In this work spin polarized currents were ob-
served and studied in various low dimensional
semiconductor systems under excitation with
THz radiation. The measurements demonstrate
that the microscopic origin of the photocurrents
is the asymmetric spin-dependent scattering,
which results in a spatial separation of electrons
with opposite spins. During the spin separation
a spin current flows, which is transformed into
a net electric current by the application of an ex-
ternal magnetic field. This effect, known as the
MPGE, was observed in different types of low
dimensional GaAs structures and DMS (CdMn)
Te QWs. Besides the fundamental question on the
origin of the spin current formation, the variation
of the inversion asymmetry in low dimensional
systems, which is of particular interest for spin-
tronics related research, was studied. To achieve
this goal, spin polarized currents have been uti-
lized as an experimental access to the inversion
asymmetry.
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1 Introduction

In recent years spintronics became a fast growing research area in solid state
physics, aimed to revolutionize the information and communication technology.
While the procession of digital signals using charge currents consumes electric
power the utilization of the spin degree of freedom of an electron constitutes a
dissipation less spin current. The task is to find new spintronic materials and to
improve techniques to produce spin-based devices, allowing injection, control,

transport, manipulation and detection of spin-polarized carrier flows [1,2].

Promising systems for spintronics applications are low dimensional gyrotropic
semiconductor structures, which due to the spin-orbit coupling can be utilized
to generate and manipulate the spin degree of freedom. This effect has an im-
portant consequence as it influences the splitting of the conduction band or the
spin relaxation according to the D’yakonov-Perel’ mechanism [1-5]. Further-
more, it allows the manipulation of spins via an electric field as well as a gen-
eration of a nonequilibrium spin polarization by an electric current [2,4,6-15].
Another effect of spin-orbit coupling in low-dimensional semiconductor struc-
tures is the possibility to excite spin currents, which constitute oppositely di-
rected flows of spin-up and -down electrons of equal strength. Resulting from
the fact that both charge flows with different spin compensate each other,
the total electric current emerged in the system is zero. However, this still
causes a spatial separation and accumulation of spin-up and -down carriers
at the sample edges. Pure spin currents can be generated in low-dimensional
or inversion asymmetric bulk semiconductor in different ways. For instance,
recently it has been demonstrated electrically with the spin Hall effect or op-
tically via interband optical transitions [2,4,15-17]. To the same time another
root of pure spin currents, namely the zero-bias spin separation, was observed
in gyrotropic semiconductor structures and attracted growing attention [18].
This effect yields spin currents, which in contrast to the spin Hall effect do
not need an electric current to flow. It is a consequence of asymmetric spin-
dependent scattering and can be obtained using different methods leading to

a nonequilibrium state of a two-dimensional electron gas (2DEG).
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This work is aimed to the investigation of this novel phenomena and to explore
its origin. In particular, various roots of the conversion of pure spin currents
into an electric current will be studied. Here terahertz (THz) radiation is used
to induce electron gas heating by means of Drude absorption, followed by spin
dependent energy relaxation. However, most recently we demonstrated that
even microwave radiation can be applied for the spin current generation, link-
ing opto-electronics to transport. In gyrotropic media the Drude absorption
itself becomes spin-dependent. It will be shown that this process yields a spin
separation because it involves electron scattering by phonons, static defects,
etc. [18]. To convert the pure spin current into a measurable electric current
the Magnetogyrotopic PhotoGalvanic Effect (MPGE) is utilized [19,20]. It is
based on the Zeeman spin splitting of the conduction band electrons, which is
induced by an external magnetic field and thus, leads to a difference between
the oppositely propagating spin polarized carrier flows. Since the electric cur-
rent is given by the sum of both spin currents, a detectable signal arises, which
is in first order proportional to the applied magnetic field and the effective

g*-factor.

At the beginning of this work the microscopic pictures and phenomenological
equations for the zero-bias spin separation and the MPGE have been developed
and verified in (001)-grown GaAs quantum well (QW) structures. However,
these experiments raised a lot of open questions on the current formation. They
concern the role of the Bulk Inversion (BIA) and Structure Inversion Asym-
metry (SIA) as well as the interplay of spin and orbital effects. This work is
aimed to clarify these open questions and is organized as follows. Chapter 2
introduces the theoretical background and includes various aspects of spin-
dependent properties of 2DEGs. Chapter 3 is devoted to the description of
the generation of THz radiation, the experimental techniques and the exper-
imental setup, as well as the investigated samples. The influence of Rashba
and Dresselhaus spin splitting, which originate from SIA and BIA, as well as
their dependence on the symmetry of n-doped (110)-grown GaAs QWs is an-
alyzed in Chapter 4. Chapter 5 is aimed to the investigation of spin polarized
currents in dependence on the g*-factor. To achieve this goal n-doped (001)-
grown diluted magnetic semiconductors (DMS) QWs were applied, in which

the g*-factor is strongly enhanced by the temperature as well as the exchange
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interaction between the conduction band electrons and the magnetic ions. It
will be demonstrated that the manipulation of the g*-factor changes the Giant
Zeeman splitting of the conduction band. This is reflected in the MPGE and
results in a strong variation of the spin polarized electric current, supporting
the spin dependent origin of this effect. As addressed above, the photogal-
vanic effects strongly depend on the symmetry of the investigated system. In
Chapter 6 a method is used to controllably change the symmetry by a lateral
periodic potential, etched into the surface of (001)-grown GaAs QWs. These
samples open a new and promising access to the generation of magnetic field

independent and dependent photogalvanic effects.
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2 Theoretical basics

This chapter presents the theoretical background and introduces the basic
phenomenological equations as well as the microscopic pictures, which are
necessary to explain the experimental results of this work. It starts with the
discussion of gyrotropy: a fundamental requirement, which is connected to the
symmetry of the investigated system. Further, the spin-orbit interaction in
gyrotropic semiconductor structures, which results in a linear in wavevector k
and spin o contribution to the Hamiltonian, is addressed. These additional
parts are known as Rashba/Dresselhaus terms. Another effect of the spin-orbit
interaction are k-linear terms in the scattering. This is reflected in the zero-
bias spin separation, which describes the generation of spin currents resulting
from asymmetric processes in the absorption and relaxation of a gyrotropic
2DEG. By means of an external magnetic field the opposite propagating spin
flows can be converted into a measurable electric current applying the magnet-
ogyrotropic photogalvanic effect. Since the experimental data are supported by
time-resolved Kerr rotation measurements, determining the symmetry of the
samples by studying spin dephasing of spin oriented carriers, spin relaxation
processes are addressed. In addition, the effect of magnetic ions in semicon-
ductor heterostructures, increasing the conversion of pure spin currents into
an electric current, is investigated. Therefore, basic properties of diluted mag-
netic semiconductors are discussed. Apart from the MPGE the excitation of
low-dimensional systems with THz radiation can lead to photocurrents, which
should be taken into account in the discussion of the results aimed to the un-
derstanding of the zero-bias spin separation and the MPGE. These magnetic
field independent photogalvanic effects are introduced and described by their

corresponding phenomenological equations.

2.1 Gyrotropy

Gyrotropic media allow a coupling between an axial A,, and polar vector P,
interconnected by a second rank pseudo tensor M,,, given by P, = M, A,,.
This means that the corresponding point group symmetries do not distinguish

between certain components of polar vectors, like an electric current or electron
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momentum, and axial vectors, like the spin or magnetic field [21-23]. The well
known effects of gyrotropic media are reflected in a linear in light or electron
wave vector k spatial dispersion resulting in optical activity (gyrotropy) or
Rashba/Dresselhaus band spin-splitting in semiconductor structures, respec-
tively [21,23-26].

A fundamental, but not sufficient requirement for such a media is the lack of
inversion symmetry. This case is described by 21 non-centrosymmetric crystal
classes. From them only the point groups Ty, Cs, and Ds;, are non-gyrotropic.
The 18 remaining gyrotropic crystal classes can be further decomposed into 7
non-enantiomorphic (Cs, Ca,, Cs,, Sy, Dag, Cy, and Cg,) and 11 enantiomor-
phic (chiral) classes. The latter group is characterized by an absence of reflec-
tion planes or rotation-reflection axes [21,25,26]. Often it is misleading stated
that gyrotropy (optical activity) can be obtained only in non-centrosymmetric
crystals without mirror reflection planes. In fact, it is possible in the 7 non-
enantiomorphic classes, as well as they allow for instance, the spin orientation

by electric current [8,9].

2.2 Spin-Orbit Interaction

All mechanisms discussed in this work are based on the spin-orbit interaction,
which is usually calculated relativistically and quantum mechanically. It can
be visualized in a non-relativistic way leading to a similar result, which differs
only in the value of the pre-factor and the electron magnetic moment. A
charged particle moving with a velocity v in an external electric field E feels
the influence of a magnetic field B = (1/c¢)E x v. The strength of this electric
field induced from the atoms nuclear charge increases with their weight and
thus gives rise to the magnetic field acting on the spin of an electron. Both
v and F lay in the plane of the orbital movement, whereas B is parallel
to the angular moment L of the orbit. It introduces an energy difference
dependent on the orientation of the electron spin with respect to B||L. This
effect, which is due to spin-orbit interaction, can be written as A(LS), where
A depends on the electrons state in the atom, and can be mediated by any
electric field. Furthermore, it influences the splitting of atomic levels, known

as fine structure, which increases with the weight of the atoms [4].
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2.2.1 Spin-Orbit Interaction and Optical Orientation

In semiconductors the spin-orbit interaction has a strong effect on the valence
band and is necessary to describe the band structure. Without this interaction
the valence band at the I'—point, described by a p-type wave function, is 3-
fold degenerated, or 6-fold taking into account spin degeneracy. Including
the spin-orbit coupling allows the electron to interact with the magnetic field
resulting from its orbital motion. Thus, the 6-fold degeneracy breaks apart
into a 4- and a 2-fold degeneracy, noted as I's and I';, respectively. The 4-fold
degenerate states (total angular momentum j = 3/2) are located on top of the
valence band. They consist of the heavy hole (HH) and the light hole (LH)
band, where the latter one is characterized by a stronger curvature. The 2-fold
degenerate levels (7 = 1/2) form the split-off band (SO), which is separated
by the energy gap Agp. The minima of the s-type conduction band states
(I'6) in a direct gap semiconductor are separated by the band gap E, from
the highest valence band level, shown in Fig. 1(a) [14,27,28]. In a 2D system
however, the degeneracy of the LH and HH states is lifted and the LH states
drop energetically below the HH [15].

&
' (b)
conduction
CB band (s)
+1/2 +12 -1/2
direct T_3/ Z 1 4 1 - =3
band gap p - G/ ot ot

HH » S
+3/2 +3/2 <112 LH -1/2™ 31
....... LR
LH valence
) band (p) +1/2 SO -1/2
SO
£172

0 k

Figure 1: (a) Band structure of a direct gap semiconductor close to
the I'-point (k = 0). (b) Selection rules between the conduction band
and the valence band states. The relative transmission rates 1" are given
for the optical transitions with circularly polarized light. For the 3D
bulk semiconductor the HH and LH states are degenerate, while for the
2D case the LH energy is lower than the HH.
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Thus, the spin-orbit interaction gives rise to the possibility of optical orienta-
tion of electrons in a 3D bulk material and is even more effective in 2D sys-
tems [5,15]. Here by means of left (right) circularly polarized light an angular
momentum of -1 (+1) can be transferred to the electron. This allows to achieve
a high degree of spin polarization P taking into account angular momentum
and energy conservation laws. While for bulk systems the maximum achiev-
able value is P = 50% (P ~ 25% considering recombination processes), the
energy difference between HH and LH states allows theoretically P = 100%.
The transitions from the I'-point and their rates are shown in Fig. 1(b), here
the 2D case is illustrated with dashed lines [14,15].

The spin-orbit interaction allows not only optical spin orientation in semicon-
ductors it influences the effective g*-factor of electrons and other phenomena
as well. In the former case it changes the g*-factor and thus affects the Zee-
man splitting, which is proportional to ¢* [14,15]. Furthermore, the spin-orbit

interaction gives rise to spin splitting of the bulk energy dispersion.

2.2.2 SIA and BIA in (001)-grown low dimensional structures

While the above phenomena do not have a strong symmetry restriction the
below discussed bulk and structure inversion asymmetry only exist in gyro-
tropic media. The spin degeneracy of electron and hole states is usually de-
scribed by Ey(k) = E| (k) at B = 0 and is a result of a combined effect of the
space inversion symmetry (E;(k) = Ej(—k)) and time inversion symmetry
(Er(k) = E|(—k)). The Kramers doublets are lifted only if the time inversion
symmetry is broken, like in the case of an external magnetic field B. As a
consequence of the spin-orbit interaction in bulk semiconductors without an
inversion center, the space inversion symmetry and thus spin degeneracy is
lifted even in the absence of an external magnetic field. The effect of spin
splitting in bulk materials is described by cubic in k Dresselhaus terms in
the Hamiltonian. For the case of gyrotropic systems, like zinc-blende struc-
ture based low-dimensional heterostructures, different spin-dependent k-linear
terms appear in the electron 2D Hamiltonian. These k-linear terms originate
from the k-cubic spin-orbit induced Dresselhaus coupling terms of the bulk

material and are a result of the bulk inversion asymmetry. A further contri-
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bution is the structure inversion asymmetry. It is independent on the crystal
lattice and stems either from the asymmetry of the structure induced during
the growth or from external parameters, like for instance an applied electric
field or strain. The resulting k-linear terms are known as Rashba terms. A
third contribution is given by the asymmetry of the Interfaces (ITA), which
can be neglected or accounted to BIA, because it shows phenomenologically a
similar behavior. In the following only SIA and BIA are discussed, as they are
the main terms contributing to the spin splitting.
(a) BIA (b) SIA (c) SIA # BIA

kysll [010] k., I [010] ky,II [010]

y <
ey 11110] - Ky 111110] ky 111110]

L ko 1 [100] } ke 111001 k- 11 1100]

ky 117110] ke N1 [110] ky 11110]

Figure 2: (a) BIA and (b) SIA in (001) grown zinc-blende type QWs.
(c) Superposition of SIA and BIA for the case of BIA # SIA.

For (001)-grown 2-dimensional structures the Hamilton operator, caused by
SIA and BIA (HSE and HEEY, respectively), are given in a coordinate system
along the cubic axis 2’ || [100] and ¥ || [010] given by

H3o' = ¥ owky —oyks), (1)
Hgg' = B2 (0uker — oyky). (2)

The rotation of the z’- and y'-axis around 45°, resulting in z || [110] and
y || [110] parallel to the crystallographic axis, remains the form of the STA
induced terms, compare Egs. (1) and (3). It is a result of the rotational sym-
metry of the in-plane Rashba spin splitting, induced by an electric field along
the growth direction of the heterostructure. In contrast, the BIA induced

terms HEL described by Egs. (2) and (4) strongly depend on the coordinate
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frame. SIA and BIA described in the coordinate system x, y and z are given
by

HgloA = BSIA(Uack:y - O-ykx)a (3)
Hggt = B2 (0uky + oyky). (4)

The resulting spin splitting of HES and HSS', as shown in Fig. 2(a) and 2(b)

can be represented by an effective in-plane magnetic field B.ss(k) = BS}‘J}(kz) +

Bf}?(/{). Figure 2(c) shows the case of 354 # BBIA resulting in a superposition

of both terms [29]. For the case of 54 = gBIA (B5IA = _ BBIA) the effective
magnetic field B.ss(k) points along the axis « || [110] (y || [110]) and allows a

considerable long spin relaxation time for spins aligned in the z— (y-)direction.

2.3 Magnetogyrotropic Photogalvanic Effect

The MPGE is a photogalvanic effect, which arises in the presence of an exter-
nal magnetic field under excitation with polarized and unpolarized radiation.
It is allowed in gyrotropic media only. The application of an external magnetic
field converts pure spin currents resulting from the zero-bias spin separation
into an electric current. This chapter includes the description of the funda-
mental theory and microscopic picture of the MPGE in (001)-grown GaAs
heterostructures [18,30]. During this work it has been demonstrated that the
current resulting from the MPGE can be further separated to yield informa-
tion about the strength of Rashba and Dresselhaus spin splitting in different
materials and growth directions [19, 20,31, 32].

2.3.1 Phenomenological theory of the MPGE

The direction of the magnetic field induced photocurrent, its magnitude as well
as its dependence on the radiation polarization state and the magnetic field
with respect to the crystallographic axes is described by the phenomenological
theory of the MPGE. This theory does not require the knowledge of the in-
volved microscopic mechanism, because it operates with measurable physical

quantities.
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The phenomenological equation describing the MPGE [30] within a linear ap-
proximation in the magnetic field strength B and assuming normal incident

radiation is given by

e 65 + e(;e
Z ¢aﬂ75 Bﬁ e Z /Laﬁ’yBﬁe'yIPcu*c (5)
pld By

Here ¢ is a fourth rank pseudo-tensor being symmetric in the last two indices,
e = E/|E| the (complex) unit vector of the light polarization, E the radia-
tion electric field, € the unit vector pointing in the light propagation direction,
I the radiation intensity and P.. the radiation circular polarization degree.
The first term on the right side of Eq. (5) including the pseudo-tensor ¢ de-
scribes the photocurrent which can be induced by unpolarized and linearly
polarized radiation. The helicity dependent contribution to the photocurrent
is represented by the second term containing the third rank tensor p. A char-
acteristic sign for the latter part is a change of sign in the samples response

upon switching the helicity of the circular polarization.

The description of the MPGE in (001)-grown heterostructures is based on the
phenomenological Eq. (5) taking into account the corresponding point group
of the investigated samples. QWs grown along this direction can be sepa-
rated into two groups: symmetric structures, which belong to the Ds; and
asymmetric structures, associated with the C,, symmetry. The phenomeno-
logical equations for both systems look quite similar and differ only in the
relation between the parameters S; to S, and S to Sj, which result from
the non-vanishing components of the tensors ¢,g,s and pa3,. In the case of

(001)-grown asymmetric QW structures Eq. (5) reduces to [30]

Ju/I=51By + S2B, (|egg|2 — |ey|2) + S5B, (exe; + eye;) (6)
+ S4By Peire,

Ju/T=81By + SyBx (lea|” = ley[*) + S5 By (ea€], + €4¢}) (7)
+ S4By Peire,

and is described in the coordinate system given by

x || [110], y || [110], = || [001]. (8)
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The first part on the right side of Egs. (6) and (7) described by S; and S
emerges a polarization independent current, only proportional to the strength
of the magnetic field B. The other fractions clearly show a dependence on
the light’s polarization, which allow in combination with the magnetic field

orientation to separate the parameters S;...5; and S]...5) experimentally.

2.3.2 Microscopic model of the MPGE

The microscopic model describing the MPGE has been developed to explain
this effect in (001)-grown GaAs QWs. This model can be applied as well
to (001)-grown InAs-based QWs, (110)-oriented GaAs QWs and (001)-grown
(CdMn)Te DMS structures. It is based on a spin-dependent asymmetry in
the electron scattering, leading to the zero-bias spin separation under Drude
absorption [18,20,33]. The presence of spin-orbit interaction, allowed in gyro-
tropic media, like the investigated QWs, yields an additional asymmetric spin-
dependent term, which is linear in the wave vector k and Pauli spin matrices

o, to the scattering matrix elements, given by

Vit-phon(K' k) = 0. ej5 +Onl Y [(K' + k) X 0];501 542, (9)
j j

Zh‘/cv ASO
C3m By(By+ Ay

Equation (9) shows the scattering matrix element of the electron-phonon inter-
action Vel_phon(k’ , k) including the intraband and interband constants 6. and
Oy, the phonon-induced strain tensor €;;/, which is dependent on the phonon
wavevector ¢ = k' — k. The term &, which has especially for zinc-blende based
QWs the form shown in Eq. (9), includes the effective mass m* of the free
electrons, the bandgap F,, the spin-orbit-splitting of the bulk-semiconductors
valence band Ay, and the interband matrix element V_, = (S|p.|Z) of the mo-
mentum operator. Microscopically Eq. (9) is a result of BIA and SIA and thus

reflects both contributions in the scattering.

As in non-gyrotropic media the absorption of radiation usually results in an
equilibrium distribution of heated electrons, the asymmetric scattering in gyro-

tropic media leads to different scattering rates from the lower states to their
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Figure 3: Asymmetry in (a) the relaxation process of a homogeneous
heated electron gas and (b) the excitation via Drude absorption. The
tilted shadowed areas indicate schematically the non-equilibrium distri-

bution of states with positive and negative k.

final states ky and —ky in a subband [18]. In the spin-up and spin-down
subbands the scattering assisted photoexcitation of carriers due to Drude-like
absorption causes spin currents of equal strength propagating in opposite direc-
tions so that the total electric current is zero, schematically shown in Fig. 3(b).
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Figure 4: Asymmetry in the relaxation process of a homogeneous
heated electron gas in the Zeeman splitted subbands. The tilted shad-
owed areas indicate schematically the non-equilibrium distribution of

states with positive and negative k.
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The Zeeman effect, which is induced by an external magnetic field, separates
the spin-up and -down subbands energetically and disturbs the balance of the
carrier distribution of both types. As a result of this, the pure spin current
is transformed into an measurable electric current dependent on the magnetic
field strength. This effect is schematically shown in Fig. 4 and has been ex-
perimentally observed for the first time in (001)-oriented GaAs QWs [30].
The photocurrent due to the relaxation mechanism [schematically shown in
Fig. 3(a)] is independent on the polarization state of the incident radiation.
In the same way the asymmetric scattering modifies the energy relaxation it
influences the excitation process of the photoexcited carriers gas. The electric
current, resulting from the latter mechanism, carries a characteristic polariza-

tion dependence.

2.4 Spin relaxation times and relaxation mechanisms

Spin relaxation plays an important role in the discussion of the experimental
results. It is of particular interest for the understanding of the results obtained
from time-resolved Kerr rotation and how they are linked to the sample’s
symmetry. Thus, in the following a general description of spin relaxation is
introduced and the for this work main relaxation processes are described. In
fact, four mechanisms of spin relaxation in semiconductors exist, generally the
D’yakonov-Perel’, Elliot-Yafet, Bir-Aronov-Pikus and specially for (110)-grown
QWs the spin dephasing mechanism due to intersubband scattering [34-38].
This section is mainly focused on the description of the D’yakonov-Perel’ spin
relaxation, since it is the dominating relaxation mechanism in most of the

investigated samples.

2.4.1 D’yakonov-Perel’ Mechanism

An inertially spin polarized electron gas underlies, e.g. due to the presence of
a magnetic field B whose magnitude or orientation changes in time, different
relaxation processes. In the case of low dimensional gyrotropic heterostructures
the spin polarization is affected by an effective magnetic field B.ss(k) resulting
from BIA and SIA.



2 THEORETICAL BASICS 21

Generally speaking a spin which precesses around a magnetic field B with
a rotation frequency w is tilted from its initial orientation. After a time 7.
(correlation time) the alignment of B changes randomly and the spin is forced
to rotate around the new direction of B, which leads to a loss of the initial spin
within a few cycles. This process increases with the dimensionless product wr,
of the magnetic field induced rotation frequency and the switching (correlation)

time.

The common situation is w7, << 1, where the spin experiences only a very
slow rotation and a very short correlation time. By t/7. = n the number of
field switchings in the time t is given, in which the spin is tilted n-times around
the squared precession angle (w7.)?. The initial orientation is lost in any case
if the spin is rotated around 90° = 7/2, but for simplicity it is enough to set
the product (w7.)?(t/7.) = 1. From this the spin relaxation time 7, can be

estimated

L ~ W, (10)
Ts
The second case is wr, >> 1, in which the precession frequency is high com-
pared to 7. and the spin rotates many times around the magnetic field. While
the spin perpendicular to B vanishes rapidly, the parallel component remains
for t < 7.. After the magnetic field is realigned, the spin polarization is lost
completely. Thus the spin relaxation time for this process is proportional to

the correlation time, 75 o 7. [4].

The D’yakonov-Perel” (DP) Mechanism is the main spin relaxation process at
high temperature and is greatly enhanced, if the dimensionality of the system
is reduced from 3D to 2D, where it dominates the relaxation for n-doped QWs
[3,39]. It describes the loss of the spin orientation between scattering events in
the presence of a k-dependent spin splitting of the electron subband and is valid
in the collision dominated limit wr << 1 for a spin which precesses around
an effective magnetic field B.sr(k). After a scattering event the alignment of
B.;¢(k) has changed and thus, forces the spin to rotate in a different direction.

Similar to the common case described above, the spin relaxation time 75 reduces
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for a stronger precession 2 or longer momentum relaxation times 7, described
by

L o <Qi7’> , (11)
TS

where the brackets mean an averaging over the electron energy distribution.
Replacing 7 in Eq. (11) by a temperature dependent parameter 7*, which
similarly to the momentum relaxation time 7, can be obtained by Hall mobility
measurements, yields the temperature dependent spin relaxation time, given
by

Tls =37, (12)
including the effective Larmor frequency €2y at the Fermi energy at T'= 0 K.
In addition, it has been shown experimentally and theoretically that even
electron-electron scattering contributes to the DP mechanism as well as any

other scattering processes of carriers [3].

2.4.2 Elliot-Yafet, Bir-Aronov-Pikus and Intersubband Scattering

Relaxation Mechanism

Besides the dominating D’yakonov-Perel’ mechanism three other processes may
contribute to the spin relaxation, the Elliot-Yafet (EY), the Bir-Aronov-Pikus
(BAP) and the Intersubband Scattering Relaxation (ISR) mechanism [35-38].

The EY mechanism is a electron spin-flip scattering, which results from k-
dependent admixture of valence-band states to the conduction band wave
function. This effect increases with the strength of spin-orbit coupling, which
relates the spin relaxation times of the carriers with its momentum relaxation
times. Thus, the EY mechanism contributes strongly to the spin relaxation in
bulk narrow gap semiconductors, like InSb. For bulk semiconductors the spin

relaxation time due to the EY mechanism is given by

1 %< Aso 2) (g)Q 1 (19
Ts(Ee) Eg + ASO Eg Tp(-Ee)’

where Ago is the spin-orbit coupling of the valence band, E. is the electron

kinetic energy, F, is the band gap and the ratio g—: is a size for the admixture of
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the valence and conduction band wavefunction. In the case of QW structures

Eq. (13) transforms to

1 ASO 2 EelEe 1
~ 5 , (14)
TS(EE) Eg + ASO Eg Tp(Ee)

showing that the EY mechanism is proportional to the quantum-confinement

energy Fei [3].

The BAP Mechanism represents a relaxation process, in which the spin polar-
ization of conduction electrons vanishes due to a scattering by holes in p-doped
samples and is important for band-band excitation. It is a spin-flip of photoex-
cited electrons as a result of a electron-hole exchange interaction and prevails
at low temperatures as well as a moderate density of holes [3]. The holes

appear as a result of doping or due to interband optical excitation [4].

The recently observed ISR describes a decrease of the spin relaxation of spins
oriented along the [110]-direction in (110)-grown GaAs structures at elevated
temperatures. It is based on the scattering of electrons between different quan-
tum well subbands. This mechanism may contribute to the spin relaxation

times measured in (110)-grown samples [38].

2.5 Magnetic ions in diluted magnetic semiconductor

As a part of this work comprises experiments with diluted magnetic semi-
conductors the crystal structure as well as the main electronic and optical
properties of this material system are described in this chapter. CdTe belongs
similar to GaAs to the zinc-blende type crystals, but is a II-VI semiconductor.
If Mn is implemented during the growth, the Cd atoms in the lattice will be
replaced randomly and new magnetic properties of this composition arise, de-
pendent on the concentration x of the Mn?* cations. Therefore, the resulting

Cd;_.Mn,Te compound is associated to the group of DMS.

2.5.1 Crystal structure and electronic properties

Dependent on the concentration x, Cd;_,Mn,Te has different optical, electric

and magnetic properties compared to the non-magnetic CdTe. For 0 < z <



2 THEORETICAL BASICS 24

0.77 this material crystallizes in the zinc-blende structure and for x > 0.77
it adopts the crystal structure of the host material MnTe, known as NiAs
structure, which is neither zinc-blende nor wurzite. Quantitatively the band

structure increases linearly with z, given by [40]

E,(300 K) = (1.528 + 1.3162) eV,
E,(4.2 K) = (1.606 + 1.592z) eV. (15)

Over a wide range of x, Cd;_,Mn,Te is a direct semiconductor with a minimum
at the I' point (k = 0), allowing a parabolic approximation of the band [41]. As
Mn?* replaces Cd?* (both contribute their 4s? electrons to the binding with
Te?™), the magnetic ions do not add electrons or holes to the system, in contrast
to the III-V semiconductor GaAs, where it acts as an acceptors and results in
a p-doping. The d-shell of Manganese is compared to Cadmium only half filled
and the occupied levels (e;7) in the valence band and the unoccupied (e;?) in
the conduction band of the 3d° shells are split-off energetically by E.;; =~ 7 eV.
Thus, Mn remains electrically neutral in Cd;_,Mn,Te, because this splitting is
much larger than the band gap E, and the semiconducting properties of DMS

in zero magnetic field look quite similar to those of non-magnetic CdTe [40].

2.5.2 Magnetic properties

While Manganese is electrically neutral in the compound Cd;_,Mn,Te, the
presence of its half filled 3d shell is responsible for the magnetic properties
of this material. According to Hund’s rule, the spins of the five electrons in
the ground state of this d shell have to be aligned parallel so that the total

quantum number S = 327 | s; = 5/2 and the total angular momentum L = 0.

In the crystal lattice an interaction between the Mn?** ions is intermediated
by the crystal anions Te?~. Resulting from this, different types of exchange
processes appear, like the nearest-neighbor and the five times smaller next-
nearest-neighbor exchange process (described by the exchange integrals J and
JnnN, respectively), which both carry an antiferromagnetic character. They
are based on three different contributions, the two-hole-, the one-hole-one-

electron and the two-electron process. The first one plays the major role and
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is named super exchange mechanism. It is an indirect exchange interaction
due to the anions, which involves the valence band. The minor contributions
are the one-hole-one-electron-process, which accounts only 5% to the exchange

interaction, and the two-electron process, which is negligible [40].

If the concentration = of Manganese is low, like in the dilute limit (z < 0.01),
the Mn?* spins can be regarded as isolated and their interaction is vanishingly
small. In this case and for high temperatures the system is described in the
paramagnetic phase. In the dilute limit the magnetization M is described by

the Brillouin function

(16)

0 S B
M = —x Ny gum 5 (S2) = Ny gun i SBS(M> ,

kgT

where Ny is the number of Mn*? ions per unit volume, gy the Manganese
g-factor, kg is the Boltzmann constant, up the Bohr magneton and (S,) the
average spin per Mn site. By is the Brillouin function of the spin S = 5/2
resulting for the Mn?* d-shell and B the applied magnetic field.

For low magnetic fields or high temperatures, where the argument of the Bril-

louin function gupSB/kgT << 1, the magnetization M is linear in B and

reduces to
N, - 2 1
XMn:Coxz 07 (gnn p5)” S (S +1) (18)

T 3kgT ’
with the static magnetic susceptibility xum in the Curie form.

The description of the magnetization M for high temperatures and arbitrary
x cannot be expressed by the standard Brillouin function, because the Mn-Mn
interaction has to be taken into account. A more general formulation for M
results by exchanging the magnetic ion mole fraction z and temperature 7" in

Eq. (16) with the phenomenological fitting parameters z.s; and T, ss, given by

g,uBSB)

M = x.¢¢ N, n S B
Teff Vo &Mn 4B s< kBTeff

(19)

In Eq. (19) z.fs < x corresponds to the effective average concentration of Mn

and T,¢r = Ty + T accounts the antiferromagnetic interactions [42]. Here Tj
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represents the temperature of the lattice and Ty, the Mn temperature. For
magnetic fields up to 5 T and temperatures between 1.5 K and 20 K, z.¢;
is nearly equal to the number of "free Mn spins”, which corresponds to the

effective amount of Mn atoms excluding the nearest neighbor interaction [4].

An important consequence arises from the exchange interaction between the
3d® electrons of Manganese and the s or p band electrons of Cd;_,Mn,Te. This
is known as the sp — d exchange interaction and affects different phenomena,
which involve electrons in the conduction and valence bands, exciton levels and
impurities, because they are based on the same effects resulting from an Mn
modified band structure. This influence is accounted by adding a Kondo-like

exchange term H, sp=d to the original Hamiltonian Hy, given by

I:I:ﬁo—f-ﬁes:i)id:ﬁg—i-z J8p7d<7‘—Ri)S¢'0', (20)
R;
where J*~? is the electron-ion sp—d exchange coupling constant, S; and o are
the spin operators for the Mn?* and the band electrons with the corresponding

coordinates R; and r, respectively.

Equation (20) can be solved theoretically and allows to calculate the exchange
integral « for s-like I'g electrons and [ for p-like I'g electrons. Experimentally
the corresponding values of the sp —d exchange constants Noa and Ny, which
are specific for different materials, are obtained in magneto-optical or quantum
transport measurements. While o and § are nearly independent on the Mn
concentration x, they are of opposite sign (a > 0 and § < 0) and |o| < |5].
For example, in Cd;_,Mn,Te the exchange constants are Nya = 0.22 ¢V and
Ny = —0.88 eV. Both exchange interactions underlie obviously an interplay
of two fundamental physical origins. The first one is a 1/r potential exchange
interaction between the d electrons of Manganese and the s or p type band elec-
trons, through which the spin of the electrons is aligned parallel to the Mn?*
ions. This corresponds to a ferromagnetic interaction, adding a positive con-
tribution to the exchange constant. The second one is due to the hybridization
of the 3d° levels with the p band electrons (interaction with s band electrons
is forbidden by symmetry) leading to a very strong antiferromagnetic inter-
action and thus to a negative contribution. While the exchange constant «

for s-like electrons stems from the positive s — d potential interaction only, 3
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arises from both the positive p — d potential and the much stronger negative
p — d hybridization interaction [40]. In n-type DMS samples like Todine doped
Cd;_Mn,Te, the exchange constant is determined by «, whereas it is gov-
erned by [ for p-type materials, like Ga;_,Mn,As or In;_,Mn,As, in which

Manganese itself is the acceptor, leading to a p-doped semiconductor.

2.6 THz radiation induced photocurrents

In this work mainly the magnetic field induced photogalvanic effect is in-
vestigated, but however, in most of the investigated samples photocurrents
are allowed even in the absence of an external magnetic field. Due to their
strength and polarization dependence they allow to extract important infor-
mation about the electron gas heating. The considered effects are based on
THz radiation incident on a doped semiconductor. Such kind of photocurrents
are allowed for oblique or normal incident radiation, dependent on the sam-
ples symmetry and growth direction. Due to the fact that these currents are
independent on the magnetic field B, a switching of the direction of B does
not yield a change of sign. Thus, these contributions can be excluded from
the previously discussed MPGE. Since experimental data to photocurrents in
response to linear or circular polarized radiation are shown in this work, the

corresponding phenomenological equations are presented in this section.

The phenomenological equation describing the current induced by THz light
is given by

In= Z X lepe;, + ZTMHV%I@#@;’ (21)

Apv Spv

with the complex conjugated e} = e} (w) = e,(—w) of e,. In general the com-
plex amplitude of the electric field E is written in the form E = Fe with
its real amplitude £ and the complex unity vector of the polarization e with
le|* = 1 and E? = I. The first part of the right hand side of Eq. (21) represents
the photogalvanic effects and is described by the third rank tensor x»,. [3,43].
In contrast, the second term is determined by a fourth rank tensor Tjs,, and

contains the wave vector g, which constitutes the photon drag effect.
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The term e,e}, in Eq. (21) can be simplified by decomposing it into a symmetric

and asymmetric product given by

euey, = {ewey} +leney] (22)
{e e} = %(e#e,*, + el,eZ) and [e €] = %(euei — el,e:). (23)

In a similar way, x»,. can be separated into a product of two tensors. While its
real part is symmetric in the last two indices with . = Xawu, its asymmetric
contribution, equal to the imaginary part, can be replaced by the second rank
pseudo tensor 7,, and the totally asymmetric Levi-Civita tensor d,,,. The

asymmetric part of the product x,.e,e; reduces to

X €€ Z%\p o eyl = apile x er),. (24)

Including this simplifications, Eq. (21) can be written in the form

= ZX’\W[ {eue)} + Z’y,\p[z exe’ ZTx\éwl%eu (25)

Apv dpv

The three terms on the right hand side of Eq. (25) represent the linear and cir-
cular photogalvanic effect as well as the photon drag effect, respectively. While
the first and the last term are allowed in systems lacking a center of inversion,
the circular photogalvanic effect requires additionally gyrotropy. These effects
are described under the assumption of homogeneous samples and spatially ho-

mogeneous optical excitation [3,43].
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3 Experimental methods and techniques

This chapter is dedicated to the description of the experimental setup and
techniques used in this work. It includes pulsed and continuous wave (cw)
THz laser sources as well as optical elements to vary the polarization state of
the radiation. Furthermore, details of the samples, like the material systems,
physical properties and geometries are shown. In addition to the photocur-
rent measurements photoluminescence (PL) and time resolved Kerr rotation
(TRKR) were investigated. These techniques are explained shortly at the end
of this chapter.
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Figure 5: (a) Laser lines in the THz range due to optical pumping of
a molecular laser by a pulsed laser (red triangles) and a cw laser (blue

circles). (b) Excitation process of NHs by COq radiation.

3.1 Generation of THz radiation

In order to generate photocurrents in the samples THz radiation was applied,
aimed to induce Drude absorption. This radiation can be produced using
different devices and techniques, like the p-Ge laser [44], free electron laser
[45], quantum cascade lasers [46], THz time-domain spectroscopy systems (for
review see [47]) and many other. The laser systems, which were chosen for the

experiments are THz molecular gas laser optically pumped with a CO, laser.
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They allow to produce radiation in wide range of power and frequency, can
operate in the cw or pulsed mode and are robust systems, which operate at

room temperature.

3.1.1 Optically pumped molecular THz laser

An effective way to create intensive THz laser radiation is to use molecular
gases as active media, which are pumped optically by a pulsed or cw CO,
laser. For example one can use NH3, DO, CH3F, CH;0H and many more.
As this type of laser is currently not so widely used, the physics and charac-
teristics describing these monochromatic and powerful radiation sources will
be briefly introduced. The lasing for the most wavelengths is based on stimu-
lated Raman scattering and therefore, these sources can be classified as Raman
laser. Here, a permanent electric dipole moment of the molecule is necessary
in order to transform the Mid-InfraRed (MIR) CO; radiation into the THz
region [48]. The optical pumping with MIR radiation results in an excitation
of vibrational-rotational transitions, which relax due to rotational transitions
shown in Fig. 5(b). The wavelength of the light depends on the one hand
on the pump energy and on the other on the laser gas. Therefore, the whole
THz range is covered with discrete laser lines by using this technique. For the

experiments only several strong lines, shown in Fig. 5(a), are used.
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Figure 6: THz laser resonator for (a) pulsed and (b) cw radiation.
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3.1.1.1 Pulsed THz radiation: The pulsed CO, radiation was focused us-
ing a BaFs lens through a NaCl window into a glass cylinder filled with NHjg
gas. Two gold coated spherical mirrors aligned to the optical axis of the res-
onator allow a reflection of the exciting beam to obtain a maximal absorption.
While the decoupling TPX (4-Methylpenthen-1) window is transparent for the
emitted THz radiation, the IR radiation from the CO, laser is absorbed com-
pletely, see Fig. 6(a). The emitted THz pulse has a length of ¢, ~ 100 ns and

a maximum peak power P, of several kW, dependent on the laser gas.

3.1.1.2 cw THz radiation: In the case of the cw THz laser a ZnSe lens is
used to focus the CO, radiation, through a ZnSe Brewster window and the cone
of a gold coated plane steel mirror, into the resonator, see Fig. 6(b). Inside
this tube methanol gas is provided as active media. By changing the position
of the adjustable silver coated dielectric z-cut quartz mirror the wavelength
and mode structure can be set. This mirror acts due to a uncoated annulus
as a transmission window for the produced THz radiation. The IR radiation

is reflected due to the mirrors dielectric properties [49].

3.1.2 Calibration of the laser system

It is of particular interest for the experiment to know for every pulse or period
of time the exact power, which acts on the sample. To include the variation
of intensity a beam splitter (mylar film) was inserted in the optical path, re-
flecting a small part of the beam to a reference detector. The ratio between
the reflected and transmitted part of the radiation is wavelength dependent,
which is characteristic for the beam splitter material. Furthermore, each opti-
cal device, like A/4-, A/2-plates, grids, filters or absorbers, has a characteristic
spectral absorption and reflection, which has to be taken into account. The cor-
responding spectra were obtained using a Fourier Transform InfraRed (FTIR)
spectrometer. In order to calibrate the system, shown in Fig. 7, a second de-
tector or powermeter is placed at the sample spot and allows to determine the

ratio between both radiation paths.
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Figure 7: Calibration of the THz laser system including several optical

devices.

3.2 Variation of the light’s polarization state

The photocurrents investigated in this work are strongly influenced by the ra-
diation polarization. In fact, it will be demonstrated below that the various
contributions to the current can be described in simple terms of the four Stokes
parameters: sp characterizes the intensity of the radiation, s; and s, the de-
gree of linear polarization and s3 the degree of circular polarization. The linear
polarization emitted from the THz lasers is changed utilizing birefringent me-
dias. While such elements are standard devices in the IR and visible region,
they are commercially unavailable for THz radiation and had to be produced
by ourself. As a suitable media we chose z-cut quartz. This material has two
different refraction indices n, and ne, for the in plane ordinary and extraor-
dinary axis, respectively [43,50,51]. The difference of the refraction indices
An = n, — ne, in the THz range was obtained applying a FTIR spectrometer,
using parallel and crossed polarizers. Thus, we obtained An()\), allowing us

to calculate and fabricate A/2- and \/4-plates, specially for each wavelength.

The electric field vector E of linear polarized light incident normal to the opti-
cal axis ¢, defined as the slow axis (higher refraction index), can be decomposed
into to two parts Ej and E, (parallel and perpendicular to the main symme-

try axis). Hence, a phase shift A¢, dependent on the plates thickness d, its
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orientation in respect to the optical axis and the wavelength A, arises due to

two different propagation velocities for both beams inside the media, given by

2md
A = kod — keod = %An. (26)
Equation (26) is used to calculate the thickness d necessary to obtain plates,
which allows us vary the light’s polarization state. Thus, two important cases
should be distinguished in the following. In the experiment \/2-plates were
used to rotate the plane of linear polarization and \/4-plates to obtain circu-

larly (elliptically) polarized radiation.

(b) Degree of linear polarization

T T T 1>/
0°  22.5°  45°  67.5°  90°
r— T 1 1T 1>
0°  45°  90°  135°  180°

Figure 8: (a) Sketch of \/2 plate with initial and final polarization of

radiation, (b) degree of linear polarization.

The variation of the linear polarization is described by the two Stokes param-
eters s; and se. In the case of a A/2-plate the phase shift A¢ has to be an
odd multiple of 180°, or in detail A¢ = (2n + 1)7, where n is numbering the
order. Then the linear polarization Ey is rotated in respect to the initial FE;
around the azimuth angle o which is equal to the double rotation angle 3, see
Figs. 8(a) and (b). Higher orders of A/2-plates, described by n = 1,2, ..., are
possible as well, but result in thicker plates emerging a stronger absorption of
radiation. In a coordinate system where z is the propagation direction (parallel

to the rotary axis of the \/2-plate), z || E; and y are detection plane axes, the
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rotation of the linear polarized light E¢ can be described by its two components
E, and E, according to the three Stokes parameters, given by [52, 53]

so=|E* =1, (27)
s1_ (1E:l* — |Ey[*)

. W = cos(2a), (28)
s (EoEj+ EyE7)

w VI = sin(2a). (29)

The A/4-plate gives an access to the fourth Stokes parameter sz, describing

! (b)
Degree of polarization
leOoQtoCS) &

T 1T 17 17 >°
0° 45° 90° 135°  180°

c-axis

Figure 9: (a) Sketch of \/4-plate with initial and final polarization

states of the radiation, (b) degree of polarization.

the circular polarization of the radiation. In contrast to the \/2-plate, the \/4-
plates thickness d is chosen to result in a phase shift A¢ = 90° = (2n+ %)7‘(‘ It
¢ is the angle which describes the rotation of the c-axis in respect to the initial
polarization F;, exactly at ¢ = 45°+n-180° and ¢ = 135° +n-180° fully right
and left circular polarized light results, respectively, see Figs. 9(a) and (b). For
the case, that the initial polarization is parallel either to the ordinary or to
the extraordinary refraction index at ¢ = n - 90° the light passes through the
plate without being influenced, so that E; = E;. In between these positions
the polarization state is elliptically, giving rise to a part of the radiation which

is polarized perpendicular to E; with its maximum at ¢ = 22.5° + n - 90°.
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The dependence on the rotation of the A/4-plate is described by the Stokes

parameters o, S1, S and sz given by [52, 53]

so=|E[*, (30)
51 (B2 = |B,P) _ 1+ cos(dp) 1)
S0 ‘E|2 2 ’

so_ (BuBj+ ByB;)  sin(dy) (32)
S0 |E|2 2 ’

sy _ i(E-E) — E,EY) .

e = P = 20). 33
- o sin(2) (3)

3.3 Experimental setup

The components of the experimental setup communicate via GPIB (General
Purpose Interface Bus) or the parallel printer port and are controlled via a
software written in Labview . For example, it allows to actuate the magnetic
field, as well as driving a step motor rotating A/4-, A/2-plates or grid polarizers.
Furthermore, a continuously recording of data, with temporal defined steps or
a feedback from the operator is possible. All parameters, like the magnetic
field strength, angle of rotation, temperature, reference and sample signals are

transmitted from each device to the measurement PC and stored in a file.

Computer
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o Il =N
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Figure 10: Experimental setup of the optically pumped pulsed THz

laser.
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In the case of the pulsed laser system, shown in Fig. 10, the signals are amplified
and then digitalized by a digital storage oscilloscope. The pulse length ¢, is
in the order of 100 ns and corresponds to a frequency of 10 MHz. To resolute
the temporal shape of this signal, high frequency electronics up to 300 MHz is
required. In contrast to the pulsed system the laser radiation in the cw system,
shown in Fig. 11, had to be chopped optically and therefore, operates at much
lower frequencies in the region between 0.1 kHz and 1 kHz. Due to the fact that
the intensity of the cw THz laser is by a factor of 10° lower compared to the one
emitted from the pulsed system, low noise pre-amplifiers in combination with
lock-in technique had to be utilized to decrease the influence of surrounding
electrically noise. For an additional improvement of the signal processing, both

the reference and sample beam were chopped at different frequencies.
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Figure 11: Experimental setup of the optically pumped cw THz laser.

For the magnetic field dependent experiments two different types of magnets
were used. A water cooled magnet, which can reach up to B < |0.6] T without
concentrators (B < [1.0] T with concentrators) and a superconductive one,
which is placed in a liquid helium bath inside a Oxford Spectromag Cryostat
(B <|7.0] T).

Due to the lack of special devices in the THz range the wavelength of the THz

sources were measured applying a home-made Michelson interferometer, shown
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in Fig. 12(a). Another important tool to probe the quality, mode structure as
well as the minimum focus area of the THz beam is a pyroelectric camera. This
device allows to image the intensity distribution in a detection square of one
half inch (12.8 mm) side length with 128 rows of 128 small pyroelectric sensors
[a corresponding image is shown in Fig. 12(b)]. It has a resolution of 0.1 mm
and is applicable in a wide spectral region, for microwave up to ultra-violet
(UV) radiation.
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Figure 12: (a) Measurement of wavelength using a Michelson inter-
ferometer, as shown in the inset. (b) 3D image of a THz pulse recorded

at A = 118 um with a pyroelectric camera.

3.4 Samples description

All samples investigated in this work were grown by molecular-beam epitaxy
(MBE). They differ in growth direction, along [110]- or [001]-axis, and their
material compositions, GaAs/Al,Ga;_,As or Cd,Mg;_,Te/Cd,Mn;_,Te. The
samples were square shaped with a side length of 5 mm and the edges were
oriented along the crystallographic directions. For the photocurrent measure-
ments ohmic contacts were alloyed on the four corners and the four centers of

the edges using Indium.
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3.4.1 (110)-grown GaAs samples

As discussed in the previous chapter, the first measurements on the zero-bias
spin separation were carried out on (001)-grown GaAs samples. The applica-
tion of samples with another growth direction, due to symmetry arguments
addressed in Section 4.1.2, substantially changes the current behavior as well
as spin relaxation processes. An important example is given by (110)-grown

n-type GaAs/Aly3Gag7As heterostructures.
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Figure 13: Band profiles of QWs and doping positions for the (110)-
grown samples A, B, D and E.

The investigated samples were Si-d-doped emerging a mobility 4 and carrier
density n, measured in the dark at 4.2 K between 0.8-10° and 2.2-10% cm?/Vs
and between 1.5 - 10'* ecm™2 and 4.0 - 10'? ¢cm™2, respectively [19,31]. Their
corresponding conduction-band profiles resulting from the varied -doping po-
sitions in respect to the QW widths Ly, are shown in Fig. 13. The edges of
the samples were oriented along the crystallographic directions x || [110] and
y || [001]. An essential difference in the investigated structures is hidden in
their doping profile, which strongly affects the symmetry. The heterojunction,
indicated as sample A, shows the most significant and strongest asymmetric
band structure stemming from the triangular confinement potential. In sam-
ples B and D, the doping layers are asymmetrically shifted off the QW center
either to the left or to the right, respectively. This yields an asymmetric po-
tential profile inside the QWs (see Fig. 13). To observe a higher response the

QW sequence was repeated ten times with a periodicity of 200 nm, so that the
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right side doping of the first QW is the left side doping of the second one. In
contrast, sample E was grown fully symmetric containing Si-d-sheets, placed

in the center of each barrier between adjacent QWs [19].

3.4.2 (001)-grown DMS samples

The influence of the variation of the g*-factor on the MPGE, providing an
important access to its microscopic origin, was investigated by means of di-
luted magnetic semiconductors. In these samples the implanted magnetic ions
emerge a strong modification of g*, dependent on different parameters, like the
temperature and Mn concentration. The DMS samples are single QW struc-
tures grown by MBE on (001)-oriented GaAs substrates with evenly spaced
Cdy_,Mn,Te thin layers [20]. This magnetic insertions were introduced during
the growth of the 10nm wide QW [Fig. 14(a)] applying digital alloy tech-
nique [54-57]. The DMS samples differ mainly in their manganese concentra-
tion z and the way it is embedded in the QW. DMS sample A contains two
layers of three-monolayer-thick CdggMngoTe, whereas DMS sample B contains
three single monolayers of CdgggMng 14Te. As a reference, DMS sample C was
grown without Mn inserted in the QW. For a free carrier concentration all
samples were modulation doped with Iodine donors in the top layer at a 15 nm
distance from the QW. Table 1 shows the corresponding values for n. and pu.

The sample edges were oriented along z || [110] and y || [110] directions.
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Figure 14: DMS sample A: (a) Sketch of the structure. (b) Photolu-
minescence spectrum at B = 0T. (c) Shift of the PL line corresponding

to one half of the total giant Zeeman splitting.
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Further necessary data were obtained applying photoluminescence measure-
ments. A typical PL spectrum of DMS sample A without an applied magnetic
field is shown in Fig. 14(b). The linewidth of this peak is about 11 meV and
corresponds to the Fermi energy er [58]. A spectral shift of the line to lower
energies is observed if an external magnetic field B is applied. This reflects the
giant Zeeman splitting of the band [40]. In Fig. 14(c) the relative shift of the
peak maximum is plotted in respect to the strength of the applied magnetic
field. The data show a strong temperature dependence and are about 2.5 times
larger than the giant Zeeman splitting of the conduction band states. In Ta-
ble 1 the sample parameters T and ep, extracted from the PL measurements,

are summarized.

’ DMS sample H z ‘ z ‘ p, cm?/Vs ‘ Ne, cM ™2 ‘ er, meV
A 0.20 | 0.015 9500 4.7 -10M 11.7
B 0.14 | 0.013 16000 6.2 -10*! 15.4
C 0 0 59000 4.2 -10" 10.4

Table 1: DMS sample parameters, including the effective average con-
centration of Mn 7, estimated from the giant Zeeman shift of the in-
terband emission line [Fig. 14(c)], mobility x and electron sheet density
ne, obtained at 4.2 K in the dark.

3.4.3 (001)-grown GaAs samples with lateral structures

The photogalvanic effects strongly depend on the symmetry of the investi-
gated samples and therefore usually are affected by e.g. the growth direction,
doping profile, gate voltage or the crystal structure. However, as we demon-
strate here it can be also controllable varied by a specially designed lateral
structure [59,60]. The photocurrents are studied in (001)-GaAs/Aly3Gag7As
MBE grown n-type single modulation-doped quantum well (QW) structures
of 30nm width with a superimposed lateral grating on the top cap. At a
temperature 7'=4.2 K (300 K) the superlattice (SL) samples exhibit a mobil-
ity pa~5-10%cm?/Vs (~6-10%cm?/Vs) at a carrier density n,~2-10" cm™2
(~1.2-10" em™2). Electron beam lithography was used to transfer slits into a

photoresist on top of the samples. The properties of the used technique allowed
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to write an area of 150 - 150 pm? in size. Therefore this step was repeated 64
times to obtain a large patterned area. After subsequent reactive ion etching
process, using SiCly, the 0.5 wm wide one-dimensional grooves in a distance
of 2.5 um were produced, as shown in the corresponding electron micrograph
in Fig. 15(a). In this process care was taken not to etch through the QW.
The gratings are oriented either along (010) (SL samplel) or close to (110)
(SL samples 2, 3) crystallographic directions. In the SL samples 2 and 3 the
electron micrograph shows that the grooves cross section are almost symmetric,
whereas the profile of SL sample 1 is asymmetric, shown in Fig. 37(b). This
different depth in both sides of the grooves is a result of the anisotropic etching
properties along [110] and [110] directions [61]. In addition to the structured
samples an unpatterned reference sample4 was prepared. The effects of an
external in-plane magnetic field were studied in a sample with a different type
of lateral potential. The superlattice in SL sample 5 consists of a asymmetric
sequence of slits with different thickness, accordingly (4 —3—2) pum with 3 pm
thick spacer separating the grooves, shown in Fig. 15(b). This was repeated
periodically and results in an asymmetric lateral potential, which allows to
be controllable produced. The slits were oriented along one of the crystal-
lographic axis <110>. At room temperature the sample exhibits a mobility

p~~4.3-103cm?/Vs at a carrier density n,~1.8- 10" cm~2.

nxa
[ N J

Figure 15: (a) REM picture of a etched surface structure (SL sam-

ples 2) with equal distances between the grooves. (b) Sketch of SL sam-
ple5 with (4 — 3 — 2)um grooves (dark lines) with 3um thick spacer

separating.
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3.5 Photoluminescence and Kerr rotation

The time-resolved photoluminescence (TRPL) measurements, applied to study
the photocarrier dynamics were carried out in cooperation with the group of
Prof. Schiiller from the University of Regensburg and is addressed here only
briefly. The samples were excited nonresonantly above the Fermi energy, utiliz-
ing a Ti-Sapphire laser system with a excitation density of about 130 W /cm?.
The samples were placed in a He flow cold finger cryostat with optical windows,
allowing a controllable sample temperature in the range between 4 K and room
temperature. The pump beam is circularly polarized after passing a \/4-plate
and excites electron-hole pairs within the QWs, which are then spin-polarized
due to optical selection rules, see Fig. 16(a). After collecting the emitted pho-
toluminescence radiation via an achromat and focusing it onto a Hamamatsu
streak camera system, which is synchronized to the Ti-Sapphire laser, an ultra-
fast temporal measurement of the light intensity is possible. The time-resolved
spectra are averaged over a spectral window of 40 meV in order to evaluate
the time-resolved PL data. This range was centered around the maximum
of the PL emission from the QWs and shifted in the temperature-dependent
measurements accordingly to lower energies as the PL energy decreases. For
exciting and probing a Ti-Sapphire laser system, with a pulse length of 600 fs,
is used. By analyzing the maximum and the half-width of the PL spectra the
bandgap and the Fermi energy of the n-doped QWs are extracted. To record

(b)

probe pump reflected
pulse pulse probe pulse

Figure 16: (a) Photoluminescence due to recombination of excited
electron hole pairs under emission of light fw’ < hw. (b) schematic

illustration of the time resolved Kerr rotation.
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the nonequilibrium spin polarization within the sample the magneto-optic Kerr
effect was exploited using a weaker and linearly polarized time-delayed probe
pulse. This method allows to extract spin relaxation times of the conduction
band electrons. In the presence of a spin polarization normal to the sample
plane, the linear polarization of the pump pulse, which is reflected on the sur-
face of the sample is tilted by a small angle o, being proportional to the spin
polarization. The ideal central wavelength of the laser for the further experi-
ments is tuned above the PL. maximum to excite electrons slightly above the
Fermi energy. Due to the fact that the temperature influences the onset of the
absorption, the laser wavelength has to be adjusted for temperature dependent
measurements accordingly. A beam splitter separates the laser pulse train into
two parts: a probe and a pump beam. The linearly polarized probe pulse train
is delayed with respect to the pump beam via a mechanical delay line. Both
beams are focused onto the sample surface at near-normal incidence with an
achromat, resulting in a laser spot size of about 80 wm. The reflected probe
beam is tilted with respect to its initial linear polarization of the probe beam
due to Kerr rotation. This small rotation is analyzed using an optical bridge
detector and measured as a function of the delay between the pump and probe

pulses, see Fig. 16(b).
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4 BIA/SIA in (110)-grown Heterostructures

The presence of the MPGE, which is described in terms of the zero-bias spin
separation, was demonstrated in (001)-grown GaAs QW structures showing
that the measured effect is well described by the phenomenological equa-
tions (6)-(7) and may be used as a tool to study BIA and SIA [30]. In this
work, the magnetic field dependent effect was observed for the first time in
(110)-grown GaAs/AlGaAs heterostructures and a method was developed to
measure the degree of the sample’s structural asymmetry [19,31]. In contrast to
(001)-grown samples these type of structures are of particular interest, because
they emerge a circular and linear photogalvanic current even at zero magnetic
field and normal incidence of radiation. Both effects result from the bulk inver-
sion asymmetry, which induces an effective magnetic field pointing along the
growth direction, while the structure inversion asymmetry yields an in-plane
effective magnetic field, similar to (001)-grown structures. The MPGE is a
versatile tool to investigate BIA and SIA and yields a photocurrent dependent
on the polarization state of the radiation, the orientation of the magnetic field
and the temperature. The obtained experimental results are supported by the
theory of the MPGE in (110)-grown heterostructures, which was developed in
parallel to the experimental work. Furthermore, the data show that the struc-
ture inversion asymmetry can be controlled and tuned to zero by shifting the
position of the d-doping layer. While the photocurrent in the presence of an in-
plane field is observed in asymmetric structures, it vanishes in symmetrically
doped QWs. Additional time-resolved Kerr rotation measurements confirm the
MPGE data, showing that in symmetrically doped QWs the spin relaxation
time is maximal. Obtaining such symmetric (110)-grown GaAs/AlGaAs QW
structures is of particular interest for spintronic devices, because they offer a
opportunity to vary the spin dephasing for instance by the application of an

external gate voltage.
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4.1 Influence of BIA/SIA on the MPGE

4.1.1 Photocurrent Experiments

In the experiment the MPGE is induced applying THz radiation. This leads
to indirect intra-subband (Drude-like) optical transitions in the lowest size-
quantized conduction subband el, because the photon energies are smaller
than the subband separation and much larger than the k-linear spin splitting.
For this purpose an optically pumped molecular NH3 laser was applied [43].
The emitted radiation with a pulse length of about 100 ns at the wavelength
A = 90, 148 and 280 pum (corresponding photon energies hw are 13.7 meV,
8.4 meV and 4.4 meV) has a peak power of about 10 kW. As sketched in
the inset of Fig. 17, showing the experimental geometry, the samples were
irradiated along the growth direction. In Section 3.4.1 the investigated (110)-
grown structures are described with their corresponding sample parameters.
An optical cryostat allowed to investigate the MPGE in a wide temperature
range from 4.2 K to 293 K. In addition an external magnetic field, varied from
B = —-08 T to B = 0.8 T, was applied either parallel (along y) or normal
to the QW (parallel to z) generated by a conventional water cooled electro-
magnet. The photocurrent was observed in unbiased structures via the voltage
drop across a 50 €2 load resistor and after amplification recorded with a storage
oscilloscope. An important detail is given by the signals temporal behavior,
which should reproduce the shape of the excitation pulse, ensuring the involve-
ment of fast relaxation processes in the current generation. In addition to the
MPGE measurement, time-resolved Kerr rotation was applied to investigate
the spin dynamics in the samples. This was done in cooperation with the group
of Prof. Schiiller and is described in Section 3.5.

In the absence of the magnetic field samples A, B and D show a response un-
der illumination with linearly or circularly polarized radiation. The observed
photocurrents represent the linear and circular photogalvanic effects will be dis-
cussed in Section 4.4. As the following experiments are focused on the MPGE,
the magnetic field independent background is eliminated in the polarization

and temperature dependences by

JMPCE — 11(+B) — J(-B)]/2. (34)
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Figure 17: Magnetic field dependent photocurrent in sample A at RT
and magnetic field B parallel to the y-axis. The sample was illuminated
under normal incident unpolarized radiation (A = 148 um). The inset
shows the sketch of the experimental setup excluding magnetic field
independent currents. The linear in B fit is after Egs. (35) and (36).

As a result of this the MPGE, which is an odd in B contribution and therefore,
changes its sign upon switching the magnetic field direction, is extracted from
the experimental data. This equation was not applied for the measurements of
the current under variation of the magnetic field, because the chosen geometry
and the orientation of the radiation polarization exclude photogalvanic effects
at B = 0.

The samples A, B and D show under irradiation with normal incident unpo-
larized radiation a photocurrent J in the direction, which is perpendicular to
the applied external in-plane magnetic field B (transverse geometry). The
polarization state of the initially linearly polarized radiation was unpolarized
via a brass cone (150 mm length with an angle of 4°) which depolarizes the
radiation due to multiple reflections in the cone. In the theoretical description
the current density j is used, while in the experiment the electric current J,
which is proportional to the current density, is measured. Figure 17 shows
the corresponding magnetic field dependence of J/P detected in sample A, a
single-side doped heterojunction belonging to the point group C,, under illu-

mination with unpolarized radiation at room temperature (RT). The observed
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photocurrent is linear in the magnetic field and changes its sign upon changing

the direction of B.
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Figure 18: MPGE photocurrent measured in sample A (a) in the
transversal geometry along x and (b) in the longitudinal geometry along
y as a function of angle a for a magnetic field applied in y-direction.
The photocurrents are excited by linearly polarized radiation with the
wavelength A = 148 um, power P ~ 5 kW and temperature T = 296 K.
Full lines are fits to Egs. (35) and (36) with corresponding polarization
dependences given by Egs. (37) and (38). On top, the linear polariza-
tion corresponding to various angles « is plotted. The inset shows the
experimental geometry. An additional inset in the lower panel displays
the sample and the radiation polarization viewing from the source of

radiation side.
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Figure 19: MPGE photocurrent measured in sample A (a) in the
transversal geometry along  and (b) in the longitudinal geometry along
y as a function of the angle ¢ for a magnetic field applied in y-direction.
The photocurrents are excited by linearly polarized radiation with wave-
length A = 148 pum, power P =~ 5 kW and temperature 7' = 296 K. Full
lines are fits to Eqgs. (35) and (36). On top, the polarization ellipses
corresponding to various angles ¢ are plotted. Full lines are fits of the
photocurrent to the sum of Egs. (35) and (36) as well as (39) and (40)
with corresponding polarization dependence given by Eqgs. (41) to (43).

The dependence of the magnetic field induced photocurrent on the variation

of the linear polarization, utilizing a A/2-plate, is shown in Fig. 18 for sam-

MPGE
Jz

ple A in two different geometries. Figure 18(a) represents measured
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perpendicular to the magnetic field B, (transversal geometry). The case of
J)'PGE parallel to B,, shown in Fig. 18(a), is named longitudinal geometry.

Both JMPEE and J;)APGE show a clear dependence on the azimuth angle a.

Figures 19(a) and (b) show the signal in dependence on the rotation of the A/4-
plates, described by the angle ¢, for both geometries. The various contributions
to the formation of these photocurrents are characterized by different depen-
dences of the photocurrent magnitude on the radiation polarization state, as
well as the orientation of the magnetic field with respect to the crystallographic
axes. The results obtained for A = 90 um, A = 148 um and A = 280 pum are
qualitatively the same and therefore, only the data obtained for A = 148 um

are presented.
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Figure 20: Magnetic field dependences of the photocurrents measured
in z-direction for the radiation polarized along x and the in-plane mag-
netic field B || y for the four samples A, B, D and E. The magnetic
field independent background (see Sec. 4.4) is subtracted. The left in-
set shows the experimental geometry. Four right insets show the band

profile and the §-doping position of the investigated samples.

Figure 20 shows the experimental data of J, dependent on the magnetic field
strength B, for the four samples A, B, D and E. The set of data is obtained at
room temperature and fixed linearly polarized radiation with e || . Samples A

and B show a linear dependence of the photocurrent on the magnetic field,
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both with positive slope, while the signal vanishes for the symmetrically grown
sample E. In contrast sample D, which is an asymmetrically grown QW with
inverted asymmetry compared to sample B (see insets of Fig. 20), emerges a

current with a negative slope.
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Figure 21: Magnetic field dependence of the photocurrent J,, for sam-
ple E measured for radiation polarized along x and a magnetic field
perpendicular to the QWs at T' = 296 K.

In order to investigate the MPGE in the symmetric sample E the magnetic
field was oriented along the growth direction, parallel to the incident radiation.
Figure 21 shows the photocurrent J, in dependence of B, at room temperature
and a fixed linearly polarized radiation along z. A similar result was obtained
for sample A, for which the dependence on the rotation of the linearly polarized

radiation in the presence of a magnetic field B, is shown in Fig. 22.

4.1.2 Discussion

An easy access to understand the experimental results constitutes the analy-
sis of the samples symmetry, as well as the knowledge of the transformation
of polar and axial vectors in these systems. In the experiments discussed
in this chapter (110)-grown GaAs quantum wells belonging to zinc-blende
structure were investigated under normal incident radiation. For this types

of samples the symmetry, which is affected drastically by the equivalence or
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Figure 22: Photocurrent
at for sample A normal incidence for a magnetic field perpendicular to
the QWs. The photocurrent is excited by linearly polarized radiation
with the wavelength A = 148 um, power P =~ 5 kW and temperature
T = 296 K. Full lines are fits to Egs. (35) and (36). The inset shows

the experimental geometry.

non-equivalence of the QW interfaces, plays an important role. They belong
either to the Cy, or Cy symmetry class (symmetric and asymmetric samples,
respectively). Here it should be noted that the Cy, point group describes asym-
metrically (001)-grown GaAs QWs as well, but the important difference is the

orientation of its two mirror planes perpendicular to the QW plane.

However, in Fig. 23 the symmetry elements of both, the symmetrical and asym-
metrical (110)-grown QWs are shown in the coordinate frame with the in-plane
axes z || [110] and y || [001], and the growth direction z || [110]. By taking into
account symmetry considerations the phenomenological equation (5) can be
analyzed. It shows that a photocurrent j is allowed to flow only if its in-plane
component transforms in the same way as the product of components of the
magnetic field B and polarization vector e. For simplification in the following
unpolarized radiation is considered. In this particular case the photocurrent
is determined by a coupling of a polar vector j to an axial vector B, because
(eweg + 656:) = 0,5 becomes an invariant and P, = 0. The symmetry el-

ements of the C; point group, to which asymmetric (110)-grown structures
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Figure 23: (a) Sample orientation with corresponding coordinate sys-
tem, (b) shows the mirror planes of symmetric and (c) of asymmetric
QWs grown along z || [110]. (b) shows the reflection of the polar vector
component j, and axial vector component B, at the plane mj, which
allows a linear coupling j, o< By for asymmetric QWs. This coupling
is forbidden for (c) symmetric QWs, because the mirror plane ms does
not modify j, but changes the sign of the in-plane component of the

axial vector B,,.

belong, are the identity and the mirror reflection plane m; = (yz) normal to
the z-axis. Studying the reflection of axial and polar vectors on m; shows that
the current component j, and the magnetic field component B, transform in
the same manner (j, = —j,, B, — —B,), see Fig. 23(b). In the same way
the coupling j, oc By is allowed, two further contributions emerge: j, o< B,
and j, o< B,. Resulting from this the generation of a magnetic field-induced
photocurrent is possible for both in-plane and out-of-plane magnetic fields and
was also observed experimentally. Exactly this case is shown in Fig. 17 in
which the photocurrent J, is linearly increasing with the magnetic field B,
in response to the illumination of the asymmetric sample A with unpolarized

radiation.

The situation drastically changes for the symmetrically (110)-grown QW (sam-
ple E). While a linear in B photocurrent .J, was observed for a magnetic field
oriented along the z-direction, see Fig. 21, no signal was detected for an in-
plane magnetic field. This result is in contrast to sample A and stems from
the higher point-group symmetry Cs, of sample B. This point group contains
an second mirror plane my laying for this kind of samples parallel to the in-
terface plane, see Fig. 23(c). The transformation of axial and polar vectors

keeps unchanged in respect to my, but changes taking into account ms. The
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in-plane components of the polar vector j are not modified by the reflection
in my, whereas the in-plane components of the axial vector B change their
polarity. This non equal behavior under a symmetry operation forbids a linear
coupling of the current with the in-plane magnetic field. The only remaining
contribution is the coupling between j, and B,, because they transform in the
same way under m; and ms. This shows that only in the presence of a magnetic
field B, a photocurrent j, can be induced in symmetric (110)-oriented QWs, as
observed in the experiment. Due to the fact that symmetric and asymmetric
(110)-grown QWs emerge a significant different behavior in the photocurrent
generation, as shown by this analysis, the MPGE is an ideal tool to measure
the degree of asymmetry of (110)-grown heterostructures. Here, a magnetic
field dependent photocurrent in the presence of an in-plane component of B
can only be observed in asymmetric structures and vanishes for symmetric

QWs.

However, for a detailed analysis of the experimental results it is necessary to
take into account the phenomenological theory and the polarization of the
radiation. This includes components of the polarization vector and therefore,
results in additional polarization dependent contributions to the photocurrent.
In the following the discussion of the MPGE, including its polarization depen-

dence, for symmetrical and asymmetrical structures is presented.

For the case of asymmetrical structures (Cs point group) the extension of
Eq. (5) and its limitation to normally incident and linearly polarized light
leads to terms described by nine linearly independent constants S ... Sy (see
Table 2), given by

Jz/I =51 B, + SgBy(|€z|2 — |ey|2) + S3B. (€€, + eyer)

+S4 Bz+S5Bz(’€w|2 - |€y’2) ) (35)
Jy/1 = S6 By + S7Bx(’€x|2 - |ey’2) + S8By(exez + ey€;)
+Sg B.(ese;, + eye;) . (36)

Equations (35) and (36) can be simplified by the expressions

Pin = s2/80 = (€€, + ey€;) = sin 2a, (37)

Py =s1/50 = (lea|” = ley|*) = cos2ar, (38)
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where « is the azimuth angle, defined as the angle between the plane of linear

polarization and the sample’s z-axis.

The terms on the right-hand side of the Egs. (35) and (36), described by the
constants S7, Sy and Sg, are independent on the linear polarization and thus,
arise under excitation with unpolarized radiation. The magnetic field induced
photocurrent can be excited by elliptically or circularly polarized radiation
as well. In addition to the terms describing the dependence on the linearly
polarized (parameters Sy, S3, S5, S7, Ss, Sg) and unpolarized light (parameters
S1, S4, Sg), see Egs. (35) and (36), new helicity dependent contributions appear

given by
jacCirC/I - SlOBzPCirC ) (39>
ijirC/] = SllByPcirc + SlQBchirc . (4())

The rotation of a A/4-plate in respect to the initial linearly polarized laser
radiation leads to linearly, elliptically and circularly polarization. The varia-
tion of the polarization state can be described taking into account the Stokes

parameters as follows

Pin = s2/50 = (€€, + eye;) = 1/2sindp (41)
By =s1/50 = (lea|* — ley[*) = 1/2(1 + cos 4¢) , (42)
pcirc = 53/80 = sin 290 5 (43)

where ¢ is the angle between the optical axis of the A\/4-plate and the direc-
tion of the initial polarization. The two Stokes parameters s, and sp, already
present in the Eqgs. (37) and (38), describe the degrees of linear polarization
Py, and P, along the bisector (zy) and the z- or y-axis, respectively. They
vanish if the radiation is circularly polarized. In this case the third Stokes pa-
rameter s3 describes the radiation helicity P.... It is zero for linearly polarized

radiation and reaches +1 for right- or left-handed circular polarization.

The microscopic model of the MPGE discussed in Section 2.3.2 is described
by an asymmetric scattering of carriers, based on Eq. (9), in the relaxation
and excitation mechanism, see Fig. 3(a) and (b). This processes lead to spin

currents, which are transformed into a net electric current in the presence of an
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51:% (¢xywc + ¢xyyy)

SZ = % (¢3:ymc - ¢xyyy)

53:¢wwzy = ¢a:a:'u:v

=

S4Z§(¢a:zw:v + d)?JZUU)

55:% (¢zzzx - ¢zzyy)

SGZ % (¢ya:1:z + ¢ymyy)

57:% (¢yaca:x - ¢ymyy)

S8:¢yyafy = Qyyya

59:¢yzwy = ¢yzyz

SlO:Mwwz

Sll =Hyyz

S12 =Hyzz

o6

Table 2: Definition of the parameters S; (i = 1...9) in Egs. (35) and
(36) as well as Egs. (39) and (40) in terms of non-zero components of the
tensors ¢ and p for asymmetric (110)-grown heterostructures. Normal

incidence of radiation along the z-axis is assumed.

in-plane magnetic field (Fig. 4). The electric current resulting from the excita-
tion mechanism of the MPGE, carries a characteristic polarization dependence
given by the terms being proportional to Sa, S3, S5, S7, Ss and Sy in Egs. (35)
and (36). In the same way the asymmetric scattering modifies the excitation
process, it influences the energy relaxation of the photoexcited carriers. The
photocurrent due to this mechanism is independent on the polarization and is
described by the terms proportional to Sy, S4 and Sg on the right hand side of
Egs. (35) and (36). In the experiment, the MPGE in the longitudinal geometry
is detected for linear and circular polarized radiation, whereas the signal in the
transversal direction was observed for linear- and unpolarized radiation. The
results observed in both geometries are in full agreement with Egs. (35 and

36), valid for asymmetric samples with broken structure inversion.

The dependence of the photocurrent strength on the orientation of the polar-
ization plane of linearly polarized radiation, given by the angle « is shown in
Fig. 18. Obviously, the current J)%* and J)FS can be fitted with an offset
plus cos 2« and sin 2a, respectively. This is in accordance to the Egs. (35)
and (36) described by the three photocurrent contributions proportional to
the parameters S7, Sy and Sg. The first contribution described by S; in the
transverse geometry is even present, if the experiment is carried out with un-
polarized radiation, see Fig. 17 and is of the same magnitude. The orientation

of the magnetic field along the z-direction allows the investigation of the po-
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larization independent Sy, as well as the polarization dependent parameters
Ss and Sy. Figure. 22 demonstrates the photocurrent JMPCE for a magnetic
field B, detected in the single heterojunction (sample A) in dependence on
the linear polarization. The current can be fitted by an offset and a cos 2«
function, reflecting the parameters S; and S5 and is in good agreement with
Egs. (35) and (36).

Elliptically as well as circularly polarized radiation are allowed to induce a

JMPGE shown in Fig. 19 for sample A as

magnetic field dependent photocurrent
a function of the angle ¢. The dependence for the transverse and longitudinal
geometry is represented in Fig. 19(a) and (b). They can be fitted by Egs. (35)
and (36) taking into account Egs. (41) to (43). The fit parameters used for
S1, So, and Sy correspond to those obtained in the experiments with purely
linearly polarized radiation. In the presence of elliptically polarized light an
additional helicity dependent current is permitted in the longitudinal geometry.
This is in agreement with Eqgs. (39) and (40), which additionally contain a
term proportional to the parameter S;; and radiation helicity P... Thus, the
longitudinal current can be separated into two parts. The first one is described
by the coefficient Sg in the presence of linear and elliptical polarization. The
second part is denoted by Si;, which reaches its maximum value for purely
circular polarization and is zero for linear polarized light. A characteristic of
the latter photocurrent is that a change in sign is not only observed under
reversing the magnetic field direction, but as well under switching the helicity
of the radiation from right- to left-handed, described by J,/I o< By Peiec.

So far a contribution to the magnetic field induced photocurrent, which is
proportional to the light helicity P, has been observed in (001)-grown het-
erostructures only and is referred as the spin-galvanic effect [62]. This effect
results from an optical orientation of carriers generated by the illumination of
the sample by circularly polarized light. As in (001)-grown heterostructures
only in-plane components of the spin orientation are allowed to drive a cur-
rent, the presence of a magnetic field is required. The applied magnetic field
induces, in a plane perpendicular to its direction, a Larmor precession of the
oriented electronic spins, where the rotation direction changes under revers-

ing the magnetic field, known as Hanle effect. A current now results due to
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asymmetric spin relaxation processes leading to a equilibrium spin orientation.
Generally speaking, the spin-galvanic current does not require the application
a magnetic field, it may be considered as a magneto-photogalvanic effect under

the above experimental conditions.

In (110)-grown symmetrical structures (Cs, point group) the equivalence of
the QW interfaces is the reason for the appearing of a second mirror plane ms.
It lays perpendicular to the growth direction z, which is oriented along the
impurities induced electric field. Polar vectors with components being parallel
to my (e, €y, Ju, Jy) as well as out of plane components of axial vectors (B,)
are invariant under reflection on this mirror plane. In contrast the in-plane
components of axial vectors (B,, B,) change their sign. Considering normally-
incident light and the Eqgs. (35) and (36) for linearly together with Eqs. (39) and
(40) for circularly polarized light allows to describe the MPGE in symmetrical
(110)-oriented QW structures, where Sy, Sy, S3, S, S7, Ss, Si0, S11 = 0, by

]x/[: S4Bz + S5Bz(|€x|2 - |ey|2) ) (44)
jy/I: SgBZ(eze; + €y6;) + Sl2BzPCirc . (45)

In contrast to the asymmetric structures, the current in the longitudinal and
transversal geometry is forbidden for an in-plane magnetic field in the fully
symmetric QW (sample E). This is due to the absence of the structure inversion
asymmetry, and indeed not observed in the experiment. A symmetrical doping
of (110)-grown QWs in fact results in a symmetric sample. This is due to the
low growth temperature, which suppresses the segregation process of doping

atoms during the growth of uncompleted layers [19].

The phenomenological equations and the polarization dependent measure-
ments already demonstrated a significant difference in the magnetic field de-
pendent photocurrent between symmetric and asymmetric samples. This can
be utilized to detect the degree of asymmetry of (110)-grown QWs, reflecting
the strength of SIA. Figure 20 shows the experimental data of the current J,
dependent on the magnetic field strength B, for the samples A to E, obtained
at room temperature and fixed linearly polarized radiation with e || z. For this

geometry, the MPGE current for asymmetric (110)-grown QWs (samples A,
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B, and D belong to the C, point group) is given by j,/I = (S1 + Ss2)B,,
whereas for symmetric (110)-grown QWs (Sample E belongs to the Cs, point
group) it vanishes, so that j,/I = 0. Phenomenologically the coupling of the
z-component of the current (polar vector) with components of the magnetic
field (axial vector) is determined, because |e,|? is an invariant in (110)-grown
structures. For the case of a magnetic field oriented along the y-direction a
current is forbidden for sample E, as observed in the experiment. Taking into
account the asymmetrical (110)-grown samples A, B and D, a current J,(B,) is
allowed and its magnitude strongly depends on the doping profile, as displayed
in Fig. 20. Furthermore, following from the symmetry arguments, presented
above, the MPGE for an in-plane B-field stems from the structure inversion
asymmetry and as a result it is proportional to the SIA coefficient. Therefore,
if the doping layers are asymmetrically shifted off the barrier center from the
left to the right side of the QWs (from sample B to D, see Fig. 13), the slope

of the magnetic field dependent photocurrent reverses its sign (see Fig. 20).

A similar result is obtained using unpolarized polarization as shown for sam-
ple A in Fig. 17, which only differs in the magnitude due to the absence of
the contribution described by the coefficient S;. In addition to the above mea-
surements Sample A was rotated by 90° so that the B-field was oriented along
the z-axis and the current is measured along the y-axis. In this geometry the
detected signals are of the same magnitude and emerge a similar polarization
dependence as before. These measurement prove the axial symmetry of the
signal expected for the SIA contribution in a strongly asymmetric heterojunc-

tion.

The analysis of the data obtained from Fig. 20 clearly demonstrates that the
MPGE in (110)-grown structures can be effectively used for measuring the
degree of the structure asymmetry. From the absence of any photocurrent
for an in-plane magnetic field in sample E it follows that the QW is highly
symmetric and lacks the structure asymmetry. An important information is
given by the two opposite slopes, observed for samples B and D with the same
QW width. It clearly demonstrates that the sign of (S; + S3) can be inverted
easily by reflecting the doping position with respect to the QW center.
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For a special case, if the magnetic field is oriented perpendicularly to the quan-
tum well plane, the MPGE is allowed for both symmetrical and asymmetrical
structures, according to Eqgs. (35) and (36) as well as (44) and (45). Indeed,
the MPGE photocurrent for B, is observed for all samples and is induced by
BIA. For sample E it has been shown in Fig. 20 that no current is observed
for an in-plane magnetic field. Changing B from in-plane to normal to the
QW plane a currents arises, see Fig. 21. The signals observed for an out-of-
plane B, field stem from the BIA term, described by Egs. (44)-(45) and are
present in sample A as well (shown in Fig. 22). Hence, measurement of the
MPGE gives us an experimental handle to analyze the inversion asymmetry

in (110)-oriented structures.

4.2 Time-resolved experiments

In order to support the experimental results of the MPGE measurements time-
resolved Kerr Rotation was applied to extract the corresponding spin relaxation

times of the symmetric QW sample E and the asymmetric QW sample B.
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Figure 24: Normalized TRKR traces measured on sample E at 4 K,
with high (1300 W/cm?) and low (1 W/cm?) excitation density. The
inset shows the spin lifetime as a function of the excitation density at
4 K for samples E and B.
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In Figure 24 the time dependence of the normalized TRKR signal for sample E
for two different excitation densities, low (1300 W/cm?) and high (1 W/cm?)
excitation, at 4 K are presented. The maximum in the Kerr signal at t = 0 ps
results from spin-polarized photocarriers excited by the circularly polarized
pump pulse and decays rapidly due to the relaxation of the photogenerated
holes. In QWs this is known to be a very fast relaxation process, in the order
of a few picoseconds [63]. The inset of Fig. 24 shows the extracted spin lifetime

as a function of the excitation density at 4 K for samples E and B.
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Figure 25: Normalized TRKR traces measured on samples E and B
at 40 K with high excitation density. The inset shows the spin lifetime

as a function of the sample temperature for both samples.

The traces in Fig. 25 show the corresponding normalized TRKR traces mea-
sured at 40 K and high excitation density in the samples B and E. Again the
typical peak, already discussed for the excitation intensity dependent mea-
surements, is observed in the Kerr signal in the first few ps after excitation.
In the following the spin lifetime is investigated as a function of the sample
temperature, shown in the inset of Fig. 25.

4.2.1 SIA and BIA in (110)-grown structures

In a similar way the symmetry of the the sample influences the MPGE the

structure and bulk inversion asymmetry affects the spin relaxation in QW



4 BIA/SIA IN (110)-GROWN HETEROSTRUCTURES 62

structures. Thus, in the following BIA and SIA, which emerge a spin splitting
of the electron subbands are discussed. The structure inversion asymmetry
in (110)-grown 2-dimensional structures results in the Rashba spin splitting
HSE in the electron subbands, which can be described by an in-plane effec-
tive magnetic field BE}/}(R), resulting from an electric field along the growth
direction, see Fig. 26(b). In the absence of STA only the bulk inversion asym-

metry is present leading to the Dresselhaus spin splitting H55", representing a

effective magnetic field BerI;?(k:) normal to the QW-plane. The corresponding

Hamiltonian is given by [31]

H3o = " 0,k — oyks), (46)
HSBéA = ﬁBIA (Jzkx)- (47)

The spin splitting due to BIA is shown in Fig. 26(a). Both terms in Eqgs. (46)
and (47) are valid for (110)-grown structures in the coordinate frame z || [110],
y || [001] and 2 || [110]. The sum of the effective magnetic fields B.sr(k) =
BchfA(k) + Bfff(/{), which arises from BIA and SIA, is responsible for the spin

relaxation according to the D’yakonov-Perel” mechanism.

(a) BIA (b) SIA

ky 11[100] ky 11[100]
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Figure 26: (a) BIA and (b) SIA in (110)-grown zinc-blende type het-

erostructures.

As already addressed above and observed experimentally, the MPGE reflects
the behavior of both STA and BIA. For the case of symmetric structures, in
which only BIA is present the spin splitting is described by Eq. (47). Here the
polar vector k, is coupled to an axial vector o, via a second rank pseudo tensor
BBA . This is similar to the first part of Eq. (44), which describes the MPGE for
symmetric structures induced by unpolarized radiation. The current j, is only
allowed to flow in the presence of a magnetic field B, (polar and axial vectors,

respectively). In asymmetric structures SIA appears, given by Eq. (46) and is
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described by a coupling between o, and k, as well as o, and k,, interconnected
by the second rank pseudo tensor 354, Again this is reflected in Egs. (35) and
(36) representing the MPGE for asymmetric structures, where the currents
Jj» and j, arise for a magnetic fields B, and B, for unpolarized radiation,
respectively. In addition Eq. (35) still contains the BIA contribution discussed

previously since both, SIA and BIA, occur in asymmetric structures.

4.2.2 Discussion

The spin lifetime 7, can be extracted from the time-resolved Kerr rotation
and is demonstrated using the symmetrically doped QW (sample E) and
the asymmetrically doped QW (sample B). The spins initially oriented along
the z-direction do not precess around the BIA induced effective magnetic
field BJ/A(k), which points along the growth direction. According to the
D’yakonov-Perel” relaxation the spin relaxation time of symmetric samples, in
which only BIA is present, should be much longer compared to those with SIA,
see Section 4.2.1. In asymmetric samples the spins are forced to a precession
Q(k) around the total effective magnetic field Bess(k) = BIA(k) + B (k)
and are slightly tilted from their initial orientation. After a scattering event
the electron moves in the k-space, which forces a reorientation of its spin with
respect to Besr(k). Thus, the spin relaxation time 7, due to the DP mecha-
nism is inverse proportional to the precession (k) and the scattering time 7, of
the electrons, because in the case of frequent scattering the change in B¢ (k)
is smaller compared to low scattering rates, see Section 2.4.1. For spins ori-
ented along the z-direction the BIA term does not decrease the spin relaxation
time in contrast to the STA term, which determines the Rashba spin splitting.
Therefore, it strongly influences the D’yakonov-Perel’ relaxation [2,4] and can

be varied, e.g., due to asymmetric doping.

In order to extract 7, from the time-resolved Kerr rotation data the process
due to the relaxation of the photogenerated holes leading to a strong decrease
of the TRKR signal, shown for sample E for short times in Fig. 24, has to
be neglected. This is followed by a much slower decay, attributed to the spin
relaxation and recombination of the photogenerated electrons. Additionally

the time dependence of the normalized TRKR signal for sample E for two dif-
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ferent excitation densities, high (1300 W/cm?) and low (1 W/cm?) excitation,
at 4 K are presented in Fig. 24. Due to the fact that both traces yield a sig-
nificant different behavior, intensity dependent measurements of 7, have been
performed for samples B and E, shown in the inset of Fig. 24. This results in
an increase of the extracted spin lifetimes 7, with decreasing excitation densi-
ties in sample E. Sample B behaves differently, a increase of the spin lifetime
is observed for low and high excitation densities, but a decrease for a medium
excitation density. The increase in the symmetric n-doped sample E can be
attributed on the one hand to a remaining electron spin polarization after pho-
tocarrier recombination, because the photogenerated holes partially recombine
with unpolarized, resident electrons. Therefore, the Kerr signal consists of a
combination of the electron spin relaxation, which dominates in the case of the
low excitation density compared to the doping concentration, and the photo-
carrier recombination, which increases the signal in the case of high excitation
densities. On the other hand, in the symmetrically grown sample, where the
DP mechanism is vanishingly small for spins aligned along the growth direc-
tion, other spin relaxation mechanisms may play a major role. Considering
the Bir-Aronov-Pikus mechanism for low temperatures the spin relaxation of
electrons includes their interaction with (unpolarized) holes. A decrease of the
density of the photocreated holes by reducing the excitation density results in
a weaker relaxation via the BAP mechanism. This has been shown recently
by spin noise spectroscopy measurements [64], which demonstrate that in the
absence of photogenerated holes and therefore a reduced influence of the BAP,

the spin lifetime in (110)-grown QWs could reach values above 20 ns.

From the excitation density dependent data, it can be concluded, that in sam-
ple B, as it is grown asymmetrically, the DP mechanism dominates the spin
relaxation. For this sample the influence of the BAP mechanism is vanishingly
small, and a slight increase of the photogenerated holes does not noticeable
affect the spin lifetime. The increase of 75 for the highest excitation density
may be due to a higher initial spin polarization, as observed previously in
(001)-grown 2D electron systems [65].

For longer times the signal for sample E in Fig. 25 decays significantly slower

compared to sample B. The temperature dependent data presented in the in-
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set of Fig. 25 is obtained using an exponential fit to the TRKR traces starting
at t = 200 ps, excluding the hole spin relaxation. In the investigated tem-
perature range the spin lifetime of the symmetrically grown sample E is about
50 % larger compared to that of sample B. This data approves that the Rashba
spin-orbit field and thus the spin relaxation via the DP mechanism is absent in
sample E in contrast to the asymmetric sample B, where these effects shorten
the spin lifetime. Due to the fact, that the temperature-dependent measure-
ments were carried out at a high excitation density of about 1300 W/cm?
the observed spin relaxation times in sample E are shorter than those in the

intrinsic case, which means in the absence of photoexcited carriers.

The data obtained from this experiments allow to confirm the measurements
of the MPGE showing that sample B is indeed asymmetric and sample E is

symmetric, respectively.

4.3 Temperature dependence of the MPGE

While the behavior of the photocurrent upon the variation of phenomeno-
logical parameters, like the crystallographic direction, polarization, magnetic
field direction, etc., is qualitatively the same for any mechanism of the current
formation, the temperature dependence gives an access to their microscopic
origin [18]. First of all the measurements demonstrate that all experimental
features, like polarization and magnetic field dependences, persist down to lig-
uid helium temperature. In addition the characteristic behavior of the involved

processes should be reflected in the current formation.

The temperature dependence of the transverse to the magnetic field induced
photocurrent JMPYE was observed in sample A from RT down to 4.2 K at an
in-plane magnetic field B, with a strength of £0.45 T. The data is calculated
according to Eq. (34) and is presented in Fig. 27. The magnitude at room
temperature coincides with the one obtained from the magnetic field depen-
dence shown in Fig. 20. A decrease of the temperature results in a significant

increase of the photocurrent strength, which shows a constant behavior for
T <50 K.
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Figure 27: Temperature dependence of the magnetic field induced
photocurrent JMPGE in the transverse geometry observed in sample A.
The data is obtained at an in-plane magnetic field of |B,| = 0.45 T and
radiation with P ~ 10 kW polarized along x.

Figure 27 demonstrates a similar temperature dependence as previously re-
ported for the MPGE in (001)-oriented GaAs QWs [18]. For a fixed polar-
ization the strength of the magnetic field induced current is governed by the
frequency-dependent absorbance n(w), momentum relaxation time 7,, light in-
tensity I and average spin S, which is proportional to applied magnetic field

B, given by
J x n(w)It,S o< IngS. (48)

The different scattering mechanisms, like phonon or impurity scattering, which
affect the current and emerge a temperature dependence, are included in the
Drude absorption, since n(w) o n,/7, at wr, >> 1. To extract the temperature
behavior the current formation has two be separated accordingly into a low
(impurity scattering dominated) and a high temperature (phonon scattering
dominated) region [18]:

i) For low temperatures the average spin is given by S o« 1/ep o 1/n, and
described by the Fermi energy, which determines the carrier density. Thus
the current j/I oc const does not depend on 7, or n, and is constant in the
low temperature region. In Fig. 27 this behavior can be seen in the region
42K <T <50 K.
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ii) This is different for high temperatures where the average spin is described
by the Boltzmann distribution, so that S o 1/kgT. In this case the current
j/I x ng/T and yields an inverse temperature dependence, see Fig. 27 for
T > 150 K.

iii) In the intermediate temperature region the analysis has so far not been
treated theoretically, because there is a superposition of the two dominant

scattering mechanism, the impurity and phonon scattering [18].

The increase of the MPGE response at low temperature on the one hand allows
the investigation of the temperatures dependence of SIA and on the other
hand increases the sensitivity of the method. As expected, sample E did not
show a response to the MPGE at low temperature (not shown here), which
demonstrates that the structure remains symmetric. This is an important
result in respect to a recent work on gate-dependent Kerr measurements, where

surprisingly a strong temperature dependence of SIA has been reported [66,67].

4.4 Photocurrents at zero magnetic field

By the discussion of the MPGE in (110)-grown heterostructures it was noted
that for this crystallographic orientation a photogalvanic current appears even
at zero magnetic field. To extract the magnetic field dependent part from
the total photocurrent, Eq. (34) was applied. However, these THz radiation
induced photogalvanic effects in (110)-grown QWs, which have been demon-
strated for the first time as a result of this work, are of independent interest
and will be discussed in this section. These effects can be applied as well for a
detector of the Stokes parameters which was developed during this work, but
is not included in this thesis [52,53]. The magnetic independent part of the

photocurrent can be obtained by
J=1[J+(B)+ J(—B)]/2, (49)

showing the same result as the photocurrent measured at zero magnetic field.
Thus the, previous experimental setup was used for B = 0 T and the samples
were illuminated under normal incidence, see inset of Fig. 28. Figures 28(a)

and (b) show the observed photocurrent of sample A for A\ = 148 um as a
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function of the azimuth angle o and the angle ¢. Both signals show a strong

dependence on linearly and circularly polarized radiation.
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Figure 28: Photocurrent, measured at B = 0 T along the crystallo-
graphic direction z || [110] as a function of (a) azimuth angle o and
(b) the angle ¢ for sample A. The photocurrent is excited by radiation
with the wavelength A = 148 um, power P =~ 5 kW and temperature
T = 296 K. Full lines are fits to Egs. (50) and (51). The inset shows

the experimental geometry.

The experimentally observed signals under normal incidence of radiation, dis-
played in Figs. 28(a) and (b) for sample A, can result from two types of pho-
tocurrents competing the MPGE and can occur simultaneously, see Section 2.6.
The first group depends on the linear and circular polarization of the radia-
tion, the so called linear (LPGE) and circular photogalvanic effects (CPGE),
respectively. The second one is proportional to the momentum of light, known
as the photon drag effect, which is excluded from the experiment due normal
incident radiation [3,43]. The LPGE and CPGE are allowed in (110)-grown
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QWs at normal incidence of light as a result of the specific crystallographic
orientation. The CPGE can be described similar to the MPGE, where the in-
plane component of the current (7j,, axial vector) transforms in the same way
as the out of plane component of the circularly polarized light (P..€., polar
vector) in respect to mj. The mirror plane my does not alter the coupling
Je < Pecé, under the assumed conditions. Therefore in both asymmetrical
and symmetrical (110)-grown structures, the CPGE is allowed to flow only in

one direction, which is perpendicular to m;.

Phenomenologically the photocurrents for normal incidence of radiation, in-
cluding the LPGE and the CPGE are given by [3]

.]JC/I: Ol (ezez + €y€;> + C12Pcirc ) (50)
Jy/I=Cs+ C4(I€x|2 - |€y’2) ) (51)

where the parameters C, and C} describe the linear photogalvanic effect, while
C5 stands for the circular photocurrent, which reverses its direction upon
switching the light helicity. The parameter C3 describes the polarization in-
dependent effect. Equations (50) and (51) show that the magnetic field inde-
pendent photocurrent as well follows the Stokes parameters sy to s3. However,
in contrast to the MPGE, the direction and polarization dependence of these
currents is now fixed to the crystallographic orientation of the sample and not

to the orientation of the magnetic field.

The experiment shows that in the investigated samples the photocurrent at
zero magnetic field is mainly driven by the LPGE and results in a carrier
flow along the z- and y-directions for linearly as well as for elliptically po-
larized radiation. Here only the dependence of J, in sample A obtained at
room temperature and zero magnetic field is shown, see Fig. 28. A similar
behavior is obtained in all samples. Figure 28(a) shows that J,(«) is in full
correspondence to Eq. (50) and can be fitted with a sin(2«a) function according
to the rotation of the linear polarization described by the Stokes parameter
Sy = Pjin. The dependence on the radiation helicity ¢ [see Fig. 28(b)] reveals
that in z-direction, being perpendicular to the mirror reflection plane my, the
circular photogalvanic effect overweights the linear photogalvanic effect. This

additional helicity dependent contribution arises from the Stokes parameter
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s3 = P given by the second part on the right side of Eq. (50). In contrast to
the LPGE, the CPGE is absent in y-direction (not shown here). The obtained
experimental data for the magnetic field independent photocurrents .J, and J,

are in good agreement with the phenomenological Egs. (50) and (51).

4.5 Summary

In this chapter photocurrents resulting from the MPGE are studied in n-doped
zinc-blende based (110)-grown heterostructures. The generation is based on
Drude absorption of normally incident THz radiation in the presence of an
in-plane and out of plane magnetic field. The obtained experimental results
are in full agreement with the phenomenological description which is based on
symmetry arguments. Furthermore, the existence of polarization-dependent as
well as polarization-independent photocurrents exhibit that the asymmetry in
photoexcitation and energy relaxation contribute substantially to the MPGE
in (110)-grown heterostructures. The experiments show that the MPGE pro-
vides a tool to probe the degree of structure inversion asymmetry, which defines
the spin relaxation in (110)-grown QWs. To proof the data from the MPGE
experiments, time time-resolved Kerr rotation and luminescence are used to
investigate the spin relaxation. Sample E is confirmed independently to be
really symmetric by MPGE measurements, showing no current at an in-plane
magnetic field, and by TRKR experiments, demonstrating the longest spin re-
laxation time for the symmetrically doped QWs, setting an upper limit of spin
dephasing in GaAs QWs. This is in contrast to (001)-grown structures, where
such a growth procedure results in a substantial SIA [32,68], stemming most
likely from an impurity segregation process at high growth temperatures, and
subsequently, from the diffusion length of dopant atoms. Indeed, the growth
temperature of high-quality (001)-oriented QWs is higher than 600°C, while
(110)-structures are grown at 480°C [69]. This difference in the growth tem-
perature leads in the case of (001)-oriented heterostructures to a substantial
dopant migration and results in structure asymmetry of nominally symmetri-
cally doped QWs. The investigation of the MPGE, in particular the sign rever-
sal by inversion of the structure asymmetry and the zero current response of

the MPGE for symmetrical structures, provides an effective access to study the
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symmetry of (110)-oriented QWs. The increase of the photocurrent amplitude
with decreasing temperature demonstrates that the MPGE can be applied to
investigate the structure inversion asymmetry in a wide range of temperatures
including the technologically important room temperature, where many meth-
ods, like weak localization or polarized luminescence, hardly can not be used.
In summary, the photocurrent measurements provide the necessary feedback

to reliably grow structures with long spin relaxation times.

Moreover, these experimental results support the spin-dependent origin of the
MPGE, which is directly connected to the g-factor and thus to the Zeeman
splitting of the conduction band. However, recently it was demonstrated theo-
retically that additional contributions can yield a similar magnetic field depen-
dent current based on orbital effects [70]. In contrast to the mechanism of the
MPGE based on zero-bias spin separation, this mechanism is not coupled to
the spin of the electrons and therefore, yields a current, which is independent
on the Zeeman band splitting. To demonstrate that the spin dependent mech-
anism exists and plays an essential role, DMS structures were chosen. In this
type of samples the Zeeman spin splitting can be controllably varied and dras-
tically enhanced by the temperature as well as by the Mn ion concentration.
By these parameters even a change of sign of the magnetic field dependent

signal upon a variation of the temperature is allowed.
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5 Spin currents in diluted magnetic systems

This chapter reports on the observation of the zero-bias spin separation in
(001)-grown (Cd,Mn)Te/(Cd,Mg)Te diluted magnetic semiconductors quan-
tum wells and is aimed to proof the spin dependent origin of the MPGE [20].
Up till now pure spin currents in low-dimensional semiconductor structures
due to this penomena have been reported only for non-magnetic materials
[19,30,31]. The described effect is based on the free carrier absorption of THz
radiation, causing pure spin currents. In DMS the application of an external in-
plane magnetic field, which converts the spin current into a net electric current,
is greatly enhanced compared to non-magnetic structures. This is due to two
magnetic ion induced contributions. On the one hand, the giant Zeeman spin
splitting of the conduction band arises and on the other, the spin-dependent
exchange interaction between electrons and magnetic impurities modifies the
current formation vastly. The phenomenological and microscopic description
of the zero-bias spin separation and the MPGE in DMS samples is based on the
description of (001)-grown GaAs structures, discussed in Chapter 2.3. Here the
properties of DMS offer a promising option to enhance these spin dependent
effects, increased by the exchange interaction between electrons and magnetic
ions [4,13,20,40,71]. In addition, the strength of these effects can be control-
lably enhanced by varying the temperature, magnetic field and concentration

of the magnetic ions.

5.1 Photocurrent Experiments

In order to avoid radiation induced heating of the Mn system, the spin pho-
tocurrents were generated under application of low power cw radiation of a
CH30H laser, which was chopped at a frequency of 225Hz. The emitted
radiation has a wavelength A = 118 um and a power P =~ 0.5mW at the
sample. In addition a high power pulsed NHj laser operating at A = 148 um
and P ~ 40kW was utilized to achieve a higher excitation intensity [43]. The
energy of the THz photons in the region of Aw ~ 10 meV was chosen to be com-
parable for both laser systems and to induce free carrier absorption only. In the

experiment the radiation polarization vector was oriented along the x-axis and



5 SPIN CURRENTS IN DILUTED MAGNETIC SYSTEMS 74

the in-plane magnetic field was aligned along the y-direction. This transversal
measurement geometry with normal incidence of radiation in (001)-oriented,
unbiased devices excludes other effects known to cause photocurrents and is
sketched in the inset of Fig. 29. The electric signals were measured over a
pair of ohmic contacts along the crystallographic direction z || [110] (Fig. 29,
inset). The signal at cw excitation was picked up across a 1 MQ load resistor
and extracted after amplification by using lock-in technique. In the case of il-
lumination with pulsed radiation, the photocurrent response across a 50 €2 load
resistor was amplified and recorded via a storage oscilloscope. The DMS sam-
ples A, B and C are described in Chapter 3.4.2 and differ mainly in the Mn?*
concentration. The corresponding parameters are summarized in Table 1.
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Figure 29: Magnetic field dependence of the photosignal in response
to a low excitation power measured in the DMS sample A. The insets
show U, /P as a function of P and the experimental geometry, with the

radiation electric field E || z and B || y.

In Fig. 29 the signal U, of DMS sample A under low power cw excitation is
shown as a function of the in-plane magnetic field B,. The significant change in
sign under reversing the magnetic field direction is observed in a temperature
range between 1.9 K and 20 K. As for T" = 20 K the slope of the signal is positive
and linearly increasing with B, the signal nearly vanishes for 7" = 11.7 K
and changes its slope at T' = 5.7 K. A further cooling down to liquid helium
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temperature shows that the currents increases rapidly and finally at "= 1.9 K
a saturation at high magnetic fields is observed. The inset of Fig. 29 shows
intensity dependent measurements of U, at ' = 1.9 K and B = —4 T. Here
the increase of the radiation power P results in a decrease of the normalized
signal U, /P. The same characteristic behavior of the magnetic field dependent
signal was obtained for DMS sample B, displayed in Fig. 30(a) for a positive
magnetic field. By cooling the sample from 22 K to 5.8 K a sign reversal of
the slope is observed. The current increases strongly for lower temperatures

and finally for 7" = 4.2 K a saturation sets in for high magnetic fields.
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Figure 30: Magnetic field dependence of the photocurrent J, normal-
ized by the radiation power P measured in the DMS sample B. (a) Low

power excitation, (b) high power excitation.

An amplification of the effect in the intensity dependence (addressed above for
DMS sample A) was achieved by means of a high power pulsed laser. This, in
contrast to the low power excitation, drastically changes the behavior of the
photocurrent in DMS sample B, see Fig. 30(b). The photocurrent increases
linearly with the magnetic field strength and is nearly independent on 7' for

low temperatures. To investigate this behavior in more detail, the tempera-
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ture dependence of the signals was analyzed. Figure 31 shows .J,(7") in DMS
sample B for low excitation power at B = +5 T. While the photocurrent for
T > 20 K does not emerge a strong variation and is nearly constant (see inset
of Fig. 31), J, increases strongly for 7" < 10 K, which is in correspondence to
Fig. 30(a).
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Figure 31: Temperature dependence of J, /P obtained at low excita-
tion power for DMS sample B. The inset shows the same dependence

with a different scale.

A detailed temperature dependence under pulsed excitation is shown in Fig. 32
for DMS sample B and the nonmagnetic reference sample C at a fixed magnetic
field B, = 4 T. Remarkably here is the similar behavior of both samples.
For T' < 100 K the photocurrent becomes almost independent of the sample
temperature, but decreases with increasing temperature for higher 7'. As a high
excitation intensity results in an increased signal to noise ratio, it is possible to
obtain measurable signals at higher temperatures in the DMS samples A and B
as well as in the non-magnetic reference sample C (DMS samples B and C are
shown in Fig. 32). The inset of Fig. 32 shows J,(B,), which is linear in the
magnetic field B for the nonmagnetic sample C at T'= 4.2 K and T' = 70 K.
Its magnitude corresponds to the one obtained in the DMS sample B under

high excitation, see Fig. 30.
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Figure 32: Temperature dependence of .J, /P obtained at high excita-
tion power for DMS samples B and C. The inset shows the B depen-
dence of the photocurrent for sample C at T'=4.2 K and T'= 70 K.

5.2 Discussion

The characteristic behavior, such as a reversal and transition from a linear into
a flattening of the magnetic field dependent signal, was obtained for the DMS
sample A and B, displayed in Figs. 29 and 30(a), respectively, and is a typical
feature for the magnetization of DMS, see Section 2.5. This effect is controlled
by the exchange interaction of electrons with Mn?* ions and described by the
well-known giant Zeeman splitting [40], also detected in the samples by PL
measurements [Fig. 14(c)]. It is attributed to the magnetic field dependence
of the electron spin splitting in (Cd,Mn)Te samples, given by [40,57]

_ 5,uBgMnB )
E; = g.upB + £SyNoaB . 52
Z = JeUB 04Vobs /2 <2k’B(TMn T To) ( )

The first term on the right hand side of Eq. (52) describes the intrinsic Zee-
man spin splitting which is linear in the magnetic field and proportional to the
electron g-factor, with g. = —1.64 in the investigated (Cd,Mn)Te samples [72].
The second term is related to the exchange interactions between the Mn?* ions
and the conduction band electrons, being proportional to the effective average

concentration of Mn Z, the average spin per unity cell Sy and the exchange
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integral Noaw = 220meV. It is known as the extrinsic Giant Zeeman spin split-
ting and its characteristic behavior stems from the modified Brillouin function
Bs/s (§). Here the magnetic field B, the g-factor of the Mn** ions gun = 2,
and the Mn-spin system temperature 7Tyy, enters, as well as the parameters
Sp and T} taking into account the Mn-Mn antiferromagnetic interaction. This
term arises from the description of the magnetization in a paramagnetic sys-
tem, described by Eq. (19) in Section 2.5.2. Due to the influence of Ty, + 75 in
the denominator of Bs/, (§) in Eq. (52) and the opposite signs of g. and Nya,
the strong temperature dependence of the Zeeman splitting, the sign inver-
sion and the saturation of the current can be described. This is illustrated in
Figs. 29 and 30(a), where the direction of the photocurrent between T ~ 22 K
and T =~ 6 K changes. This is directly connected to the heating of the lattice
temperature Ty. However, the point of sign inversion of the photocurrent does
not coincide with the temperature T' ~ 40 K detected in the PL measurements
of the Zeeman splitting. This is related to the heating of the Mn?* spin system
above the lattice temperature, indicated by Ty, + 7o in Eq. (52), and has been
reported in [73].

Due to this, intensity dependent measurements were performed, shown in the
inset of Fig. 29 for DMS sample A. The data indicates that an increase of
the radiation power results in a decrease of the normalized signal, caused by
a heating of Mn, affecting Ty,. This reduces the influence of the giant Zee-
man splitting. Figure 31 shows the temperature dependence of .J, in DMS
sample B at low excitation power and B = +5 T. While at high temperatures
the intrinsic Zeeman splitting determines the current formation, the influence
of Mn?* arises at low temperature and giantly enhances the photocurrent for

T < 10 K, including an sign inversion.

The application of high power radiation emitted from the pulsed laser induces a
very strong heating of the Manganese system and thus, drastically reduces the
giant Zeeman interaction. Both, the low and the high power excitation data
are shown in Fig. 30(a) and (b). As already discussed, the DMS sample B,
displayed in Fig. 30(a), behaves under low power excitation similar to DMS
sample A, characterized by a strong temperature dependence and a change in

sign of the photocurrent. This behavior vanishes completely for high radiation
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power, displayed in Fig. 30(b). The detailed T-dependence under pulsed exci-
tation shown in Fig. 32 indicates that DMS sample B and reference sample C
behave similar and reflect the typical temperature dependence of the MPGE
in non-magnetic systems. It is explained by Eq. (48) in Section 4.3, emerging
a 1/T dependence for T'> 100 K and a nearly constant current for 7" < 100 K.
Furthermore, this is similar to the discussion of the (110)-grown GaAs het-
erojunction shown previously in Fig. 27 of Chapter 4.3 and the (001)-grown
GaAs heterostructures in [18]. Both methods, high and low excitation, yield a
comparable current strength for DMS sample B and reference sample C in the
high temperature range. Here, the high intensity leads to a strong heating of
the Mn?" spins, destroying the exchange contribution of the magnetic ions to
the current formation. The fact that the slopes of the J,(B) dependences in
Fig. 30 detected for T' ~ 20 K are the same for both excitations indicates that

the photocurrent in both cases is due to the intrinsic effect only.

The microscopic mechanisms of the photocurrent are based on o- and k-
dependent terms in the electron phonon interaction Vi, which is the origin of
the zero-bias spin separation. It leads to an asymmetry in the Drude like exci-
tation and relaxation of a heated electron gas, see Eq. (9) [18]. While the first
mechanism depends on the light’s polarization, the latter one is polarization
independent. Since only a weak polarization dependence of the photocurrent
in DMS at low temperature is observed experimentally (not shown here), the
here dominating spin separation mechanism is the energy relaxation of the THz
radiation heated electron gas. The model used to describe the asymmetry of
the electron-phonon interaction in (110)-and (001)-grown GaAs heterostruc-
tures, shown in Fig. 3 of Section 2.3.2, can be applied to describe this effect in
(001)-grown CdTe-based QWs. It results in two oppositely directed electron
flows 441/2 in each spin subband, which cancel each other until an external
magnetic field introduces an imbalance between both fluxes and thus, gives
rise to a net electric current j = e(441/2 + %-1/2). As indicated in Fig. 4, this
imbalance is induced by the Zeeman splitting of the spin subbands and leads
to different free carrier densities n4,/5. In DMS the exchange interaction be-
tween free electrons and Mn?" ions has a strong influence on this electron spin

splitting.
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If a very low electron spin polarization is considered, which means £, < E,
the equilibrium electron spin per electron is given by s = —E,/(4FE). As the

charge current is proportional to s, jz is given by

. E; 0J
Jz = _46E (nea—ne) 7 (53)

where E is the characteristic electron energy, equal to kg7 for the non-degen-
erate gas and ep for the degenerate electron gas. Equation (53) relates the
spin current to the carrier density n. and can be separated into two different
temperature regimes to solve dJ;/0n,.. The first one is the case in which the
Boltzmann statistics is valid. Here J; o« n. and therefore, n.0Js/0n. = Js.

As a consequence for high T" Eq. (53) reduces to
Jz =—e——=dJds. (54)

The second case is the very low temperature region, described by the Fermi
distribution. Here 0J,/0n. vanishes, if the spin current is only caused by linear
in k terms in the matrix element of the electron-phonon interaction, whereas it
is non-zero for taking into account higher orders of k terms in the spin current

formation.

Equation (53) shows the direct connection between the spin current and the
total Zeeman splitting, j; o Ez, described by Eq. (52). This explains the
strong dependence of the current on the temperature and its sign reversal.
While at high T only the intrinsic Zeeman splitting contributes to the current
formation and results in a positive slope of the photocurrent, shown in Figs. 29
and 30(a), at low 7" the contribution of the giant Zeeman splitting increases
and overcomes the intrinsic one, leading to a change in sign. This interplay
between the first and the second term on the right hand side of Eq. (52) is not
only affected by the lattice temperature, but as well by the radiation induced
heating of the Mn spin system, see Fig. 30(b).

So far, the intrinsic and exchange contributions to the current can explain
the experimental results qualitatively, but not quantitatively. A significant
difference between the data obtained from photocurrent and PL measurements

is, how strong the temperature influences the measurable value, which is in
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both cases affected by the exchange enhanced E; in DMS. For instance, the
PL data of DMS sampleB at B = 3T, shows that the spin splitting in the
presence of Mn?* increases from —0.25meV, given by the intrinsic value by
geptpB, to 2.6 meV at 4.2 K by a factor of about 10. In contrast to this,
the magnitude of the photocurrent at 7' = 4.2K is by a factor of about 40
larger than the intrinsic one obtained at 7' = 22 K, see Fig. 30. To explain the
observed strong enhancement of the photocurrents, a further contribution has
to be taken into account besides the giant Zeeman splitting. It is ascribed to
the well known spin-dependent electron scattering by polarized Mn spins [40],
which is specific for DMS.
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Figure 33: Scattering rates of spin-up and spin-down electrons influ-
enced by Mn spins polarized in an external magnetic field. It results
in different momentum relaxation times 7, 1/5 and 7, 1/ in the two

spin subbands.

This term is similar to Eq. (20), discussed in Section 2.5.2, and arises from Mn
spins polarized in an external magnetic field influencing the scattering rates of
spin-up and spin-down electrons [55]. It results in different momentum relax-
ation times 7, 41,2 and 7, _1/2 in the two spin subbands, shown in Fig. 33. Due
to the proportionality of 7, 11/ and the electron fluxes 4.,/ the polarization
of Mn spins adds an extra contribution to the conversion of a spin current
into an electric current, denoted by js. below. The theoretical calculation of
Jse takes into account the momentum relaxation of the electrons via their in-
teraction with the Mn?* ions located within the QW and is described by the

corresponding Hamiltonian given by [40]

Henn =) [u—a(S;i-o)]é(r—Ry). (55)

%
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Here 7 is the Mn ion index, S; the vector composed of the matrices of the
angular momentum 5/2, ud(r — R;) the scattering potential without exchange
interaction, r the electron coordinate, and R; the Mn ion position. Usually
the electron scattering by the Mn potential, characterized by wu, is stronger
than the exchange scattering described by «a, known from the giant Zeeman
splitting in Eq. (52). For the case of |a| < |u| the scattering induced current

Jse reads as follows
. «
Jae = ey S, (56)

where Sy, is the average Mn spin along B (see [74]).

This term adds up to gz at low temperatures, because the average electron
spin caused by the giant Zeeman effect is aligned parallel to Sy, and then the
photocurrent is given by the sum of both contributions 7 = 37 + 7s.. The
strength of the observed electric photocurrent can be explained by means of
this additional and very effective scattering induced contribution, which does
not influence the PL measurements. In DMS a fully spin polarized electron gas
due to the Zeeman effect can be realized at reasonable low magnetic fields. In
this case the electron flow in one spin subband vanishes and the electric current
becomes independent of the magnetic field strength and carrier statistics. It
is then given by 7 = F2eJ,, where F corresponds to + sign of the Zeeman

splitting. Experimentally, this situation was not observed, because €5 < ep.

In the experiment a shift of the zero point in the temperature dependence
was observed relative to the data obtained from the PL data. This shift of
about 20 K was attributed mostly to the heating of the Mn system due to
the radiation, which directly affects Ty, and thus reduces the effect of the
exchange interaction. However, to this shift the orbital MPGE may also have
a minor contribution and thus will be discussed briefly. This spin-independent
mechanism is based on the influence of the magnetic field on the electron scat-
tering [70]. It emerges for example from impurities or interfaces in quantum
wells and can contribute to the MPGE, because it shows almost the same
dependence on the magnetic field B [70]. The strength of the spin indepen-
dent contribution increases strongly in systems with a weak or vanishingly

small spin-orbit coupling. The effect itself is described taking into account



5 SPIN CURRENTS IN DILUTED MAGNETIC SYSTEMS 83

the Lorentz force which acts on a heated electron gas in the presence of a
magnetic field. The force acting on carriers propagating in opposite directions
modifies their wave functions differently, resulting in a diamagnetic contribu-

tion, shown in Fig. 34. Hence, the applied in-plane magnetic field yields an

/
z ky <0 ky =0 ky >0
fv ?(z) o(z) o(z)

* o-layer
®B|ly

T,

Figure 34: Quantum well with an built-in asymmetry due to the non-

symmetric -layer (dotted line). The in-plane magnetic field B, induces
the Lorentz force on moving particles, which pushes the electrons with
positive and negative velocities k, to the lower and upper interface,

respectively. This results in different scattering rates for both directions.

additional asymmetric term to the scattering matrix element, which is linear
in wave vector k and magnetic field B. This diamagnetic contribution leads
to a photocurrent in the case of free-carrier absorption as well as in the energy
relaxation of hot carriers. Therefore, this effect can superimpose the pho-
tocurrent generated by the spin dependent mechanism, which shows a similar

behavior on B, but the orbital mechanism independent of the g*-factor.

5.3 Summary

This work demonstrates that in low dimensional diluted magnetic semicon-
ductors electron gas heating generates pure spin currents and results in the
zero-bias spin separation. An applied magnetic field transforms the pure spin
current into an electric current. It has been shown theoretically and experi-
mentally that this conversion is amplified by the carrier exchange interaction

with the localized magnetic ions. Besides the giant Zeeman splitting of the
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conduction band states, a new conversion mechanism of pure spin currents
into an electric current appears due to the spin-dependent carrier scattering
from localized Mn?* spins polarized by an external magnetic field. In the case
of a degenerate electron gas and weak magnetic fields the scattering mecha-
nism dominates the current conversion. In addition care has to be taken to
avoid high radiation power, as this introduces a heating of Manganese and thus

strongly influences the giant Zeeman splitting.
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6 Photocurrents in lateral structured samples

In the previous chapters it was demonstrated that photogalvanic effects strong-
ly depend on the symmetry of the investigated sample and reflect the contri-
butions of BIA and SIA. Here it will be shown that semiconductor heterostruc-
tures with a one dimensional lateral potential excited by THz radiation emerge
a new root to the generation of photocurrents. They allow a controllably vari-
ation of the symmetry by changing the pattern parameters. The resulting
influence of this one dimensional potential can be seen in transport proper-
ties [75,76]. Moreover they may give rise to an additional access to the forma-
tion of spin photocurrents. Thus the experiments were aimed to investigate
mainly magnetic field dependent effects. However, in contrast to the reference
samples a huge photocurrent at zero magnetic field was observed in the lat-
eral structured samples, yielding exciting new results. The generation of the
photocurrent is due to a modulation of the local electron gas temperature. It
results from a combined action of a spatially periodic in-plane potential and
a spatially modulated light, known as the Seebeck ratchet effect [77]. The
observed photocurrent consists of a polarization independent and dependent
part, for which a microscopic mechanism to interpret the experimental findings
is proposed [59,60]. Both the phenomenological and microscopic description
of these effects have been suggested and extended to the case of polarized
radiation by Prof. Ivchenko in parallel to the experiments. Furthermore, the
effect of an external magnetic field on the photocurrent formation is probed, as
this is allowed to yield additional contributions to the MPGE in (001)-grown

structures.
6.1 Magnetic field independent photocurrents

6.1.1 Photocurrent experiment

The photocurrents were generated in the samples, described in Section 3.4.3,
applying free carrier absorption of THz radiation of a pulsed NHj laser op-
erating at a wavelength A= 280 um with a maximum power P ~ 2kW and

pulse duration t5 &~ 100 ns [43]. Via the voltage drop across a 50 (2 resistor the
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photoresponse of the sample, picked up along a pair of ohmic contacts centered
on opposite sample edges (Fig. 35), was recorded with a storage oscilloscope.
The samples were measured under normal and oblique incidence, in which 6,
describes the angle of radiation incidence in respect to the sample normal,
varied from —35° to +35°. By means of a \/4-plate the initially linearly po-
larized radiation was transformed into circularly polarized radiation according
to P = sin2p, where ¢ is the angle between the initial polarization plane
and plates c-axis.

I 8 O 0 1

35 <
SL sample 1

A=280um, P= 2kW

J (uA)

Figure 35: Photocurrent as function of the angle ¢ measured in SL
sample 1. Full lines are fits to Eq. (57). Insets show the experimen-
tal geometry (left) and J(¢) in the reference sample4 (right). Doted
lines are fits to J = At sin 0y sin 2¢. The ellipses on top illustrate the

polarization for various angles (.

In Fig. 35 the photocurrent observed in SL sample 1 (slits along <010> direc-
tion) is plotted as a function of the angle ¢ for T'= 300 K and 10 K. The signal

emerges a dependence on the helicity and on the linear polarization, as well
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as it shows a polarization independent offset for normal and oblique incidence.
In the inset of Fig. 35 the photocurrent of the reference sample 4 is shown.
Here, a helicity dependent signal is observed only for oblique incidence. In
both samples the room temperature data were obtained for various angles 6,
and are presented with their corresponding fit parameters in the discussion of
the experimental results, see Fig. 38. For the SL samples 2 and 3, both with
slits along the crystallographic axes <110>, a similar behavior was observed
for the o and ¢ dependences. The data are not shown, as the discussion is

mainly focused on SL sample 1 and reference sample 4.

N = S

10} SL sample 1
J A =280 pm

‘0‘< P=2kW
E

J(HA)
J (nA)

0° 45° 90° 135° 180°
Azimuth angle, o.

Figure 36: Photocurrent as function of the angle o measured in SL
sample 1 for T'= 300 K and 10 K. Full lines are fits to Eq. (58). Insets
show the experimental geometry (left). The top middle inset shows the
rotation of the linear polarization by a \/2-plate.

Figure 36 shows the photocurrent in dependence of the azimuth angle o ob-
tained by the rotation of a A/2-plate. The presented data was obtained in SL
sample 1 for T"= 300 K and 10 K.

6.1.2 Discussion

In two-dimensional electron systems (2DES) like the investigated (001)-grown
GaAs QWs, the illumination with THz radiation can lead to the generation
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Figure 37: Sample design. (a) Blanter and Biittiker’s geometry. (b)

Our experimental geometry. (¢) Electron micrograph.

of a current, whose strength and direction depend on the symmetry of the
system, as well as on the experimental geometry and the light’s polarization
state [3,43]. Similarly in nonequilibrium spatially-periodic noncentrosymmet-
ric systems, like a sawtooth potential, a transport of particles is even possible
in the absence on an average macroscopic force. Such a directed transport
due to the interaction of an asymmetric potential and an oscillating ac force
is known as ratchet effect and plays an important role in different fields of
physics [77-85]. For the case this effect emerges as a result of an applied
electro-magnetic radiation, it belongs to the group of the photogalvanic ef-
fects [86-88|.

A situation, which directly links photogalvanic and ratchet effects, exhibits if
a lateral superlattice is superimposed upon a 2DES and is irradiated by THz
radiation. Here the light is shining through a periodic grating and drives an
additional current through the modulated 2DES. This example represents a
novel ratchet effect, which was considered in a similar way and investigated
theoretically by Blanter and Biittiker [89,90]. In their work it has been shown
that the irradiation of a lateral SL through a mask with slits, but both with the
same period, results in a dc carrier flow due to a local electron gas heating, only
for the case the SL is shifted in phase with respect to the mask. In the system
realized in the experiment, the mask is replaced by a one-dimensional array of
grooves, introduced in the top cap of a semiconductor heterostructure via an
etching process. These periodic grooves on the one hand modulate the intensity
of the incident light field due to near field diffraction, which is spatially periodic
in the plane of the 2DES [43] and therefore, leads to a periodic modulation of
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the effective electron temperature. On the other hand they generate a weak
one-dimensional periodic potential, which is superimposed upon the 2DES.
Due to the fact that this ratchet effect results from a spatial modulation of
the temperature, it is called a Seebeck ratchet [77]. The necessary relative
phase shift between the mask and the periodic potential in the geometry of
Blanter and Biittiker was introduced by an asymmetry of the grooves, allowing
a directed carrier flow. In Figs. 37(a) and (b) both geometries are compared.
The phase shift between the mask and the SL in Fig. 37(a) has the same effect
as the asymmetric profile of the grating in Fig. 37(b) as both result in a phase
shift of the spatially periodic near field intensity with respect to the periodic
potential acting on the 2DES. In the following a is used for the period of the SL
and the axis perpendicular and parallel to the grating are labelled as x and y,
respectively. According to this notation the function describing the potential

of the SL, V(z + a) = V(z), is periodic in x and independent on y.
While the above described photothermal ratchet effect emerges a large pho-

tocurrent for unpolarized radiation at normal incidence, in the experiment two
additional photocurrent contributions, excited by linearly and circularly po-
larized radiation, have been observed. The theoretical analysis is based on
the theory of Refs. [89,90] and was extended by Prof. Ivchenko parallel to
the experiments to the case of polarized radiation. Additionally this expan-
sion allows to propose new mechanisms of the observed circular and linear
photogalvanic effect in the presence of the combined action of an out-of-phase

periodic potential and in-plane modulated pumping of the 2DES.

The experimentally observed photocurrent in SL sample 1 is maximal for 6, =
0° (Fig. 35). In contrast the signal vanishes for the unpatterned reference
sample 4, see inset of Fig. 35. The dependence in the reference sample under
oblique incidence can be fitted after J = A, sin 6y sin 2, which stems from
the circular photogalvanic effect (CPGE) and is allowed in (001)-grown GaAs
QW structures, belonging to the C,y, symmetry. The photocurrent in the SL

sample, however, shows a more complex behavior, described by

J = Asin2p + Bsindy + Ccosdp + D | (57)
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where A, B, C, and D are fitting parameters. The application of Eq. (57) to
the experimental results obtained from the reference sample 4 yields that the

fit parameters B, C', D =0, whereas the parameter A is nonzero for 6, # 0°.

Similar to this the rotation of a A/2-plate results in a rotation of the linearly
polarized radiation and yields an directed dc current in SL sample 1. It can

be described in terms of the coefficients entering Eq. (57), by
J =2Bsin2a +2Ccos2a+ D — C', (58)

where « is the azimuth angle assigning the plane of polarization. The last
part, D — C, of Eq. (58) constitutes the polarization independent ratchet ef-
fect proposed in [89,90]. This is due to the fact, that the C-portion of the
current takes into account the ratchet contributions from linearly polarized
light, described by the term 2C cos2a, and has to be subtracted to get the
current driven solely by unpolarized radiation. The dependence of the current
on the azimuth angle o was checked experimentally and is well fitted by this
equation, shown in Fig. 36 for 7' = 300 K and 10 K. The photogalvanic cur-
rents, which depend on linearly polarized radiation were not observed in the
reference sample 4 and in correspondence to the previous results for Eq. (58)
the fit parameters B, C', D = 0.

A similar behavior was observed in all SL samples and can be described phe-
nomenologically by symmetry arguments. Additionally, the magnitude of the
photocurrent at #y = 0° detected in SL sample1 with an orientation of the
grooves along (010) exceeds the one observed in the reference sample even at
large angles of incidence (6y = £30°). These helicity dependent signals, de-
scribed after Eq. (57) and (58), have been found in a wide temperature range
from 300K to 10K. For the latter case (T=10K) the corresponding trace is
included in Fig. 35 and 38 and demonstrates that the photocurrent increases
with decreasing temperature. In the following the measurements are limited to
room temperature data, because the presented microscopic theory is only valid
for elevated temperatures. The grooves in the SL samples2 and 3 are, in con-
trast to SL sample 1, oriented along the (110) directions. Here, the observed
photocurrents at normal incidence of radiation are one order of magnitude

smaller compared to the one detected in SL sample 1. This result reflects the
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strong influence of the grooves profile shape, being strongly asymmetric in SL
sample 1 and almost symmetric in SL samples2 and 3. The extracted fit pa-
rameters of SL sample 1 and and reference sample 4 are plotted in Fig. 38

according to Eq. (57) against the angle of incidence 6.

5| J o cos B¢ D
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Figure 38: Angle of incidence dependence of the photocurrent. e and o:
Jeire measured in SL sample 1 and reference sample 4, respectively. The
different symbols represent the current contributions proportional to B,
C and D. Dotted line is the fit after J = D cosfy. Solid and dashed
lines are fits to J o< (Aper sinfy + A cosbp).

6.1.3 Phenomenological explanation

The phenomenological theory according to the point-group symmetry Cy, to
which the unpatterned QWs belong excludes all in-plane photocurrents under
normal incidence [43,91]. This corresponds to the experimental observations
in the reference sample4 at 6y = 0° (see inset in Fig. 35)). In the case an
unpatterned QW is superimposed by an asymmetric SL its C,, symmetry
is overwritten by the potential’s Cg point group symmetry. This reduction

of the symmetry gives rise to photocurrents induced under normal-incidence
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excitation along and normal to the grooves. Phenomenologically the currents

are described by

Jo =T + xa(lesl — legP)] . (59)
jy = IX3(6$6;; + ByGZ) + I'YPcirc 5

where e, e, are the components of the light’s polarization unit vector e, I is the
light intensity, x1_3 and v are phenomenological parameters. For SL sample 1,
in which the current is measured under an angle of 45° with respect to the SL
axis x and y (see inset of Fig. 35), the photocurrent J at 6, = 0° consists of a
superposition of the currents j, and j, of Eq.(59). If the initial polarization of
the laser beam is aligned parallel to the direction the signal is picked up in the
experiment, then the terms in Eqgs. (59) transform according to the rotation of
the A/4-plate to (|es|* — |e,|*) = —sindp/2 and (eq€] +eyel) = (1+cosdp) /2.
The superposition of j, and j, reduces Egs. (59) to Eq. (57) with the coefficients
A= 7/\/5, B = —X2/2\/§, C = X3/2\/§, D= C+X1/\/§. For the rotation of
the \/2-plate the terms (|e,|*—|e,|*) and (ez€} +-e e}) are equal to — sin 2« and
cos 2«v, respectively. Here Eqs. (59) reduce to Eq. (58), in which the helicity

dependent part is absent, accordingly.

The fit after Eq. (57) of the signals at different angles 6, (shown in Fig.35)
which constitute from a superposition of Eq. (59), yields the dependence of
the photocurrent coefficients A, B, C' and D on the angle of incidence, plotted
in Fig. 38. A very significant contribution is the large dominating value of D,
which as well as B and C only weakly depends on 6. It reaches its maximum at
normal incidence and can be well fitted by J o< cos fy. The contributions given
by the coefficients B and C', describing the dependence of the photocurrent on

linearly polarized radiation, are substantially smaller than D.

In the following the helicity dependent contributions of both the patterned
sample 1 and the reference sample4 under illumination with circularly polar-
ized light are compared. The signal from the reference sample stems from
the circular photogalvanic effect. A characteristic feature of this photon he-
licity dependent current is the change in sign upon switching the radiation
helicity. While taking the difference of the photocurrents, induced by right-
and left-handed, the other terms in Eq. (57) remain unchanged. As a result
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of this the contribution A can be extracted from the total current by Je.. =
[J(p=45°)- J(p=135°)]/2. From Fig. 38 it is easy to see that Je. in SL sam-
ple 1 consists of two contributions (A, sin g+ A cos6p). The first term, which
is proportional to A, emerges from the host material and is the same as in
the reference sample. Whereas the second term presents a new contribution

originating from the lateral pattern.

6.1.4 Microscopic origin of the photocurrent

In the following the microscopic origin of the observed photocurrents at nor-
mal incidence will be discussed as well as the microscopic expressions for the
relevant parameters y; and~, limited to the case of unpolarized and circu-
larly polarized light, respectively. The analysis of these two contributions to
the ratchet effects is crucial for the understanding of the data summarized in
Fig. 38. For this the classical Boltzmann equation for the electron distribution
function f,

0 N 0 n F 0
ot " Mo h ok
has to be taken into account. Here k is the in-plane electron wave vector, F'
the sum of the time-dependent electric-field force e E(t) = 2e Re[Egexp(—iwt)]

of the light wave and the static force —dV (z)/dz, w the light frequency, vy, =

) fol#) + QP +QF =0, (60)

hk /m* the electron velocity, e and m* the electron charge and effective mass,
Q;cp ) and QS) the collision terms responsible for the electron momentum and
energy relaxation, respectively. The operator §f ) is taken in its simplest form
(fk—{fx))/T, where 7 is the momentum relaxation time and the brackets imply
an averaging over k directions. The operator Q,(f) acts on the distribution
function averaged over the directions of k and depends only on the modulus
k = |k|. The assumptions for Eq. (60) are only valid for a weak and smooth
potential, which satisfies the conditions |V (z)| < €. and ¢ = 27/a < k.,
where k. is the typical electron wave vector and ¢, the typical energy assumed

to be larger than the photon energy hw.

6.1.4.1 Polarization-independent photocurrent: 'The photocurrent contribu-

tion, which constitutes the polarization-independent ratchet effect, is given by
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the term including y; in Egs. (59) and describes the photocurrent proportional
to D — C = x1/v2 in Eq. (58). It can be related to the heating of free carri-
ers by an electromagnetic wave. In the case of high temperatures the kinetic
Eq. (60) can be reduced to the macroscopic equations for the two-dimensional
electron density N (z), local nonequilibrium temperature O(x), current density
J» and energy flux density i.,(z) in z-direction. Under homogeneous optical

excitation these equations have the solutions, given by

kg® =kgT + hwGT, , (61)
N(2)=N(z,0) = N~V @/k50

where G is the Drude absorption rate per particle, and Ny is x-independent.
For the general solution, shown in Egs. (61), the current j,, and thus the
carrier flow ¢.,, are absent. Only if the generation rate GG varies spatially,
a nonzero j, arises. Such an inhomogeneous distribution of the radiation
electric field is generated in the patterned samples due to near field effects,
which occur because the distance between the surface pattern and the QW
is smaller than the wavelength [43]. Resulting from this, the amplitude of
a plane electromagnetic field shining through the superimposed grating be-
comes a periodic function of x with the period a. In addition an asymmetrical
SL leads to a relative phase shift between the potential V' (z) and the light
intensity I(x), yielding a net current even for unpolarized radiation because
in this case the product I(z)(dV/dx) averaged over the space does not van-
ish. This spatial variation of G is described by the steady-state generation
G(z) = Gy + G cos (qx + @), which produces a stationary periodic electron
temperature O(x) — © = §0(x) = 7.7w|[G(z) — Go] accompanied by a light-
induced periodic correction of the space-oscillating contribution to the electron
density 6N (z) ~ —NyéO(z)/©. Microscopically the current is described by a
sum of drift and diffusion terms,

o= { N0 %+ Lo

(62)

where 1 = |e|7/m* is the electron mobility . Both terms in Eq. (62) depend

on x, whereas the total j, is x-independent. As the diffusion term averaged
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over a period d vanishes and the average of the product N(z,0)dV (x)/dx is

zero the current can be calculated as an average u[dV (z)/dz]dN (x).

The lateral potential can be modeled in the simple and periodic in x function
V(z) = Vi cos (qz + ¢y ). Due to a phase shift between V' (z) and the periodic
electron temperature ©(x) a current along x, given by Eq. (63), arises.

. Vi
. . /
Jz = x1d = puNohg¢ G0—2kBTwT€ (63)

In this equation the asymmetry parameter (' = (G1/Go)sin (¢v — pq), de-
scribing the inhomogeneous photoexcitation, enters. For the derivation lead-
ing to Eq. (63) a model function V' (z) was used, which is similar to the one
considered in Ref. [90] and is applicable to ratchets with a phase shift be-
tween its sinusoidal potential and the temperature variation. Generally, such
nonequilibrium asymmetric systems based on a periodic potential V' (z) and a
periodic temperature profile ©(x) are referred to as Seebeck ratchets [77]. As
an important result Eq. (63) yields a polarization independent current, which
increases with decreasing temperature 7', as observed in the experiment (see

Fig. 35) and is proportional to the energy relaxation time 7.

6.1.4.2 Helicity-dependent photocurrent: The helicity-dependent photocur-
rent which is described in Egs. (59) by the parameter v or in Eq. (57) by A,
is driven by circularly polarized light and is therefore, called circular ratchet
effect. Similar to the polarization-independent part this contribution is gener-
ated in a lateral SL with a phase shift between the periodic potential V' (x) and
the generation rate G(x). A photocurrent, which depends on the helicity at
normal incidence of radiation (fy = 0°) is allowed by symmetry arguments, but
only along the y-direction. Circularly polarized radiation excludes the y3-term
in Egs. (59), by which the remaining current is given by j, = 1+, with £ cor-
responding to right- and left-handed circular polarized radiation, respectively.
More precisely, the resulting photocurrent along the direction of grooves reads

‘ 2e%T
Jy =

Re{Eg, (z)0N,(z)}, (64)

- —
where § NV, () is the electron density oscillation linear in the THz electric field

Ey,. Considering the continuity equation —iwedN,, + dj,./dz = 0 and the
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equation for the linear-response electric current j, . (z) modulated in space the
circular photocurrent is described by

we? hq T Vi

= N, .
7 hcanM "mrw(l + w?72) kT

(65)

This kind of directed current, which changes its sign upon switching the light
helicity and thus is proportional to the circular polarization P, is based on
two phase shifts relative to the periodic variation 0N (z,¢). One of them is
a spatial phase shift between the potential V(x) and generation rate G(x),
proportional to ¢y — pg. The second one is a temporal phase shift, given
by arctan(wr) with respect to E,(t). In comparison to the polarization-
independent the helicity-dependent current is by a factor of 2w7. smaller but
increases in the same way with decreasing 7', also confirmed by the experiment.

Here the current is proportional to the momentum relaxation time 7.

6.2 Magnetic field dependent photocurrents
6.2.1 Photocurrent Experiments

For the measurements of the magnetic field dependent and independent pho-
tocurrents the same experimental setup was used as described in Section 6.1.1.
The magnetic field B = +0.7 T was applied along the z-axis of the sample.
All experiments were carried out on SL sample 5, prepared with grooves along
the y-direction, see inset of Fig 39. The lateral potential, shown in the upper
inset of Fig. 39, differs from the one superlattice of SL samples 1 to 3 but

allows a controllable variation of the asymmetry, described in Chapter 3.4.3.

Figure 39 shows the photocurrent J, parallel to the magnetic field in depen-
dence of the angle p at T'= 300 K for B, = £0.7 T and 0 T. While for B # 0
the current shows a strong polarization dependence, for B = 0 only a polar-
ization independent signal was observed. The corresponding results for J, are
presented in Fig. 40. In this direction the signal vanishes completely for the
case B = 0.
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Figure 39: Photocurrent along the x-axis as a function of the angle ¢
measured in SL sample 5 at 8y = 0° for B, = +0.7 T and 0 T. Full lines
are fits to Eq. (66). Insets show the experimental geometry (bottom)
and the geometry of the grooves etched in the top of the sample.
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Figure 40: Photocurrent along the y-axis as a function of the angle
© measured in SL sample5 at 8y = 0° for B, = £0.7 T and 0 T. Full

lines are fits to Eq. (67). The inset shows the experimental geometry.
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6.2.2 Discussion

In contrast to SL sample 1, in SL sample 5 a current under normal incidence of
radiation and without an applied magnetic field B is only observed along the
z-axis, describing the SL potential V'(x). A superposition of j, and j, like in SL
sample 1 is not allowed due to the fact, that the z-axis of V(x) coincides with
one of the mirror planes contained in the host material’s Cq, point group. The
application of Eq. (57) to fit the photocurrent J, at B = 0 T obtained from the
SL sample 5 yields that the fit parameters A, B, C'~ 0, whereas the parameter
D is nonzero for 8, = 0°. The host material does not allow photocurrents at
normal incidence, due to its Cy, symmetry. Thus the parameter D stems from
the lateral potential and represents in full correspondence with Eqgs. (59) the
polarization independent contribution x1, see Fig. 39. Figure 40 shows J,, for
which no signal is obtained at B = 0 T and thus all fit parameters are zero.
The small photocurrent J, at B =0 T observed in SL sample 5, compared to
SL sample 1, can be a result of the different periodicities of both superlattices
in which agrs > agri. As the polarization-independent (Eq.(62)) and the
helicity-dependent photocurrents (Eq.(65)) depend linear on the parameter
q = 27 /a < k. and thus, decreases with the periodicity a, this can lead to a

smaller signal in SL sample 5.

The situation changes under application of an external magnetic field B aligned
along the z-axis. While J, and J, for B = 0 T did not depend on the variation
of the angle ¢ the currents now reveal additional polarization independent and
dependent contributions. Both J, and J, show a linear in B photocurrent for
B, = 0.7 T (Fig. 39 and 40, respectively) and originate from the MPGE,
which was already discussed in Sections 2.3.1 and 4.2.1. Its magnitude is by
a factor of about 8 higher compared to the one observed at B = 0 T. The
dependence on the angel ¢ can be described taking into account Egs. (6) and
(7) together with Eqgs. (41) to (43), leading to the following equations

Ju/I=A'B,sin2¢ + B'B, sin4p, (66)
Jy/I=D'B, + CyB,(1 + cosdy), (67)

where A’, B’, C' and D’ are fitting parameters.
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6.3 Summary

The lateral grating, which is etched into the surface of the sample induces a
periodic lateral potential acting on the 2DES. As a result the grating modulates
the incident radiation in the near field and emerges polarization-independent,
circular and linear ratchet effects in the plane of the 2DES. For an asymmetric
lateral SL the product of the static force —dV (z)/dx and the photothermal
modulation of the electron density d N (z) is nonzero, if it is averaged over the
space. This effect causes the flow of a stationary current and was predicted
for the case of unpolarized light in Ref. [90]. In addition to this contribution
a helicity-dependent photocurrent was observed resulting from a phase shift
between the periodic potential and the periodic light field. Another difference
among both currents is their dependence on the relaxation time. While the
polarization-independent one is governed by the energy relaxation time, the
helicity-dependent is controlled by the momentum relaxation time only. The
observed magnetic field depended photocurrents in the samples with a lateral
SL may give an additional access to further investigations of ratchet effects.
While the appearance of these current is clearly demonstrated and confirms
the phenomenological equations for the MPGE, the understanding of magnetic
field induced effect modified by the lateral potential and its microscopic origin

is a task for the future.
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7 Conclusion

To summarize, in this work spin polarized currents were observed and studied
in various low dimensional semiconductor systems under excitation with THz
radiation. The measurements demonstrate that the microscopic origin of the
photocurrents is the asymmetric spin-dependent scattering, which results in a
spatial separation of electrons with opposite spins. During the spin separation
a spin current flows, which is transformed into a net electric current by the
application of an external magnetic field. This effect, known as the MPGE,
was observed in different types of low dimensional GaAs structures and DMS
(CdMn)Te QWs. Besides the fundamental question on the origin of the spin
current formation, the variation of the inversion asymmetry in low dimensional
systems, which is of particular interest for spintronics related research, was
studied. To achieve this goal spin polarized currents, as an experimental access

to the inversion asymmetry, have been utilized.

In the first part of this work, the MPGE has been observed in (110)-grown
GaAs heterostructures. The phenomenological equations as well as the mi-
croscopic pictures developed to describe the zero-bias spin separation and the
MPGE in (001)-grown GaAs QW structures have been extended in paral-
lel to this work to describe the effects in heterostructures grown along the
(110)-direction. The corresponding dependences on the light’s polarization,
magnetic field and temperature prove the spin-dependent origin of these two
effects. Here, it has been shown that the MPGE provides a versatile tool to
probe the symmetry of (110)-grown quantum wells at room temperature. The
photocurrent in the presence of an in-plane magnetic field is only observed for
asymmetric structures, but vanishes for symmetric QWs. By means of time-
resolved Kerr rotation it has been independently confirmed that in the latter
case the spin relaxation time is maximal and therefore, these structures set
the upper limit of spin dephasing in GaAs QWs. In addition, it was demon-
strated that the structure inversion asymmetry can be controllably tuned to
zero by the variation of the d-doping layer positions. Furthermore, the results
prove that in (110)-grown GaAs heterostructures the segregation of doping
impurities is suppressed due to a lower growth temperature, allowing to grow
structures with zero SIA [19,31]. These results of the MPGE are addition-
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ally supported by experiments with (001)-grown QWs showing that a reduced

doping temperature suppresses segregation processes, shown in [32].

The second part was aimed to the observation and detailed study of the zero-
bias spin separation and the MPGE in diluted magnetic semiconductors based
on (001)-grown CdTe doped with Mn?* ions. The spin current, generated by
electron gas heating under terahertz radiation, is converted into a net electric
current by the application of an external magnetic field. The experimental
data show that the spin polarization of the magnetic ion system enhances this
conversion process drastically. This is on the one hand, due to the Giant
Zeeman splitting of the conduction band and on the other, a result of a spin-
dependent electron scattering on localized Mn?* ions, polarized by an external
magnetic field. The latter mechanism dominates the current conversion in a
degenerate electron gas at weak magnetic fields. The observed data, reflecting
a strong dependence of the exchange interaction enhanced Zeeman splitting of
the conduction band electrons on the temperature, intensity and concentration
of Mn?*, give a further evidence to the spin-dependent origin of the MPGE [20].
This question arose since the magnetic field dependent and independent effects
can be obtained alternatively by orbital effects [70,92]. These competing spin-
independent effects would emerge similar results but are not affected by a

change of the effective g*-factor.

The last part of this work demonstrates that the inversion asymmetry can also
be controllably varied by the preparation of lateral superlattices. While the
aim of this part was to study the MPGE, surprisingly new and interesting
results at zero magnetic field were obtained, which became a central subject of
this chapter. These experiments allowed for the first time to demonstrate the
Seebeck ratchets, predicted theoretically ten years ago. Here, the photocurrent
generation is based on the combined action of a spatially periodic in-plane po-
tential and a spatially modulated light, which gives rise to a modulation of the
local temperature. Moreover, in addition to the polarization-independent cur-
rent due to the Seebeck ratchet effect, a sample response on linear and circular
polarized light was observed. For the helicity dependent effects a microscopic
mechanism to interpret the experimental findings is proposed [59,60]. Finally,

the magnetic field induced photogalvanic effect in lateral structured samples
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was observed and investigated at room temperature. The obtained results are
in good agreement with the phenomenological equations, describing the MPGE

in (001)-grown heterostructures.
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