv Txxzz = Lyyzzs Txyxy = Tyxyx' (47)

The above equations show that the photon drag effect occurs in QWs of all symmetries
for oblique incidence of radiation only. The longitudinal effect—the first term on the right-
hand side of equations (46)—is usually much stronger than the transverse effect described by
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the second term. This is the reason that in the transverse geometry of the spin orientation-
induced CPGE, no influence of the photon drag effect could be detected as yet. However, in
the longitudinal geometry the photon drag effect yields a measurable current. Again helicity
dependence can help one to distinguish spin photocurrents from the photon drag effect. On
the other hand, the separation of the LPGE and the photon drag effect is not so obvious. The
usual method used to identify the photon drag effect is based on sign inversion of the current
by reversing the wavevector of light in the plane of the sample. The same sign inversion occurs
also for the LPGE (see equations (16), (18), (41), and (42)).

Both effects may be distinguished from polarization dependences. The situation is
simple for transverse currents. Indeed, the LPGE vanishes for linearly polarized radiation
with the radiation electric field normal or parallel to the current flow (see the left-hand
parts of equations (41), (44)) or for circularly polarized radiation (see the left-hand parts
of equations (42), (45)), whereas a photon drag effect may be present (see equations (46)).
However, for longitudinal currents the photon drag effect and the LPGE may be present at
the same time with comparable strengths for any polarization. In contrast to the transverse
effect, the longitudinal LPGE has a polarization-independent term x. in the right-hand parts of
equations (41), (42) and x/ in the right-hand parts of equations (44), (45). Thus, a longitudinal
current in non-centrosymmetric QWs which changes sign upon reversal of the light propagation
need not be a photon drag current. The characteristic polarization dependences as well as the
helicity dependence may help in identifying the underlying microscopic mechanisms. We note
that by investigation of the photon drag effect in QWs without inversion centres, one should
always take into account the LPGE contribution and vice versa. For elliptical polarization, the
spin orientation-induced CPGE may also contribute to the total current.

As a concluding remark, spin photocurrents can in any case be distinguished from helicity-
independent currents by switching the helicity from right to left or the other way round. The
fraction of spin photocurrents in the total current can be quantitatively extracted by modulation
methods.

6. Spin photocurrents caused by inhomogeneities

One of the essential features of spin photocurrents reviewed here is the homogeneity of both
the optical excitation and the distribution of spin polarization in a two-dimensional electron gas
of gyrotropic QWs. However, spin photocurrents may occur due to an inhomogeneous spin
distribution obtained by inhomogeneous optical excitation or in bulk inhomogeneities such as
in p—n junctions.

As was already introduced, a surface current j = e rot .S due to inhomogeneity of the
spin polarization S of electrons at a semiconductor surface layer proposed in [7] was observed
in bulk AlGaAs samples [9]. Here ¢ is a coefficient proportional to the energy of the spin—orbit
splitting of the valence band Ag,. The inhomogeneous spin polarization was obtained by the
strong absorption of circularly polarized radiation at the band edge of AlGaAs mixed crystals
(HeNe laser excitation). The radiation was normally incident on the sample, resulting in a
gradient of the spin density into the material due to surface generation and diffusion into the
bulk. Spin—orbit interaction at the surface yields asymmetric electron scattering which gives
rise to a current in the direction perpendicular to the gradient of the spin density and the average
electron spin. An external magnetic field oriented in the surface plane was used to optimize
the current by rotating the spin polarization into the surface plane (see figure 30(a)) [9]. The
surface current exhibits the Hanle effect as a function of the magnetic field strength. The
geometry and the experimental procedure are very similar to those used to demonstrate the
spin-galvanic effect (see figure 7). The crucial difference from the case of the spin-galvanic
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(@) He-Ne laser (b) visible light
light

Figure 30. Sketches of the experimental arrangement of: (a) the surface spin photocurrent due to
non-homogeneous spin orientation following [9], where Vn indicates the gradient of the electron
density in the penetration depth of the strong fundamental absorption; (b) the spin-voltaic effect
according to [141, 142], where the circle with an arrow indicates spin-polarized electrons and the
open circle represents unpolarized holes due to rapid spin relaxation.

effect is that here, for a surface photocurrent caused by optical orientation, a gradient of spin
density is needed. Naturally this gradient is absent in QWs where the spin-galvanic effect has
been investigated, because QWs are two dimensional (no ‘thickness’).

Another type of spin photocurrents was recently proposed in analogy to the photovoltaic
effect in p—n junctions [141, 142]. This spin-voltaic effect occurs due to uniform illumination
of a p—n junction with circularly polarized inter-band light resulting in spin polarization of a
charge current. Circular polarization generates spin-polarized electrons and holes. Due to the
fast relaxation of the hole spin polarization in the bulk and the long spin lifetime of electrons,
the photocurrent becomes spin polarized. Indeed, spin-polarized electrons are swept to the n
side by the built-in electric field E}; and the unpolarized holes drift to the p side of the junction
(see figure 30(b)).

7. Summary

A non-equilibrium uniform spin polarization obtained by optical orientation drives an electric
current in QWs if they belong to a gyrotropic crystal class. In QWs prepared from zinc-blende
structure materials, gyrotropy is naturally present due to the lack of inversion symmetry in the
basic material which is itself not gyrotropic. In QWs based on diamond structure materials,
such as Si and Ge, which possess a centre of inversion, gyrotropy may be introduced by
artificially growing asymmetric structures. In gyrotropic QWs, spin—orbit interaction results in
a spin splitting in k-space of subbands, yielding the basis of spin photocurrents. Two different
microscopic mechanisms for spin photocurrents can be distinguished: the spin orientation-
induced CPGE and the spin-galvanic effect. In the first effect the coupling of the helicity of
light to spin-polarized final states with a net linear momentum is caused by angular momentum
selection rules together with band splitting in k-space due to k-linear terms in the Hamiltonian.
The current flow in the second effect is driven by asymmetric spin relaxation of a homogeneous
non-equilibrium spin polarization. The current is present even if the initial electron distribution
in each spin-split subband is uniform.

The experimental results on spin photocurrents due to homogeneous spin polarization
are in good agreement with the phenomenological theory. Both mechanisms of spin
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photocurrents, as well as the removal of the spin degeneracy in k-space, are described by
second-rank pseudo-tensors. Because of the tensor equivalence in the different symmetries, the
irreducible components of these tensors differ by scalar factors only. Therefore, macroscopic
measurements of photocurrents in different geometric configurations of experiments allow
one to reach a conclusion as regards the details of the microscopic tensorial spin—orbit
interaction. In particular, the relation between the symmetric and anti-symmetric parts of
the spin—orbit interaction, representing Dresselhaus-like terms (including IIA) and the Rashba
term, respectively, may be obtained. Furthermore, the macroscopic symmetry of QWs may
easily be determined.

Spin photocurrents are obtained from circularly polarized radiation. The most important
feature of spin photocurrents is their helicity dependence. The current is proportional to the
helicity and reverses its direction upon the handedness of the radiation changing. The effect
is a quite general property of QWs and has already been observed in many different n- and
p-type semiconductor structures under various kinds of optical excitation such as inter-band
and free carrier absorption. Itis present in materials of different mobilities, and also at very low
mobility, for a wide range of carrier densities and can be detected even at room temperature.
Spin photocurrents are not limited to 2D structures. Most recently they have been predicted
for gyrotropic 1D systems such as carbon nanotubes of spiral symmetry [143]. The effect
is caused by coupling between the electron wavevector along the tube principal axis and the
orbital momentum around the tube circumference.

Spin photocurrents were used to investigate the mechanism of spin relaxation for
monopolar spin orientation where only one type of charge carrier is involved in the excitation—
relaxation process. This condition is close to that for electrical spin injection in semiconductors.
Two methods were applied to determine spin relaxation times: those based on the Hanle effect
in the spin-galvanic current and the spin-sensitive bleaching of photogalvanic currents. The
spin orientation-induced CPGE has also been used to detect the state of polarization of terahertz
radiation [42]. The rapid momentum relaxation at room temperature in QWs yields picosecond
time resolution.
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